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Abstract

Synthetic polymers are chemicals of emerging concern for the environment, which is mainly attributed to their
persistence in environmental compartments. On the other hand, polymers exist in nature as well. They are regarded
of no concern for the environment. The present article focusses on the environmental fate of natural polymers and
the implications on the persistence assessment for synthetic polymers. Natural polymers vary widely in structure,
function, and properties. Crystallinity, wettability and surface area are important influencing factors on the (bio)
degradation kinetics. Chemical and enzymatic hydrolysis is the most important process for the degradation of natural
polymers, which for particulate material takes place either by bulk or surface erosion. Some natural polymers are
degraded rapidly, but in other cases, degradation of natural polymers takes very long until complete mineralization.
These differences in biodegradability are a result of evolution as they have to fulfil specific functions in nature which
might require a certain persistency. Consequently, many natural polymers would have to be considered persistent or
very persistent (P or vP) based on the available studies using the standard assessment approach. At the same time,
they are considered no concern to the environment for good reasons. The analysis emphasizes that mineralization
alone is not a resilient persistence endpoint for polymers. This needs to be recognized when assessing synthetic poly-
mers, many of which would fulfil the existing P/vP criteria as well. For such synthetic polymers, it would be important
to establish meaningful endpoints and polymer specific criteria to enable an adequate persistence assessment using

a weight-of-evidence approach.
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Background

Polymers are a group of substances which have previ-
ously been considered exempt from registration and
evaluation under the EU REACh regulations “since pol-
ymer molecules are generally regarded as representing a
low concern due to their high molecular weight” [1, 2]. In
the future, synthetic polymers will most likely require
registration under REACh, and thus environmental haz-
ard and fate assessment as well as persistence assessment
need to be included.
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The term polymer can encompass a very diverse range
of chemicals which needs to be defined more precisely.
Using the REACh polymer definition [1], polymers com-
prise such diverse substances as insoluble solid ‘plastic’
polymers, liquid polymers, soluble polymers, smaller
oligomeric polymers (e.g., surfactants), etc. In addition,
we must differentiate between polymeric substances
and plastic materials or articles/products. A polymer as
a substance is a mixture of multiple components, where
the components are very similar (macro) molecules with,
for example, different chain lengths. There are four basic
polymer structures (and probably many variations of
these): linear, branched, crosslinked, and networked pol-
ymers. Typically, polymers are<1 Mio Daltons (Da), but
higher molecular weights are also possible.
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In recent years, polymers and especially microplastic
are of emerging concern for the environment. This con-
cern is mainly attributed to their persistence and occur-
rence in environmental compartments. In general, the
nature of polymers being multi-constituent substances,
or even UVCBs, i.e., substances which are of unknown
or variable composition, complex reaction products or
of biological materials, makes quantification extremely
challenging. Relatively few examples exist of the quan-
tification of specific polymers in environmental media,
either in the laboratory or the field [3]. Destructive and
non-destructive techniques are applied to identify the
composition of the polymers [4]. Common destructive
technique is pyrolysis gas chromatography—mass spec-
trometry (Pyr-GC/MS), and Fourier-transform infrared
spectroscopy (FTIR) is mostly used as non-destructive
technique. With regard to FTIR, Roscher et al. [5] empha-
size the importance of including valid natural materials
within polymer reference databases used in MP analyses.
This is in order to improve data quality and avoid false-
positive assignments due to matrix effects.

Microplastics (MP) have been found in the environ-
ment in varying concentrations by several monitoring
studies. However, the numbers published have to be con-
sidered with care because a recent interlaboratory study
with more than 100 laboratories organised by the Joint
Research Centre (JRC) [6] indicated a very high variabil-
ity in the quantification of MP from aqueous samples by
different laboratories. Results obtained in the study of an
artificial reference sample do not even show a common
trend, which questions the general reliability of current
MP analytical methods. Moreover, natural polymers may
influence the analysis of MP [5]. Recent reviews about
occurrence of nanoplastic (NP) in the environment [7-9]
indicate that sampling and characterization of NP in the
environment is even more challenging. Unified proto-
cols for sampling and measurement are missing, and thus
some studies found NP, others not.

