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Abstract When it comes to bioplastics, it is important to differentiate between the
biopolymer in its form as a macromolecule and the resulting bioplastic material as a
ready-to-use material. Furthermore, a distinction must be made between bio-based
and biodegradable plastics. Bio-based refers to the raw material origin of the
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polymer feedstock, while biodegradability describes an end of life option. However,
both features are independent of each other. Although biodegradability describes a
material property that depends on the microstructure and the chemical structure of
the material, in practice biodegradability is a system feature, since there are a variety
of environmental conditions, from industrial composting facilities to sewage treat-
ment plants, soils in a variety of climatic regions, the beach and the seabed, or even
the human body. It is, therefore, necessary to provide clear information about the
environmental conditions and the point in time at which a material or product is
biodegradable. In the area of compostability, some test standards for bioplastics and
other organic substances cover various environmental conditions well, while test
standards and also the understanding of degradation mechanisms in other areas, such
as degradability in soil or in marine systems, are only available in small numbers and
do not reflect the complex environmental conditions well.

Keywords Anaerobic digestion, Aquatic degradability, Biodegradability,
Biodegradable plastics, Bioplastics, Compostability, Environmental conditions,
Marine degradability, Material microstructure, Oxo-degradability, Standards for
biodegradability

1 Introduction

The number of newly developed bioplastics has increased continuously in recent
years but the market volume is still less than 1% of the total plastics market.
Bioplastics are not, however, a completely new kind of material, but rather a
rediscovered class of materials within the familiar group of materials known as
plastics.

The first polymer materials synthesized by man were all based on renewable
materials (e.g., caseins, gelatin, shellac, celluloid, cellophane, linoleum, rubber, etc.)
because at that time there were simply no petrochemical feedstocks available. Apart
from a few exceptions (cellulose- and rubber-based materials), these first bio-based
plastics were almost completely replaced by today’s petrochemical plastics.

Bioplastics are now experiencing a renaissance: this is particularly because of
ecological aspects as well as limited petrochemical resources and also, in part,
innovative property profiles like their biodegradability. This is combined with an
increasing awareness amongst the public, politicians, industry and, in particular,
research and development. These biopolymers or bioplastics are, however, still very
much at the start of their development.

2 Wording

There is still a lot of confusion about the terms “biopolymer”, “bioplastic”, “biode-

gradable plastic”, “plastics from renewable resources”, etc., because biodegradable
plastics can be based on petrochemical as well as on renewable resources and
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biobased feedstock can lead to degradable as well as durable plastics. The best
general definition for biopolymers so far describes a polymer material that fulfills at
least one of the two following properties [1]:

¢ Fully or partly made from bio-based (renewable) raw materials
* In some way biodegradable

Given that, the following three fundamental groups of biopolymers exist:

. Degradable petro-based biopolymers
. Degradable (mainly) bio-based biopolymers
3. Non-degradable bio-based biopolymers

N =

Biologically degradable plastics can be based on petrochemical raw materials as
well as on renewable raw materials. Degradability in polymeric materials is ulti-
mately influenced only by the chemical and physical microstructure of the polymer,
and neither by the origin of the raw materials used nor by the process used for
manufacturing these polymers or different products made out of them. This means
that biopolymers need not necessarily be made exclusively from renewable mate-
rials. Biologically degradable plastics can also be produced from petrochemical
ingredients such as polyvinyl alcohols, polycaprolactone, various polyesters,
polyesteramides, etc. (Fig. 1, bottom right). Conversely, not all biopolymers based
on renewable ingredients are necessarily biologically degradable; for example,
highly substituted cellulose acetates, vulcanized rubber, casein plastics, linoleum
or bio-based PE, PET, PA, etc. (Fig. 1, top left). Typical examples of the group of
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Fig. 1 Bioplastics and the three fundamentally different biopolymer groups ([1], modified)
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Fig. 2 Raw material basis and degradability of bioplastics ([2], modified)

bio-based and biologically degradable bioplastics are starch-based plastic blends,
polyhydroxyalkanoates (PHA), and PLA (polylactic acid).

To avoid misunderstandings when speaking of biopolymers or bioplastics, it is
imperative that the most precise nomenclature possible is used. Therefore, it is
advisable to speak specifically of biodegradable or bio-based bioplastics. Degrad-
ability here means a functional property or disposal option at the end of the
materials’ life cycle, irrespective of the origin of the raw materials, whilst, con-
versely, bio-based describes exclusively the origin of the raw ingredients of the
polymers at the beginning and provides no statement whatsoever regarding its
degradability. These two different approaches are still being pursued and form the
technical basis for a variety of bioplastics (Fig. 2).

2.1 Degradable Petroleum-Based Biopolymers

Biopolymers based on petrochemical feedstock, as well as their petro-based second-
ary products (e.g., polyols, carboxylic acids), are based on hydrocarbon monomers
and oligomers gained from crude oil, natural gas, or coal by various methods of
fractionated distilling and targeted cracking, as are conventional plastics. The prop-
erty profile of conventional polymers can be varied by any number of basic resins,
polymerization mechanisms, processing parameters, or additives and adapted to any
number of applications. Similarly, the property profile of polymer materials can be
expanded for degradability by incorporating various heteroatoms (especially oxygen
and nitrogen) into their molecules. For conventional plastics, a desirable property
was a high level of resistance to chemicals and microbiological or ecologically
determined influences. The goal for degradable petrochemical based biopolymers
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is to design molecules and materials that are not very resistant to environmental
influences but rather biodegrade and depolymerize easily under natural influences.

2.2 Degradable Bio-Based Biopolymers

Within the last 25 years the term biopolymers were defined by polymer materials
entered the marketplace that are based on renewable resources and which are
compostable. Especially cellulose, starch, sugar, vegetable oils and their secondary
products like acids or alcohols, as well as some lignins and proteins are renewable
resources that can be used as basic components for production of bio-based and
biodegradable biopolymers.

2.3 Non-degradable Bio-Based Biopolymers

These biopolymeric materials have been known for a long time. The first engineering
polymer materials were based on renewable materials, such as cellulose and natural
latex. Raw materials availability was the main feature of these materials. During the
materials manufacturing process, these readily available natural resources were
modified in such a way that the resulting polymeric materials exhibited property
profiles that were utterly new in those times. The main achievement was that for the
first time it was possible to turn perishable organic raw materials into durable
polymer materials. In the late 1900s, while industrialization continued its advance,
petrochemical raw materials were not yet available. Thus, more than 100 years
ago, initial, non-degradable biopolymers based on renewable resources were
manufactured, although they were not explicitly termed biopolymers. The long-
term availability of CO,-neutral raw materials has recently become the main reason
for the development of modern bio-based biopolymers. This is not “only” about the
climate-neutral and acute or immediate availability of raw materials, but also about a
strategic independence from exhaustible, globally unfavorably distributed petro-
chemical raw materials for the production of plastics.

2.4 Polymerblends and Copolymers

There are many co- and terpolymers, as well as mixtures, i.e. blends or the so-called
polymer alloys, combining various materials from the previously mentioned bio-
polymer groups.

Besides their main raw materials, biopolymers almost always contain additives
suitable for tailoring a particular property profile. These additives are classified by
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the same method used previously to define biopolymers but often these additives
used to upgrade the basic polymers are still petro-based and non degradable.

The increasing use of bio-based, but non-degradable polymers as additives in
biopolymer blends tends to impair the biodegradability of these blends. For co- and
terpolymers, the increasing use of non-bio-based blend components or petrochem-
ical monomer raw material necessarily leads to a reduction in the amount of bio-
based carbon in the final polymer material. Currently, no minimum content levels
have been established for bio-based material components in biopolymer blends and
co- or terpolymers. Therefore, polypropylene—starch blends, various copolyetsers or
even so-called wood plastic composites (WPC) are considered biopolymers, even
though they are non-biogradable and their bio-based content is significantly smaller
than their petrochemical content.

2.5 Old and New Economy Bioplastics

The first technical, industrially-used polymer materials, the development of which
began over 100 years ago, were all bio-based as there were no petrochemical raw
materials available at that time. These so-called old economy bioplastics were based
on the renewable plant-based raw materials cellulose and natural latex or on animal
proteins. With increasing industrialization at the end of the nineteenth century, the
availability of the raw materials was of great concern to produce these materials. The
natural raw materials available at that time were modified as part of the material
manufacturing process in such a way that they resulted in the first really durable
polymer materials with a completely new property profile for that time, without
being explicitly described as bioplastics. These old economy bioplastics, therefore,
belong to the group of bio-based, non-degradable bioplastics. Of the old economy
bioplastics, the only ones still of economic significance on the plastics market are
natural rubber, regenerated cellulose, and cellulose derivatives (cellophane, viscose,
celluloid, cellulose acetate) as well as linoleum in smaller volumes (Fig. 3).

The renewed development of novel bioplastics (new economy bioplastics), which
began around 30 years ago, was at first driven by excess supply of food in Europe,
such as “butter or tomato mountains” and faced with the waste problem as it existed
at the time as well as the unsatisfactory disposal situation with regard to conventional
plastics. The objective of these developments was biobased, degradable bioplastics
as a solution to the agricultural surpluses and waste problem. There are currently
increasing applications in medicine, landscaping and gardening, wastewater treat-
ment, etc., for which degradability permits an additional function under the respec-
tive environmental conditions, such as films for use in agriculture which can be
plowed in after use, bioresorbable implants or suture materials for use in surgery, or
the targeted release of active substances (fertilizers, medical substances).
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Fig. 3 Old and New Economy Bioplastics ([2], modified)

2.6 “Drop-in” Bioplastics

In the context of the latest developments in bioplastics, the use of sustainable,
bio-based raw materials is once again becoming of more concern. Within the
group of bio-based and durable bioplastics, the development of the so-called drop-
in solutions has made significant technological advances over the past 15 years. The
aim is to produce established plastic structures with a maximized bio-based feed-
stock. To put it simply, the attempt is made to replace the petrochemical raw material
with biogenic raw materials, while the established synthesizing processes are
retained and ending up in the same chemical structures. That means the goal here
is to create bio-based plastics that are similar to familiar conventional plastics. Due to
the identical chemical structure, the drop-ins have completely the same property
profiles as their petrochemical equivalents. This means that when conventional
plastics are replaced by the respective drop-ins, no changes in processing, use and,
in particular, recovery and recycling are to be expected. In this context, for example,
polyvalent biogenic alcohols or bio-based carboxylic acids are being used to produce
a fully bio-based polyethylene (bio-PE) and fully or partly bio-based polyamides
(bio-PA), polyurethanes (bio-PUR), acryl butadiene styrene (bio-ABS), polyethyl-
ene terephthalates (bio-PET), and various other polyesters. Currently, work is being
intensified on these non-degradable bio-based drop-in solutions by large chemical
companies, such as BASF, Bayer, Braskem (Brazil), Dow Chemical, DSM, Evonik,
or Solvay.

This means at the end that the new economy bioplastics are made up of two basic
groups:
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1. The chemically-novel biopolymers, that is, unknown in the field of plastics from a
chemical point of view until a few years ago (e.g., novel bio-based polyesters
such as PLA (polylactic acid), PBAT (polybutylene adipate terephthalate), PEF
(polyethylene furanoate), or PTT (polytrimethylene terephthalate)) and

2. Drop-ins which are identical in chemical structure but partially or completely
bio-based plastics. Currently, regarding the commercial market share, the most
prominent examples of these are bio-PET and bio-PE. Alongside these, work is
currently being carried out on further drop-ins, including that in the field of other
thermoplastic materials like an also bio-based PP, thermosets (e.g., bio-based EP
resins), or elastomer polymer materials (e.g., bio-based EPDM or bio-based
polyurethanes).

Depending on the perspective, this means that there are several different types of
bioplastics. To avoid misunderstandings, bioplastics should, therefore, generally not
be mentioned without further specifying, through additional information, which
group is meant.

3 Degradation

3.1 Primary and Ultimate Degradation

As regards material dissociation, it is necessary to differentiate more precisely
between a primary degradation (splitting of the macromolecules) and an ultimate
degradation of the fission products into water, carbon dioxide, methane, and biomass
[3, 4] (Fig. 4).
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Fig. 4 Primary and ultimate degradation ([1], modified)
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The metabolic potential of the (macro-)molecular fission products formed as part
of the primary degradation defines here whether the process is simply a macroscopic
disintegration process of a component or material or whether it is in fact a complete
ultimate degradation [5, 6]. When the ultimate degradation of fission products is not
assured, the decomposition products can accumulate, for example, in compost or in
groundwater. Therefore, in this case the term “biological degradability”” should not
be used. One prominent example of a product exclusively coming from primary
degradation of (macro-)plastics is microplastic (called as secondary microplastic),
which is increasingly accumulating in all the different water systems on earth like the
oceans or groundwater and consequently also in living beings. The respective test
standards for certifying degradability, therefore, usually include as a significant core
element the quantification of the decomposition products formed in the ultimate
degradation and/or a record of the oxygen required for this. The oxygen requirement
or the amount of CO, produced is then compared to the amount theoretically
expected in a complete chemical conversion of the material/product to be degraded.

3.2 Oxo-Degradability

During molecular degradation, primary degradation is initiated not only by biolog-
ically induced decomposition reactions, but also by other mechanisms. One of these
mechanisms is macromolecule scission due to radiation. The most important natural
radiation in this respect is the UV content in sunlight. The exposure to sunlight can
result in direct polymer chain scission, particularly in polymers with chromophore
groups in their molecular structure, e.g. aromatic polyesters or polyamides (photo-
degradable polymers) [5, 7].

Catalyst residue, contamination, peroxides, as well as other oxygenic components
can also absorb sunlight and initiate degradation. Indirect chain scission processes
use host molecules, such as aldehydes or conjugated double bond systems; they are
excited by radiation and in a second step, the energy required to split the bond is
transferred to the actual polymer molecule.

Besides this pure photodegradation, sunlight in combination with oxygen also
causes photo-oxidative degradation. Heat or the effect of light can initiate an
oxo-degradation sequence by radical formation. Next, alkyl radicals can form and
once they react with oxygen, light-sensitive hydroperoxides can form as an inter-
mediate step of photo-oxidative degradation. Continued exposure to light and
elevated temperatures together with the previously formed hydroperoxides cause
continued radical formation (alkoxy, peroxide, and alkyl radicals), until the polymer
chains ultimately degrade. Reaction products such as carboxyl acids or alcohols are
subject to further final degradation.

Another method for the initiation of the primary degradation is a chemical
dissolving process, for example, in water with subsequent or parallel hydrolysis
for water-soluble polymers.

These different reaction mechanisms (Fig. 5) have in common that they can
initiate to macroscopic primary degradation, without ensuring final degradation of
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Fig. 5 Degradation mechanisms in degradable polymers ([1], modified)

the products of decomposition. Therefore, total biological degradability or
compostability of materials cannot automatically be presumed, even when there is
macroscopic disintegration or macrobiological damage and a reduction and/or loss
of mechanical properties, surface change, or odor development.

It is, therefore, particularly important in the case of macroscopic disintegration or
macrobiological damage, that a complete biological degradability or compostability
of the materials is not automatically assumed. The respective additive-enhanced
plastics, whose macroscopic decay or primary degradation is initiated solely through
oxo-degradation, may therefore not be designated as being degradable or even
compostable bioplastics, as ultimate degradation is the crucial process as regards
ensuring degradability. From a scientific perspective, there is no further need for
discussion as regards oxo-induced or solution-induced primary degradation at all
because here, in accordance with the testing standards, the quantification of the
resultant final degradation products and the oxygen or possibly hydrogen demand
necessary for the metabolization forms the basis for an accurate statement
concerning complete degradability.

Current research is concentrating on the oxo-degradability of polyolefins, espe-
cially PE, by incorporating special metal ions to initiate a radical oxidation mecha-
nism. However, this oxo-degradation method is very controversial as well as those
described before. According to most experts, total microbiological final degradation
generally has not been reached in oligomer decomposition products until they are
reduced to less than 20 to 25 C atoms (4). The decomposition products of polymer
oxo-degradation are usually much larger. In order to obtain smaller, completely, or
ultimately degradable oligomers for total degradation, high doping levels are required,
which in turn cause a considerable and generally unacceptable decrease in materials
properties. The additives for the initiation of the primary degradation once again do
not ensure the ultimate degradation. Instead of that, they can, however, lead to a
reduction in the stability of the primary materials and also to a contamination of
recycled products and thereby, for example, to a reduction in the stability of secondary
polyolefins. Additives which solely initiate a primary oxo-degradation present a
potential problem for the established recycling of polyolefins.