Since 2017, the German environment agency has con-
ducted several research projects to establish, validate and
standardise analytical techniques for synthetic MP in
soils and other environmental matrices [10]. Techniques
developed are currently used to determine actual back-
ground concentrations of synthetic MP in soils.

Certain existing frameworks for safety assessment
question the assessment process for polymers and dem-
onstrate the need for adaption. Knowledge gaps for poly-
mer hazard and risk assessment have been identified in
the ECETOC TR No. 133-1 [11]. Many of the identified
knowledge gaps relate to the applicability of standard
analytical tools, test methods and in silico models [3].
Four major challenges have been identified for assess-
ing and interpretation of polymer biodegradation and

Page 2 of 14

persistency [12]: (1) a lack of standardization in polymer
biodegradation testing, (2) the long durations required in
biodegradation testing, (3) demanding analytical meth-
ods, and (4) a lack of a framework for assessing the over-
all persistence of polymers.

Generally, the OECD TG 300 series of tests will be
used to assess the fate of substances in the environment.
However, most of the OECD TG 300 test methods were
developed for well-defined low molecular weight (LMW)
substances, that are typically mono-constituent and water
soluble [3]. Polymers usually do not fit the scope of these
guidelines. For this reason, the assessment of the envi-
ronmental fate properties of polymers is associated with
considerable challenges that go beyond the assessment
of LMW substances. Several specific standard protocols
have been adapted or developed for (bio) degradability
testing of plastic materials. These specific standards have
already been reviewed in several reports and articles [3,
13-18]. The available standards are mainly ISO or ASTM
guidelines, which are often very similar. Due to the lack
of appropriate analytical methods, the degradation end-
point in these standard methods is mineralization (O,
consumption or CO, evolution), and the mineralization
of a (natural) reference material, mostly cellulose, serves
as the validation criteria.

Polymers are formed in nature as well, which comprise
for example polysaccharides such as cellulose or starch,
proteins such as collagen or gelatine [19, 20] or lignin. In
nature the polymers have different functions, e.g., storage
materials, cell walls, protection against microbial attack
(plants) or exoskeleton (insects) and the polymers have,
through evolution, been optimised to fulfil these func-
tions. Without these natural polymers and their specific
properties, life as we know it, is not possible.

There is no evidence that natural polymers are of con-
cern for the environment, but there is evidence that they
could become, e.g., beneficial components to the soil.
What does the fact that they don't raise any environmen-
tal concern, tell us about the persistence assessment of
synthetic polymers?

Methodology

The present article is based on the final reports from
ECO 52 [21, 22], but is basically limited to information
on natural polymers with a focus on behaviour of partic-
ulate materials and not on water soluble materials. This
information is used to discuss how to advance the persis-
tence assessment of synthetic polymers.

Within the ECO 52 project a literature search has
already been conducted between April 2020 and Decem-
ber 2020 in Pubmed, WebOfScience and Scopus (search
terms: (bio)degradation or persistence in combination
with polymer or plastic) as well as in the Web using
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Google. This search has been limited to reviews pub-
lished in the last 5 years, which resulted in about 5000
hits. From this search about 1000 papers have been
selected which contain the word biodegradation in title,
or information about polymer biodegradation, persis-
tence, or weathering. Afterwards, these reviews supple-
mented with articles from the search of the last 2 years
have been screened for relevance by reviewing the title
and abstract. In total, this search strategy resulted in
more than 100 relevant documents which have been
evaluated in depth.

Recently, this search has been supplemented by an
updated literature search between September 2022 and
December 2022 specifically for reviews on biodegrada-
tion of natural polymers. With the search query on bio-
degradation AND natural polymer AND review about
1000 references could be found in Pubmed published
in the last two years (Fig. 1). Of these about 50 refer-
ences have been identified, again by reviewing title and
abstracts, as more or less relevant and subsequently
evaluated in-depth. Additional references were evalu-
ated which were identified as relevant in the evaluated
reviews (secondary citations), and which were identified
by google and google scholar within a search on specific
natural polymers, such as natural rubber.