3.3 Biological Degradability

In most cases, biodegradation of the plastic items occurs on the surface, i.e. at the
solid-liquid interface. Microbes and enzymes cannot penetrate the solid plastic, so
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only the exposed surface is available for biodegradation processes. The physical
effect of biodegradation on a solid plastic object is mainly chemical and mechanical
erosion as well as light exposure, which leads to thinning and weakening of the
object. This process results in the object losing mass, physical properties, such as the
reduction of the mechanical values, the visual appearance (surface structure, color-
ation, etc.), the development of an odor and ultimately the loss of physical integrity
through fragmentation into biodegradable particles, the ultimate fate of which is to
biodegrade. The term disintegration is used just when the degradation process is
prolonged until the original object is completely fragmented into particles below a
defined size. This definition does not include the degradation to lower-molecular
parts, so that the following definition describes the biological degradability of poly-
mers better: Biological degradation is a process caused by biological activities that
leads to a change of the polymer chains to naturally occurring metabolic products. A
plastic product is biodegradable, when all its material components end up in
microbial metabolic products like water, carbon dioxide, hydrogen or methane and
biomass [8]. When microorganisms cause degradation processes, biodegradation,
biofragmentation and biological disintegration are the right terms [9].

In the course of total biological degradation, microorganisms in fact require
extracellular enzymes to digest plastics and/or their molecular decomposition prod-
ucts. These enzymes essentially use oxidation and hydrolytic processes to break the
material down into even smaller components, which can then be absorbed by the
cell, where they become metabolized [10—12]. In dependence from the initial starting
point of degradation, an exo- and endodegradation mechanism of polymer chain can
be distinguished [13]. In case of exodegradation monomers or small oligomers are
cleaved from the chain end while endodegradation describes enzymatic chain
cleavages which take place statically distributed over the chain. This initial enzy-
matic degradation step often determinates the degradation rate.

However, the enzymes are too voluminous to penetrate the degrading material
efficiently. Therefore, this process can function only as surface erosion, or as a
diffusion-controlled sequence in liquid carrier media, especially water. In the other
case, the enzymes are adsorptively or covalently bound to the cell wall. The
microorganisms have to adhere closely to the polymer surface in order to bring the
immobilized enzymes into contact with the substrate so that they can react
[14]. Since the enzymes cannot penetrate the plastic due to their size, biodegradation
is an interface process, and the material is removed from the surface.

Given that, biodegradation can take place under a wide variety of ambient
conditions (ground, water, seawater, clarification plants, compost, human body,
etc.) covering a wide range of biological degradation scenarios (Fig. 6).

Finally, biologically degradable plastics consist of natural (renewable) or petro-
chemical raw materials and, as polymer materials, are amenable to biological
degradation reactions — that is, they break down ultimately under the influence of
microorganisms and/or enzymes.
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Fig. 6 Various biodegradation scenarios for bioplastics

3.4 Compostability

Even total biodegradation of a material still does not automatically mean that the
material or parts produced from it are also compostable. A material is considered
biodegradable if all its organic components generally and regardless of any time
factor are subject to primary and ultimate degradation by biological activity [15, 16].

A material or material mix and parts produced from it is considered compostable,
when, under defined conditions in a composting system, it is entirely transformed
into CO,, H,O, CHy, and biomass within a specified length of time, i.e. mostly
during a composting cycle ranging from a few weeks to months [17]. In this context,
a tree trunk, for example, is biodegradable, but not compostable.

That means, while biodegradability covers a lot of different biological degrada-
tion scenarios without any information on the surrounding conditions, temporal
course or the duration of the degradation process, compostability describes a degra-
dation process under specified environmental conditions like a domestic compost or
industrial composting facility. There are several national, European, and interna-
tional standards defining compostability of degradable materials and/or products
made from these materials (e.g., packaging). At this point it should be noted that the
first standard of its kind, German standard DIN V 54900, has been replaced by
European standard EN 13432.

Even so, DIN V 54900 represents an important basis for other standards in this
field. It consists of five parts and describes succinctly and in detail the individual test/
procedures and evaluation criteria (Fig. 7).

Its first part, DIN V 54900-1 describes the data required regarding the chemical
composition of a material. This forces material manufacturers to reveal materials
composition. An IR spectrum is created and stored for the precise identification of
the particular material.
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Fig. 7 Steps in the test for compostability according to DIN 54900 ([1], modified)

DIN V 54900-2 describes the test procedures for total biodegradability under
clearly defined reproducible laboratory conditions. Two test variations are available,
one in aqueous environment and one in compost. During each test, biopolymer
metabolization is measured, i.e. the resulting amount of CO, or the oxygen con-
sumed during the process. So that a material can be certified as compostable, at least
one test version has to indicate total biodegradability of the material, i.e. at least 80%
of the theoretical value of total final degradation has to be achieved.

In order to more precisely evaluate degradation behavior of the materials, in the
next step screening tests are performed using an aerobically driven, aquatic respi-
rometer testing system. Here, the quantity of oxygen is measured in BOD units
(Biochemical oxygen demand) that would have to be produced to maintain pressure
in the closed system without changing the volume at a constant temperature.
Biochemical oxygen demand (BOD,,) determines the quantity of oxygen in milli-
grams consumed in m days by the biochemically oxidizable substances contained in
1 L of test water. In order to keep the specific surface of the materials investigated
virtually constant, the materials are generally ground to a powder with a specified
surface. A fraction of the powder with a particular grain size is sifted out. Subse-
quently, analogous to DIN 53739, a certain amount of it is added to a potassium
phosphate buffered medium (pH value >7) composed as follows (for 1 L):

KH,PO, 07¢
K,PO, 07¢g
MgSO, * TH,O 07¢g
NH,NO; 10g
NaCl 5.0 mg
FeSO, « 7H,O 2.0 mg
ZnS0, * 7TH,0 2.0 mg
MnSO, ¢ 7TH,O 1.0 mg
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To inoculate the test substance (medium + powdered material) with microbes, an
inoculum of conventional fresh compost can be used that represents a wide variety of
microorganisms specific to compost.

In a reaction vessel, the samples thus inoculated are thoroughly mixed by a bar
magnet throughout the duration of the test so that they can continuously absorb
oxygen until saturation. During substrate oxidation, oxygen is consumed and carbon
dioxide is formed. The CO, generated is absorbed by soda lye. This procedure
creates an under-pressure in the reaction vessel that causes an increase in the
electrolyte solution (0.5% H,SO,) in a precision manometer. Pressure changes
cause the contact between the two electrodes to close, triggering the control and
regulation unit that generates oxygen electrolytically. The oxygen thus produced
causes system pressure to rise again, thereby breaking the contact.

In a second vessel, copper sulfate and sulfuric acid are the electrolyte used to
ensure that no further gas can form besides oxygen. The electrolytic current is then
kept constant until enough oxygen is produced to recompensate pressure. For the
entire duration of the test, current flow is recorded, and the units are added and
converted into the corresponding amount of oxygen. The sum of currents serves as a
measure for oxygen consumption.

By comparing the measured oxygen requirement AO, (BOD) with the theoreti-
cal, i.e., the chemical amount of oxygen (COD or ThOD) demanded at the start of the
test for total oxidation of the test compound, the so-called degree of degradation
(DoD) is determined by the following formula:

DoD = AO,/COD

The third part of standard DIN V 54900-3, in contrast to laboratory tests, describes
the test under realistic conditions. It determines the maximum material thickness that
can be degraded within a realistic degradation time. One possible measure is the
amount of material that can be found after a certain time in compost (sieving).

Subsequently, quality testing regarding recycling properties (DIN V 54900-4) and
ecotoxicity (DIN V 54900-5) is performed on the generated compost [15].

The European standard DIN EN 13432 [16] was conceived specifically for
packaging and defines requirements and methods for establishing compostability
and anaerobic treatment of packaging and packing materials. DIN EN 13432 has
replaced German standard DIN 54900, yet its content is based essentially on the
German standard. DIN EN 13432, similar to DIN V 54900, is divided into four
technical steps apart from general information about the material from the supplier:

¢ Characterization of materials composition

* Biological degradability

* Disintegration during biological treatment (no polymer constituent must be
visible following composting)

» Effect on the quality of the compost created

In the end, a two-step process is required to certify compostability of a product
(Fig. 8), first a positive evaluation for the material(s) used and secondly for the
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Step 1 Step 2
Finished Product Product Labeling
(crosscut) e,
ARG Report 1 1 P
M 1 | .
el Polymers Product ‘
A tested p— Certification —
FO =N according Report 2 F— | 74
{  Expent decision based -
Material 2 to 1 on test reparts and Y
EN13432 product description )/
A& X Report 3
" Material 3 | '_
" proved as baing
- compostable
Tests accomplished by accredited test institute Certification by accredited certification body
{e.g. DIN Cerico in Germany)

Fig. 8 Two-step evaluation of compostability of a product ([1], modified)

package that was made from the certified material(s). Materials that fulfill the
requirements according to DIN EN 13432 can be registered as compostable. The
processing industry can use this registration to its advantage when using certified
materials. When seeking certification for a product made from certified materials
(semi-finished products), the material, but also the articular layer- or wall-thickness,
and the specific accessible surface are important characteristics. In Germany DIN
CERTCO verifies whether a product with a certain thickness can be certified as being
compostable according to the particular standard. If this is the case, the product
receives the composting symbol and a certificate stating the maximum permissible
layer or wall thickness.

In addition to DIN CERTCO, there are of course further certification organiza-
tions worldwide like Vincotte (Belgium) or BPI (USA) employing their own pro-
cedures and symbols to certify compostable products. Furthermore, a lot of more
international standards are available and used regarding compostability such as DIN
EN 14995, ISO 17088, or ASTM 6400. These various standards can be subdivided
into two basic groups: Framing standards for product requirements and general
descriptions of testing procedures and specific test standards describing in detail
how the various investigations are to be performed, including special standards for
packaging, aerobic and anaerobic as well as aquatic and terrestrial biodegradation in
which the standards for degradability in marine environment and soil are very
limited.

3.5 Agquatic Degradability

Pollution of the natural environment, especially the oceans, with conventional plastic
becoming more and more a serious environmental issue. Due to the persistence of
plastics and their increasing production volume at the same time, plastics in both
visible and not directly visible form as micro- and nanoplastics can now be found in
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almost all ecosystems across the globe. While compostability of plastics has been
well studied, there are currently no reliable field test methods and equivalents to
these biodegradability standards for unmanaged natural environments. So far, the
standards for assessment and certification of biodegradation for aquatic environ-
ments, such as wastewater, unmanaged freshwater, or marine habitats have been very
incomplete. Freshwater habitats include environments such as rivers, streams, lakes,
and wetlands. Marine environments cover a wide variety of habitats, including beaches,
ocean surface, open ocean and coastal ecosystems, and deep-sea environments.

In view of the legislative framework and characterization of marine degradability,
it is therefore necessary to adapt or adjust existing standards and/or develop new
regulations/standards to deliver more results that better match real marine condi-
tions, due to the broad and complex range of physical and chemical conditions as
well as microbiological parameters encountered within these natural ecosystems. In
addition, the existing standards and test methods for biodegradability in aqueous
systems do not contain any toxicity tests and do not take into account the potentially
disadvantageous ecological effects of polymer degradation products as well as
dissolved additives or small (microscopic) plastic particles that could result from
fragmentation of the plastic material [1, 8, 18].

There are various methods for studying aquatic degradability, performed in
laboratory systems or in real field experiments. To give an overview, the existing
standards and test methods for evaluating biodegradability of plastics in aquatic
environments are presented in Table 1 and summarized briefly below, regarding the
scale (laboratory or field tests), the inoculum resp. test conditions, the sample,
measuring principle, the applied temperatures, and the test duration as well as the
way of assessing the results.

The general principle of all laboratory methods is the exact measurement of the
end products of degradation under defined environmental conditions, reflecting only
a small part of the environment, such as temperature, salinity, nutrition, oxygen
availability, exposure, etc. The test conditions on the one hand should represent the
various aquatic systems as good as possible, but on the other hand the conditions are
selected in a way to achieve a high degradation rate and shorten the examination
time. Therefore, the investigations were performed in a laboratory scale with a view
preselected inocula such as digested or activated sludge, marine sediments, seawater
with indigenous microorganisms and mesophilic temperatures in the range of
15-35°C.

In addition to these laboratory tests, there are also some standards which are
carried out under real field conditions to overcome these drawbacks. Given that, the
samples are exposed for the degradation studies in the various marine eulittoral or
benthic habitats by fixing them in special constructions in order to minimize the
physical influence on the material by the experimental design. Afterwards or in the
meantime, the remaining material will be evaluated according to specified periods.

The degree of degradation can be assessed either directly by analyzing the
remaining material using surfaces’ modifications, changes in mechanical or physical
properties, weight loss or chemical-molecular polymer analysis such as GC-FID or
GC-MS, LC-MS, GPC, HPLC, NMR or FT-IR [37-47] or indirectly by analyzing



85

Biodegradable Plastics: End of Life Scenarios

(panunuoo)

I010w011dsar pasoro e ur
puewop ua3AxX0 Jo uoneUIW [ed]
-19)9p Aq winipaw snoanbe 6661
ur spunodwod oruedio | — 8oy6
sIopew | 19jemalsem queld jusunean Jo Apiqeperdapolq d1q OSI
eu SAep 87 | D.S7-0T aoul/aod o1ue3I0 POA[OSSI | 3eMas ‘93pn[s PALANOY | e | -olde dewnin jo uoneneAq | N9 NIA
suonIpuod A10jeroqe|
PA[[0IUOD IopUN JUSWIPAS [zl
Q0URIRJAI Quuejq Apues ur par | G10Z —
Jo uonep -Inq sonse[d jo uonepeidap | [66L d
-2I89p %09< VC XN | DoST—SI f0DUL/0D sarerd 1o surry JUSWIpPSS | qe] -01q d1qooe FurumuIle( | LSV
suoneqnout wnuenbe way [12]
SwISIue3I00IoTI -sAs uado Aq yJuowuomAud | 7107 —
Sunemony SnouadIpur Ym Iojem QuLIeW AU} UI S[RLdRW | €// d
eu 9 xe]N | A[eieN SSO[ JYIOM SWI | -89S pue JUSWIPAS QULIRA | OSIJAl | onseld jo uonume 1SN |  ANLSV
NOUS 0} (3uay ur wur | (arqrssod I19JBMEIS Ul [oz]
pandsar st yorym | ‘ordwrexo 10j) uLoy SI JUQWIIPIS QULIeW JO sreuoyew onserd ouowiAjod | 1007 —
uoqred (pareqer) PoppaIYs AWos IO | UIppe) $9qOIONU SULLINIO0 pareqer-orper jo ANIqe | 2699 d
e'u e'u e'u Jojunowy | I1opmod ureid o3re] A[eInjeu yum Iojemeds | qe | -peidapolq oy Suluruieq | JNLSV
wn[noour J9JeMm 83§ [eINJEN
10 WNMIOSUOD [RIQOIdTUL
pauyep & AQ JUSWUOIIAUD [61]
Q0URIRJAI so[onIe duLrew Y} UL S[eLL | £]10T —
Jo uonep pauLiog ‘saoa1d ‘swyy wnIIosuod [ed -orew onseld jo uonepei3ap | 1699 A
-v139p 90L< € "XBA 2.0€ Z0DUL/f0D ‘ww Gg> Ipmod | -130[0IqoIoI IO I2jemeaS | Qe -01q J1qo1de SututuePd | LSV
JUSWISSISS Y/ [quow] dwag, ordmourg J[dwes | JUSWUOIIAUD JS3}/WUN[NOOU] | J[BIS L, | pIepuels
uoneInp 197,

Ioyemeas £q pajeoys s1sa) ue) sjuasardor OSoA “B[nUIIO} Je[NOS[OW ) WOIJ paje[nofed ‘Aeierdwos remajew
oY) 9zIpIxo 03 pannbar (QOYL) USSAX0 JO Junowe WNWIXeW [Ed119I03Y) Pue UONEPIXO [eJIS0[01q 91qoIde o) AQ SUONIPUOD PayIdads Jopun pawinsuod uaSAxo
ap sjuesardar ((qOY) PuBWP USSAXO [BOTWIAYD0Iq JO onel {JOYL/JOE B[NWIO) J[NOI[OW ) WOIJ PAJe[no[ed ‘[eLejew oY) SUIZIpIxo A[e)o[dwod I1ajje paAJOAd
(YODYL)IPIXOIp U0qgIed JO JUNOWE [BINAI0AY) PUB QD) PIA[OAD JO onfel :ZQDUL/COD ANiqepei3ap onenbe 9z119)0vIEYD 0 SPIEPUER)S JUSIAJJIP JO MAIAIAQ T dqeL