Results and discussion

Types of natural polymers

Polymers exist in nature as well, and contribute to dif-
ferent essential functions for living organisms. These so-
called natural polymers include natural rubber, cellulose,
hemicellulose, starch, lignin, chitin, cutin; sometimes
they will be used as food additives such as glucomannan,
agar, pectin, inulin, rosin, guar gum, locust bean gum,
gum acacia, karaya gum, gum tragacanth, alginates, cara-
geenans, psyllium and xanthum gum [21]. In the litera-
ture, proteins are often assigned to natural polymers as
well [19, 20]. Natural polymers may be built by one mon-
omer unit such as glucose in cellulose or starch, whereas
others such as hemicellulose or lignin are built by differ-
ent monomer units. In natural materials (e.g. straw wheat
straw, spruce, and birch, etc.) the contents of different
polymers can vary significantly [23].

Some examples of natural polymers and their source
and structural and/or morphological descriptors are
given in Table 1 (not exhaustive). Exemplarily the struc-
tures of cellulose and lignin are given in Fig. 2.

Overall, natural polymers could have different struc-
tural linkages and a high range of molecular weights
[21]. Often, they are polysaccharides or their derivatives
with weak a-glycosidic bonds or stronger [B-glycosidic
linkages. Natural polymers could be crystalline, semi-
crystalline or amorphous, are often insoluble, and could
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be hydrophilic but also hydrophobic. Thus, different
structural and morphological descriptors and physico-
chemical properties can be assigned to natural polymers.
Based on these descriptors and properties, some natu-
ral polymers are expected to be hydrolytically more sta-
ble than others, and it is obvious that as a consequence
they will have different potential for (bio)degradation
[21]. For optimal functions, materials in nature are usu-
ally mixtures of different natural polymers, which further
increases the complexity.

Occurrence of natural polymers in the environment
Natural polymers are part of the environment, e.g. starch
is produced for energy storage, chitin is part of the insect
exoskeleton, and cellulose, lignin, cutin are part of cell
walls or plant cuticles, etc. For this reason, in the envi-
ronment these natural polymers and/or their transforma-
tion products will often be found in the top layer of soil.
The type and degree of natural polymers in the environ-
ment depends on the vegetation, and degradation poten-
tial and is related to the nature of vegetation, climate, and
land-use as well. Plant derived polymers also form the
basis for natural soil organic matter (SOM) [25]. In fact,
the processes of biodegradation and SOM generation are
connected. Mostly, parts of less degradable natural poly-
mers are selectively incorporated into humic substances
[41]. The absolute amount of soil organic matter is a
result of the equilibrium between incorporation into the
soil and the degradation processes. Adapted microorgan-
isms, i.e., bacteria and fungi, will be found depending on
the sources of energy, the climate and soil characteristics.

Natural polymers are found in the aquatic environment
as well. This could be the result of the aquatic vegeta-
tion or as a run-off from the soil compartment. Primpke
et al. [42] stated that in total over 50% of all fibres found
in wastewater treatment plant (WWTP) samples were of
natural origin, 11% of inorganic and 39% of a synthetic
nature. Furthermore, cellulose based fibres contributed
to more than 50%. Moreover, plant cuticles can influence
the identification and quantification of microplastic (MP)
concentrations [5].

Fate of natural polymers in the environment

Distribution

As mentioned above, in the environment natural poly-
mers and/or their transformation products will be mostly
found in the top layer of soil, where plant derived poly-
mers form the basis for natural soil organic matter. At
least water insoluble soil organic matter, which is a sink
for natural polymers, does not move vertically in soils
significantly, as soil organic matter is usually located in
the upper soil horizons. Active transport into deeper soil
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Fig. 2 Structures of typical natural polymers a Cellulose, b ngnln ¢ Building units of Lignin (adapted from [23, 25, 40])

layers is usually carried out by soil organisms or vertical
burrows (e.g., earthworm burrows).

Natural polymers in the aquatic environment (e.g.,
sceleton or fiber materials from macrophytes) are float-
ing or deposited as organic matter into the sediment
and transported by natural sediment transport [43, 44].

Degradation processes

Biodegradation of natural polymers is a stepwise pro-
cess and the slowest of the processes determines the
overall mineralization rate, which is the current indi-
cator for (bio)degradation of polymers. The process
of polymer (bio)degradation can be divided into four
steps [33, 45, 46]:

a. Biodeterioration

b. Depolymerization

c. Bioassimilation, and/or
d. Mineralization

Thereby, microbial biofilms on the polymeric material
results in superficial degradation and the formation of
smaller fragments. Microbial enzymes then in turn cata-
lyse the depolymerization of the polymer chain into oli-
gomers, dimers, or monomers. These smaller molecules
can be taken up into microbial cells and degraded further
[47].