E. Hans-Josef

— WISAS snoanbe ue

Q0UIoJaI ndur H/e3pnis ur ur sjeuoyewr onse[d jo uon | — ¢G8¥ [
Jo uonep paajossip pue aue | syed padeys ‘swyy -epeISopolq d1qoIoeue djewr OSI
-2I59p %(L< € "XeN DoSE | -mow Cop ury | wrl 0gz> 1pmod o3pn[s pasaSIq | qeT| -N[N dY) Jo UONBUILLII( | N NIA
9pIXolp uoq
-IBD PAA[OAQ JO SISA[eue Aq [L2]
POYIRIA — WwinIpaw snoanbe 810¢
Q0uIRJaI ue ur sfetojew onserd Jo A1 | —zG8y 1
Jo uonep syred padeys ‘suipy 3sodwod 10 10S WOIy -[1qepeI3opolq J1qoIoe djeur OSI
-BI0P %09< 9 XeN | D.5T0C Z0DUL/f0D wirl 067> 1pmod alen|o o3pn[s PAILANdY | qeT|  -N[n Ay} jo UoneUIINA | NH NIA
10)owondsar
Paso[d & Ul puewap
ua3Axo oy Surmseawr Aq [92]
poyjowr — wnipaw snoanbe 6102
QouaIjal ue ur sfeujewr onserd jo A1 | — 181
Jo uonep syred padeys ‘swy -[1qepeISopoIq d1qoIse e OSI
-2I59p %09< 9 XBN | D,.5C-0C aour/aod wrl 0gz> 1opmod o3pn[s pajeAndY | qeT|  -D[N Ay JOo UOHEUIULIR( | N NIA
aod 159} uone[nuIIs 93pn[s
10 (DOQ) uogred PaJeATIOE — WINIpaw snoanbe [sz]
OTUBRTIO POAJOSSIP ue ur spunodwod d1uesIo jo 00T
Jo 2a13op s1apeWw Anqiqepeisopolq pue uoneu | — ¢/ 11
eu eu| D.$7-0C uoneurwIg |  OrURSIO POAJOSSIT oSpnys pajeAnOY | qe| -TwIe 9y} Jo uoneunuIeq | OSI NA
90In0S [RIUAWI
-UOJIAUQ JOUJOUE WOIJ IO 159) UOIIN[OAR IPIXOIP
juerd JuowIIEA) IoJEMI)SEM uoqIes — wnipaw snoanbe %2l
QouaIjal ® WOIJ WN[NOOUT PIXTW ur spunodwod d1uesio 0002
Jo uonep ® pUB WNIPaW JluesIour ue Jo AuqiqepeISoporq o1 | — 6Eh6
-e139p 9%09< I XeN | D.S7-0T Z0DUL/f0D e'U | Ul 90uBISqNS 1s9) O1ue3IQ | Qe | -019e oyewn(n Jo uonenead | OSI NA
JUQWISSASS Y [puow] ‘dwo, ordioung o[dwreg | JUSWIUOIIAUD JS9)/WN[NOOU] | 9[BIS opIL | prepuelS

uoneInp 1s9],

86

(Ponunuod) | dqe],



87

Biodegradable Plastics: End of Life Scenarios

(penunuoo)
SUONIPUOD P[AY [BAI Jopun [egl
sowrelj SjejIqey QULIBW Ul S[ELI)ew 020¢
uoneIgauIsIp Sunemony onserd o[qep-eidop suonIpuod Py onserd Jo uonei3auIsIp Jo | — 99,77
%Or< o¢ "Xe]N | AqeinmeN SSO[ WYSIOA\ | -UOU UI PAXY ‘SWI[L] | [e2I JOpun sjeliqey BULIRIAl | PIOL] | 29I39p 2y} JO UONRUTULIAR OSI
APIXOIP U0QIED PIA[OAD
Jo sisATeue Aq poyjowr
— JUSWIPAS duLIeW 0) [z€]
pasodxa sfeuejewr 3uneoy 610C
(ordures paropmod -uou Jo uonepei3apolq 21q | — $0¢e
B ¥YC XN | DoST—SI f0DUL0D 19pMmod (I POXIW) JUSWIPSS | qe] | -0I98 3Y) JO UOHRUILINR( OSI
IPIXOIP UOQIBD PIA[OAD
Jo sIsA[eue Aq poyjoul — 90 [1€]
-I9JUI JUSWIIPIS/IABMEDS B 0202
QouaIjal ur speujewr onsed Juneoy | — 62961
Jo uonep sojerd | Ioyem BIS [RINIRU 1O 1A -uou Jo uoneper3apoiq OSI
-2I59p %09< YT XBN | DoSTSI C0DUL/S0D | Pue SWI[Y WOIf sieq | -UAS pue JUSWIpas QUL | Qe J1qoIoe Jo uoneuraled | Nd NIA
10)owonidsar pasoro ur
puewop uaAxo ay) JuLns
-eowW AQ POYIoW — Q0BJIUI log]
JUSWIIPAS APUBS/ISjeMeds © 810C
Q0URIRJAI ur sfenjewr onserd Suneoy | — 0g881
Jo uonep sojerd | Ioyem BIS [RINIRU JO 1A -uou Jo uoneper3apolq OSI
-eI30p %(L< YT XeN | Do8C—SI dOUL/AOY | pue W[y WoIj syred | -UAS pue JUSWIPaS QUL | qE'] J1qoIoe Jo uoneureled | NA NIA
[67]
s3umau 810C
sanzodoxd Io ‘sador ‘s1aqy —$I€ST
Sunemony | yodW Jo "WAYD ‘sjuoe[y ‘sui[y Io1em asodxs suLrew OSI
eu eru | AqeanmeN | “sAyd ur o3uey) ‘sojdures oisua], ysDyorIq 10 ‘Ysaly eS| p[aid 10J spoyaut — sonseld | Nd NId
uononpoid se3oiq [82]
JO JuowaINSeaW Aq poyjow 810C




E. Hans-Josef

88

uonezZIpIEpuR)S 10§
PISU puE J0J09S dY) U pasn

SULIQ) JUBAQ[RI JO SISATRUR | €9/ YL
juowdo[oAap Jopun — syoadse [ejuowruoIIAug | JA/OSI
19)owoardsar paso[o
ul puewop Ua3AX0 Ay
Suumseow Aq poypow — 13} [9€]
19)eMEBIS -emeBas 0) pasodxa s[eLjew 0202
([rep) sdins wyy Jo | [eInjeu ur SWsIueSI00IoN onserd jo uonepei3oporq o1q | Z-LL6€T
BU 7 XeIN | ‘Do.87-SI gqoul/qod| (wr pgz>) 1opmod | jo uonendod snoua3ipuy | qe | -0IoB AU} JO UOHRUIILIAOJ OSI
IPIXOIP UOQIED POA[OAD
Jo sisA[eue Aq poyjowr — 13} [c¢]
19)eMBIS -emeas 0) pasodxe s[erjewr 0202-
([rep) sdujs wyy Jo | [eInjeu ul SWSIUeZIO0IoT onserd jo uonepei3apoiq o1q | [-L.6€T
U 7 XeIN | ‘D.87-SI 20DUL/f0D | (wd ggz>) 1opmog |  jo uonendod snoudlipuy | qe| -0I9k Ay} JO UOIBUILLINR OSI
SSO[
BAIR Q0RLINS (§)
([e1q 18 YSuams ©as
JO 9sBaI09P) Q) WOIJ ude) IajeMm Bas (9) SuonIpuod
ssof sanradoxd I0JeMBOS [RIOYT)IE JO 8IS Y} A10JBIOQR] JOpUN SOLEW
[eorueyOW (€) WOIj UdYe) UWN[OD I3JeM [EIUSWUOIIAUD QULIEW
(suonrpuod SSUIIY) ® puUB paq JuowIpas Apues 0} pasodxa sterrayew onsed [¥€]
MO} snonun JO 9sBaI09p) © U99M)2q Q0BJIQUI (q) JO 92139p UONEIZANUISIP pue 0202
-uo0d I9pun 9JeI UOTS0I? (7) SULIOJ JOYJO | QUI[QIOYS Apues WIOIJ uaYye) 9Jel UoTEpeI3ap JO UORU | — TEYET
193u0[ 10) $7 | DobT—81 ssof y3ram (1) 1O SJYS ‘SWI juowIpas Apues jJom (8) | qeT| -TwIoep Joj spoylew 1S9, | SIJ-OSI
JUSUWISSASS Y [ypuouwr] dwog, qrdroung ordwreg | JUSWIUOIAUD JSA)/WN[NOOU] | J[BIS IPLL | prepurlS

uoneInp 1s9],

(Ponunuod) | dqe],



89

Biodegradable Plastics: End of Life Scenarios

juowdo[oAap Jopun

S[eLyew
Paje[aI pue sadLjew
[eIuSWUONAUR Ul onsed

Jo sampadoid uonedn
-SOAUI I0J SPIEpUR)S JO Ul
-dojoaap ot 10y sopdroung

L8IVC
ad/OSsI

juswdofoAap Iopun)

srerrojewr onserd prjos
Jo 91 uonepeI3apolq J1qo
-1o€ o[10ads JO JUQWISSISSY

8yI¢
am/osI




90 E. Hans-Josef

the biogas evolved (carbon dioxide and methane or stable isotopes) [19, 22, 27, 28,
31, 32, 35] or oxygen demand for the degradation and conversion process of plastics
[23, 26, 30, 36] in relationship to the theoretical values, required to degrade the
material completely. The CO, or biogas generation and the oxygen demand can only
be measured by tests which run on a laboratory scale, while direct methods are
preferably applied in field tests.

But so far, there are just three standards which are performed under or close to
natural conditions [21, 29, 33] whereas all the other standards focus on laboratory
methods to characterize biodegradability in aqueous systems. Of course, field tests
are much closer to reality. They can represent various marine habitats as well as
various freshwater systems if they are carried out within these environments.

However, it is disadvantageous that these field tests only show the material loss as
a measured variable. If necessary, the remaining material can also be examined for
possible material changes, but no statement can be made about degradation products
or the mechanism of the material loss. It is, therefore, not possible to distinguish
between a primary and an ultimate degradation. In contrast, laboratory tests provide
information about the rate of degradation and, through measurement of the metab-
olism of the test material to CO, in relationship to the theoretical amount of carbon
dioxide evolved after completely oxidizing the material, calculated from the molec-
ular formula, also information about primary and final degradability. Further advan-
tages of lab tests are controllable conditions such as temperature, exposure to light or
water flow and the additional possibility of analyzing the applied aqueous systems
with regard to possible degradation products such as dissolved plastic additives or
microplastics.

On the other hand, laboratory tests are closed systems that are not subject to
natural fluctuations or a continuous supply of nutrients. The laboratory test systems
used can only try to represent a certain environmental condition in the start phase of
the test by the applied inocula and therefore deliver results that only reflect the
degradation behavior in complex real marine ecosystems to a very limited extent. In
addition, they are usually operated at elevated temperatures not occurring in reality
to accelerate the degradation behavior and thus reduce the test duration.

3.6 Degradability in Soil

Degradation in soil is a disposal option in particular for products in agricultural
applications, e.g. mulch films or flowerpots. Degradation in terrestrial systems elim-
inates the expense of collecting and cleaning products as well as of disposing of the
product itself. At the same time, there is the possibility for controlled release of active
ingredients such as fertilizer or herbicides. The effects of degradation products on soil
quality play a decisive role in degradation behavior. A sufficiently short degradation
time is also important. If the degradation is incomplete or if environmentally related, or
rather harmful substances are formed, this leads to deterioration of soil quality.
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Focusing on characterizing the terrestrial degradability, just a few test standards
are available [48-53]. Table 2 gives an overview on these standards once again
regarding the scale (laboratory or field tests), the inoculum resp. test conditions, the
sample, measuring principle, the applied temperatures, and the duration as well as
the final way of assessing the results. Must standards focus on degradation of organic
chemicals and do not consider the degradation of biolastics in soil. Positive excep-
tions are the OENORM EN ISO 15985 [52], that describes a method for anaerobic
degradation of plastics by measuring the released gaseous carbon under high-solids
conditions which are typical for digestion facilities and DIN EN 17033 [53],
addressing biodegradability of mulch films by measuring the released CO, and
resulting ecotoxicity of used soils with reproduction rate of earthworms, microbial
nitrification effect, and growth of plants as indicators. Other parameters for investi-
gation of degradability in soil are the loss of parent compounds, oxygen consump-
tion, CH4 production, volatile compounds (C14-labeled), and extractable as well as
non-extractable residues. The temperatures vary from 10 to 52°C. Whereas in all the
standards the temperatures have a mesophilic level in the range from 10 to 35°C,
OENORM EN ISO 15985 recommends a thermophilic temperature of 52°C that is
representative for anaerobic digestion. The inoculum respective test environment in
all standards consists of soil in a lab scale, partly with knowledge of its physical,
chemical, and biological properties. The test duration is between 20 days and
24 months. Just the specific measurement of the resistance of cellulose containing
textiles to microorganisms in EN ISO 11721-2 [49] is carried out under real field
conditions as soil burial test, whereas all other standards for degradability in soil run
on a laboratory scale.

3.7 Anaerobic Digestion (Biogas Generation)

Anaerobic digestion is also known as biogasification. Metabolization to biogas
(mainly methane, carbon dioxide, water) is an additional option for degradation of
biopolymers that has scarcely been considered so far. The available data are mostly
limited to organic waste with high moisture contents, such as mixed green biowaste,
kitchen waste, or food waste.

The conversion of organic compounds such as proteins, fats, carbohydrates, or
degradable polymers into biogas can generally be subdivided into the following four
anaerobic process steps (Fig. 9) [54]:

1. Hydrolysis

Solid substances are broken down (hydrolyzed) by bacterial enzymes into water-
soluble monomers (e.g., amino acids, glucose, fatty acids).

2. Bacterial acidification



Biodegradable Plastics: End of Life Scenarios 95

Fig. 9 Steps of biogas Complex organic materials, co-substrates
formation (1], modified) (Proteins, carbohydrates, lipids)

Hydrolysis @

Monomers (Amino acids, glucose, fatty acids)

Bacterial acidification @

Volatile fatty acids, alcohols

Acetogenesis @

Acetic acid, hydrogen, CO,

Methanogenesis @

Biogas (CH,, CO,)

The dissolved substances are degraded to organic acids (acetic acid, propionic acid,
and butyric acid), low alcohols, aldehydes, hydrogen, carbon dioxide, and other
gases, such as ammonia and hydrogen sulfide. This process continues until the
bacteria are inhibited by their own degradation products (low pH-values).

3. Acetogenesis

In their acetogenic phase, the substances are converted further to acetic acid by acid-
forming bacteria.

4. Methanogenesis

Methane bacteria form methane by splitting acetic acid or by reduction of CO, with
hydrogen in a strongly anaerobic milieu (pH 6.7-8.0) (Fig. 9).

Anaerobic digestion processes can be distinguished as mesophilic and thermo-
philic processes, 1-phase or 2-phase processes, or as dry and wet processes. In a
2-phase digestion process, hydrolysis and acidification and then subsequently
methanogenesis are run in separate tanks. In a 1-phase digestion process, complete
digestion is taking place in one unit. Dry digestion processes run at a moisture
content <85%, while in wet systems the process is run at a moisture content >85%
[54, 55].

In general, all commercial anaerobic digestion systems consist of a first step of
anaerobic fermentation in a wet system, followed by an aerobic composting step.
This second step is needed to stabilize the anaerobic sludge. For most biogas
facilities, the digestion step runs on a mesophilic level. Whether biodegradation
occurs during the first anaerobic phase or during the second aerobic phase impacts
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only biogas production; however, it does not impact the quality of final compost
[56]. Here again, whether or not bioplastics are based on renewable resources is not
relevant. The key element is the fact that the material is biodegradable and compat-
ible with the anaerobic digestion process. Correct recovery is assured as long as it is
eventually biodegraded and no residues are left after the process is completed.

There are little published data regarding conversion of biopolymers to biogas in a
biogas plant, such as temperature, pH-value, microorganisms present, anaerobic/
aquatic conditions, etc., or regarding the precise optimum parameters, such as
materials flow density, dwell time, gas composition, and gas output. Further research
will have to assess potential biogas (energy) production due to bioplastics. Also, the
discussion and standardization of requirements for anaerobic biodegradation or
anaerobic treatability is still in an early, initial phase [57].

Similar to marine degradability the biogasification rate can be calculated by the
ratio of theoretical biogas yield and the real biogas yield. Basically, if the stoichio-
metric composition is known, the theoretical biogas yield can be calculated approx-
imately according to Buswell:

C.HpO,N,,Ss + yH,O — xCHy4 + (C — X)COQ + nNH;3 + sH,S

With ¢, h, 0, n and s = molarratios x = 1/8 (4c+h — 20 —3n — 2s)andy = 1/4
(4c—h—20+3n+25)
Examples:

PLA : C3H;0; + H,0 — 1%CHy + 114CO, — 67.2 L biogas/mol PLA

PBS : CgH;204 + 3H,0 — 4/5CH,4 + 34CO;, — 179.2 L biogas/mol PBS

The investigations on anaerobic digestion of bioplastics often show low conver-
sation rates [1, 58—60]. One underlying reason for these differences may be due to
the influence of fungi. Fungi are abundantly available and very active in aerobic
composting, while in anaerobic fermentation no fungi are active. Some polymers are
mainly (or even only) degraded by fungi and not by bacteria and will therefore
biodegrade by aerobic composting and not, or only much slower, by anaerobic
digestion. Another reason for the partly insufficient material degradation is the
reduced temperature compared to industrial composting processes. The anaerobic
mesophilic degradation of PCL, PVAL, PBS, and PLA with its high glass transition
temperature is particularly difficult.

First experiments were carried out using a thermal pretreatment of biopolymers
[58-60], however, the digestion rate could not be improved. Only PCL with its low
melting temperature showed improved digestion rates. For all other biopolymers
investigated the digestion rate and the resulting biogas yield decreased. In particular
for PLA and other biopolyesters, the thermal pretreatment led to post-processing
re-crystallization, which reduced their anaerobic digestibility.
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3.8 Decomposition/Degradation in Organisms

These are typically medical applications, either for controlled drug release or to
support the healing process following surgery. The best-known applications in this
field are absorbable suture materials made from PLA, which can remain inside the
body. For the same reason, various temporary implants, such as bone screws for
fixating fractures, etc., were developed in recent years using PLA.

Besides these applications, there have also been various attempts to establish
biopolymers as edible packaging. However, these attempts have failed mostly,
because, among other things, such edible packaging itself requires secondary pack-
aging in order to meet food hygiene and food safety requirements.

4 Key Factors for Biodegradation

Microbiological degradation depends on a couple of parameters. These parameters
can be assigned to the three pillars: microbiology/microorganism, the environmental
surrounding conditions, and material related factors (Fig. 10). Not only does the
variety of these parameters reflect the complexity of this system — the factors are also
not necessarily independent of each other.

4.1 Microstructure of Material

While the primary chemical structure determines biodegradability of plastics in
principle, the polymer degradation rate is determined by other properties, such as

Fig. 10 Pillars for
biodegradation

Microbiology
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Table 3 Main material parameters for biodegradability [8]

Plastic materials — Chemical bonds

Plastic parts — Branching

— Hydrophilic/hydrophobic behavior

— Molecular mass

— Chain mobility

— Melting temperature, glass transition temperature
—  Crystallinity

— Additives

— Interaction with copolymers

— Morphological and chemical surface structure
— Particle size respective surface to volume ratio

Fig. 11 Examples of
heteroatoms enabling
biodegradability ([1],
modified) Ester bonds —[—CO—O+

Peptide bonds —ENH—CH —co]—

Ether bonds —EC —0 —C—}—
Urea bridges —[—N—i—CO—N—lﬂ—

Carbamate bridges —EO—CO—NHi—
Amides —[-CO—NH%—
Ethylene oxides —ECHZ—CHZ—O—}—

the melting point and degree of crystallization, which in turn depend on the primary
structure. Table 3 gives an overview of significant material related parameters that
influence the degradation behavior.

In general, high-molecular engineering polymers whose backbones contain
exclusively carbon atoms, such as polyethylene, polypropylene or polystyrene, are
inert toward biological degradation [61]. Polyvinyl alcohol is an exception despite
its exclusively carbonic backbone [62]. Here, degradation takes place via primary
oxidation of the numerous OH-groups with subsequent backbone cleavage — similar
to fatty acid degradation [63, 64]. Primarily an enzymatic cleavage of the carbon
backbone is caused by either a dehydrogenase or oxidase and subsequently by
hydrolase or aldolase reaction [65].

Natural rubber (cis-1,4-polyisoprene) is also biodegradable, although only carbon
atoms are present in its polymer backbone [66]. Here, the primary degradation step,
backbone cleavage, is initiated by a specific dioxygenase or peroxidase [67].
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Other degradable, natural, and synthetic plastic materials usually contain hetero-
atoms in their backbones, such as oxygen or nitrogen, that represent points of attack
for enzymatic catalyzed cleavage products (Fig. 11).

Given that, degradability increases in general as the ratio of heteroatoms to carbon
increases, in particular in the main chain, i.e. the biodegradability increases in the
following order: PVOH < PCL < PLA < Starch/Cellulose [1].

Chemically unchanged natural polymers, such as cellulose or starch, offer there-
fore a good biodegradability. However, chemical modifications, e.g. esterification to
cellulose triacetate, create plastics that can no longer be cleaved by enzymes.

Polymers with aromatic components or branched structures tend to be more
resistant to microbial attack than linear, aliphatic components [56, 61]. For enzy-
matic hydrolysis, the polymer chain must be flexible enough to fit into the active
center of the degrading enzyme. This is the explanation for the easy biological
degradation of flexible aliphatic polyester, whereas rigid aromatic polyesters resist
biological degradation [68]. An analogous effect can be observed with polyamides.
Here, the crystals limit chain flexibility by intermolecular interaction [14].

Crystallinity is an additional factor discussed with regard to the degradation rate
in polyesters [68]. In addition to degradation rate dependence on crystallinity, it
turns out that the crystalline zones within a plastic are enzymatically hydrolyzed
more slowly than amorphous zones. References [69—71] show that crystallinity in
PCL films increases during degradation, i.e. the amorphous phases are reduced.

Crosslinking in plastics reduces water concentration via reduced swelling and
with it the accessibility of the plastic for the enzyme, also resulting in a reduced
degradation rate [67].

A direct connection between the degradation rate and melting temperature was
introduced by [72, 73]. They observed that the degradation rate in aliphatic—aromatic
copolyester and aliphatic homopolyester decreases with increasing melting temper-
ature [67]. Comprehensive and systematic investigations of the role of chain mobil-
ity for polyester degradation show that, for polyesters of similar crystallinity,
degradation is controlled exclusively by polymer chain mobility, where mobility is
mainly determined by the difference between the ambient temperature and melting
temperature [74].

Overall, biodegradability and compostability of biopolymers and/or products
made from them increase with certain factors due to the resulting simplified access
for microorganisms to the molecules, thus enhancing metabolizability.

Table 4 summarizes the impact of different microstructural material parameters
on its degradability.

Another impact factor influencing biodegradability is the finishing process,
i.e. the type of modification from biopolymers as virgin polymers to bioplastics as
tailor-made “ready to use” materials (Fig. 12). During the finishing process the
polymers are modified by some additives such as stabilizers, plasticizer, coloring
agents, or reinforcements. Alongside biodegradability of themselves, these additives
influence the microstructure and by this biodegradability of the resulting bioplastic.

If additives change the crystallinity or are not themselves degradable, the degrad-
ability decreases and if vice versa biodegradable fillers such as starch are used, the
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Table 4 Degradability as a
function of various micro-

structural material parameters
(1 = Increase, | = Decrease) Number of unsaturated compounds bonds T

([1], modified) Unbranched, flexible molecular structures |
Aromatic portion T
Molecular weight T
Melting and glass transition temperature |

Material parameters Degradability

Intermolecular interaction, crystallinity T

Polarity/hydrophilic surfaces T

Swelling T

— = = === = | = |~

Specific surface/surface to volume ratio T

e

Additives, e.g.

= Plasticizer
= Stabilizers

= Processing aid
. = Coloring : ;
Biopolymers |]:> « Filler [l:> Bioplastics

= Reinforcing
component
= Etc.

Blending

Fig. 12 Finishing process from virgin biopolymers to tailor-made “ready to use” bioplastics ([2],
modified)

rate of degradation can be increased significantly. First, the easily biodegradable
fillers are broken down. This enlarges the surface area accessible for microorganisms
and accelerates the degradation of the remaining matrix.

The most important biodegradable plastics include starch-based polymer mate-
rials and various polyesters such as polyhydroxyalkanoates, e.g. PHB (poly-
hydroxybutyrate), PLA (polylactic acid), PBAT (polybutylene adipate terephthal-
ate), and PBS (Polybutylene succinate).

4.2 Physico-Chemical Environmental Conditions

As well as differentiating between macroscopic decomposition of the material
(primary degradation) and microscopic ultimate degradation, information about the
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Table 5 Main environmental
parameters for biodegradabil-
ity ([8] modified)

Environment — Temperature

— Gas atmosphere
— Oxygen availability
— Moisture

—  Salts

— Metals

— Micronutrients
— pH-value

— Redox potential
— Stability

— Light, radiation
— Flow conditions
— Time

respective environmental conditions and the time span is also essential for a com-
plete description of the degradation process. Biological decomposition can vary
enormously under a variety of environmental conditions (soil, water, salt water,
compost, human body, etc.) as, apart from the material itself, the degradation process
depends on a variety of other (environmental) factors such as microorganisms
present, humidity, temperature, available oxygen, pH-value, time, etc. [75]. The
following Table 5 summarizes the main factors for biodegradability related to
surrounding physico-chemical environmental conditions.

Microorganism development (biodiversity, concentration, activity, adaptation) is
also determined by specific environmental influencing factors. They include the
presence and absence of oxygen, water content, temperature, pH-value, available
nutrients as well as available alternative carbon sources [67]. At the same time,
polymer decomposition into small particles or polymer metabolism into water-
soluble products, for instance, influences the structure, pH-value, and nutrient
content of the environment — not to mention the potential danger that plastics represent
to the ecology caused by the accumulation of long-lived, often potentially toxic
metabolites. Microorganisms in turn can affect changes in ambient conditions either
directly, by excreting metabolism products (e.g., acids) or indirectly, by secreting
enzymes that catalyze the formation of reactive reagents in the environment [76].

As an example, biological decomposition of the material in an industrial
composting plant with continuous irrigation and turning of the heap takes place
more quickly than under a domestic composting process (Fig. 13). Due to the higher
temperatures and better oxygen availability, the industrial composting process is
much faster than domestic composting and digestion in landfills will take a long time
vice versa.

Industrial composting can be defined as “the controlled biological decomposition
of organic waste under managed conditions that are predominantly aerobic and that
allow the development of thermophilic conditions as a result of biologically pro-
duced exothermic heat” [77]. In the course of industrial composting operations,
biomass is mixed more frequently, and moisture and oxygen content and tempera-
tures rise up to 50-70°C. When the temperature of the composting pile increases, the
microbes adapted to the ambient temperature (mesophiles) stop activity and are
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° Increasing
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2 Domestic Composting B 9
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Time for
few years few weeks degradation

Fig. 13 Conditions in industrial and domestic composting and biogas plants ([1], modified)

replaced by microbes adapted to high temperatures (thermophiles). The rate of
activity of microbes is higher at thermophilic temperatures. Due to this shift in
microbial populations and the additional treatment of the composting pile, a faster
and better degradation of the biopolymers can be ensured. Under these conditions
composting is a controlled biotechnological process and therefore the term “indus-
trial” (or municipal) composting is used to distinguish it from “home
composting” [78].

Experience has shown that biopolymers certified as compostable under industrial
composting conditions are degraded and metabolized well. However, not all bio-
polymers certified as compostable under industrial composting conditions also
degrade under home composting conditions [1, 8, 45].

Municipal composting and home composting share the same designation; how-
ever, the conditions for these technologies are quite different [56, 78]. Certified
industrial compostability states that products consisting of a certain material and
with specified wall thicknesses degrade biologically during a certain time under
industrial composting conditions (sufficient oxygen and moisture, regular turning of
the pile, temperature development, presence of corresponding microorganisms, pH,
carbon/nitrogen ratio, material structure, and size of particles). Industrial
compostability of biopolymer materials certified according to legal standards must
never be equated with total degradability in domestic compost, also defined as cold
composting, i.e. degradation through aerobic biodegradation at ambient temperature
(between 21 and 28°C). Certification according to the standards for municipal
composting (e.g., EN 13432 or EN 14995) does not imply good in-home composting
properties or shortened rotting cycles.

Neither ISO nor ASTM defines home composting rules. The Belgian certification
organization AIB Vingotte issues a specific “home compostability” certification
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program and an “OK Compost Home” label. Materials degrading to a sufficient level
in private composting systems, i.e. home compost, can be labeled additionally or
exclusively with this symbol. The certification program for home composting is
based only on DIN EN 13432 (see Sect. 3.4). In home composting, 90% biological
degradability at ambient temperatures of 20-30°C (in contrast, composting temper-
atures in industrial plants run approx. 50-70°C) and/or in aquatic surroundings is
required (test method according to DIN EN ISO 14851 [26]; cf. Sect. 3.5).

Particularly in Asia, where there is a lack of room and logistics for disposing and
industrial composting of biowaste, efforts are being made to support composting in
domestic surroundings with heated waste containers to enable domestic
composting [79].

However, composting makes sense only when degradability simultaneously
offers an additional functional advantage. For example, votive candle holders on
graves that can be cleared away with flowers/wreaths etc., films for agriculture that
do not have to be collected and disposed of following use, but can be plowed under,
laundry bags that dissolve in the washing machine, grocery bags that can be used to
collect organic material for composting, or resorbable implants that are metabolized
according to the regenerative loop in the human body, etc. In all these applications,
degradability and/or compostability results in an additional benefit. By contrast,
enforced “composting by decree” requiring separation, collection, and transport to
an industrial composting plant represents only additional expense and with it the
amount of CO, generated by composting equals the amount of CO, released by
incineration, but composting does not provide an additional energetic benefit.

There are a lot more examples showing the significant influence of the environ-
mental conditions on biodegradability, such as under “normal” ground or anaerobic
conditions in a biogas plant, or even on the ocean floor at temperatures of approx.
4°C with no light and a completely different microflora. The impact of the environ-
mental conditions is also very evident for a product such as wood. Under dry
conditions, wooden furniture in a house, for example, has an almost unlimited
lifespan, whilst in the forest, biological degradation progresses relatively rapidly.
Another example is fossilization. Here, too, environmental conditions have
prevented a complete degradation of the organic mass.

4.3 Microbiological Conditions

Microbiological degradation is influenced by various factors that can be subdivided
into three categories, i.e. the environmental surrounding conditions, material related
factors, and microbiological parameters (see Fig. 10). After considering the first two
topics in the previous chapters, the following Table 6 gives an overview of the most
important microbiological parameters that influence the degradation behavior of
plastics.

Biodegradation first requires suitable microorganisms. Certain organisms can
usually only degrade a specific group of plastics. For instance, several degrading
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Table 6 Main microbiologi-
cal parameters for biodegrad-
ability ([8], modified)

Microorganisms — Biodiversity

— Enzymes and enzyme concentration
— Co-metabolism

— Competing organisms (protozoa)

— Enzyme kinetics

— Cell density

— Inhibitors/initiators

— Intra-/extra cellular mode of action
— Aerobic, anaerobic

microorganisms for polyhydroxybutyric acid [67, 80], synthetic aliphatic—aromatic
copolyester [14, 81], and synthetic aliphatic homopolyester [82] have been isolated
and identified.

Plastics molecules are too large to pass the cell walls of microorganisms. So that
bacteria and fungi can use such substances as nutrients, they must produce enzymes
that — after being transported through the cell wall — can act outside the cell. The
enzymes break down the insoluble macromolecules layer by layer from the surface
into short-chain fragments. Here, the organism producing the polymer cleaving
enzyme is not necessarily the immediate consumer of these cleavage products.
Other organisms in the population can enter the degradation process, absorb
low-molecular compounds in the cell and convert them into carbon dioxide, water,
and biomass. Under certain circumstances, they can in turn supply other microor-
ganisms with nutrients by excreting metabolites (e.g., acids) that they cannot use.
Many degradation sequences take place according to this type of cooperation
between different microorganisms. However, the result can also be accumulation
of cleavage products which are not further degradable and due to their potentially
toxic effects (inhibition, elimination), can pose a potential danger to the microor-
ganisms [8, 14].

In addition, various microorganisms can be responsible for degradation in all
types of degradation media. For example, fungi prefer solid surfaces for growth,
which is why they are rarely present for degradation in aqueous systems. In contrast,
a variety of fungi are involved in degradation in compost [67].

Fungi and other microorganisms, such as bacteria or actinobacteria (actinomy-
cetes), play an important role in the destruction of organic materials [83]. Microor-
ganisms only proliferate in the presence of moisture (relative moisture 63-99%).
They will find optimum growth conditions in the temperature range from 10 to 40°C.

For optimum growth, fungi need oxygen and a pH-value of 4.5-5.0. They
proliferate over a wide temperature range up to 45°C, with an optimum between
30 and 37°C. Actinobacteria proliferate under aerobic conditions at a pH-value of
5-7 and optimal temperatures between 30 and 37°C. Bacteria can proliferate under
both aerobic and anaerobic conditions. Here, too, the optimum is a pH-value of 5-7
and temperatures between 30 and 37°C [84].

In addition to the mesophilic microorganisms, whose optimum growth tempera-
ture is between 30 and 37°C, thermophilic microorganisms can proliferate over a
much wider temperature range (up to 70°C). These thermophilic microorganisms are
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mainly applied for the controlled biological degradation of plastics in industrial
composting processes.

5 Conclusions

When it comes to bioplastics, it is important to use a clear wording and by this to
differentiate between biopolymers as a macromolecules and bioplastics as materials
ready-to-use as well as the distinction between bio-based and biodegradable plastics.
Biodegradability is a system feature of the material microstructure, physico-
chemical and microbiological surrounding conditions. Because in nature are a
variety of environmental conditions, from industrial composting facilities to sewage
treatment plants, soils in a variety of climatic regions, rivers, the beach, sea surface
and the seabed, or even the human body, it is important to provide also clear
information about the environmental conditions under which the degradation takes
place. On the other side standards are needed to reflect biodegradability under the
various conditions. In case of compostability, some test standards cover the envi-
ronmental conditions well, while test standards in other areas, such as degradability
in soil and particularly in marine systems, are only available in small numbers and do
not reflect the complex environmental conditions well. For future material develop-
ment, in addition to the establishment of appropriate standards, an extensive research
is required to work out a better understanding of the relationships between the
environmental conditions of various habitats and microbiology as well as material
parameters on the one hand and the resulting degradation mechanisms and kinetics
on the other hand.
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