The structural and morphological properties as well
as several processes are important for the fragmenta-
tion of the polymeric material, and thus are influencing
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the different (bio)degradation kinetics. Larger frag-
ments can be incorporated into the humus matrix
which stabilizes them against further degradation.

Key processes associated with organic matter cycling
in soils are litter deposition, transformation, decom-
position, mineralization, humification, partitioning,
assimilation and stabilization [41]. Thereby, decompo-
sition is the breakdown of organic macromolecules into
smaller organic molecules and inorganic constituents
of organic matter [41]. This process is usually mediated
by micro-organisms and includes depolymerization
and oxidation reactions [41]. Mineralization is defined
as the conversion into the inorganic constituents of the
organic matter [41], and results under aerobic condi-
tions in the final products carbon dioxide and water.
However, natural polymers must not be degraded to
carbon dioxide, the organic carbon can be converted
in humic substances or assimilated into the biomass.
Plant particulate material forms the basis for humifi-
cation. Humic substances are very stable, radiocarbon
dating put the carbon turnover in soil organic matter
in the range of hundreds to thousands of years. The
deeper the soil layers, the older the organic substances
found [48]. According to Oades [49], humification has
to be assessed as prolonged stabilisation of organic sub-
stances against biodegradation.

It is expected that sunlight will contribute to degrada-
tion and depolymerization processes of natural polymers
[50-52]. In addition, structures of the natural polymers
are often hydrolytically unstable, e.g., esters. For this
reason, the most important process for degradation of
natural polymers is the hydrolysis of ester bonds [24].
Hydrolysis can be divided into chemical and enzymatic
hydrolysis. In the latter case, hydrolysis is promoted by
specific enzymes, so that the microorganism (including
fungi) can use the polymers as an energy source or for its
biomass.

This enzymatic degradation, especially by fungal
enzymes, plays a major role in the (bio)degradation of
natural polymers. For example, cellulose and starch are
enzymatically hydrolysed to glucose by extracellular
enzymes [53]. The group of enzymes most responsible for
extracellular cellulose degradation are cellulases, which
will break the B-glycosidic links [54], and o/p-amylases
as well as oxidoreductases [53]. Starch is degraded by
glycoside hydrolases, such as a-amylase, f-amylase, glu-
coamylase and a-glucosidase, which are all specialised
in hydrolysing a-glycosidic bonds [24, 54]. In addition,
starch can be made more susceptible to biodegradation
by gelatinisation [24]. Fungi and eubacteria form the
largest share of the cellulolytic (cellulose-degrading)
microorganisms as well [24, 25]. For the degradation of
lignin many organisms and enzymes are involved, which
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Fig. 4 Picture of snag illustrating different degradation phases
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reflects the complexity of lignin molecules [24], and thus,
it is obvious that the biodegradation rate is slower.
Another influencing factor is, that natural polymers are
often form particulate material. Hydrolysis of particu-
late material proceeds either by bulk or surface erosion
(Fig. 3). Bulk erosion describes degradation that occurs
uniformly through the thickness of a polymeric item,
and surface erosion describes a decrease in the surface
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thickness [45]. Which process dominates depends on if
the material is amorphic, or (semi) crystalline. Enzymes
preferentially attack the amorphous parts [46], and thus
amorphous or less-ordered regions degrade more eas-
ily than crystalline regions [47]. Moreover, as enzymes
are relatively large and are unable to permeate the struc-
ture of polymers, in comparison to smaller chemicals
or free radicals [55, 56], the biotic (enzymatic) degrada-
tion is often limited to the polymer surface. In addition,
it is expected that stepwise degradation of chain length
occurs for high molecular weight molecules.

In summary, several further processes have an impact
on degradation kinetics of natural polymers. Conse-
quently, not all carbon of the polymer material can be
attacked by microorganisms simultaneously, leading
to a stepwise degradation where the slowest step deter-
mines the degradation rate. All natural polymers which
are hydrolytically more stable need additional factors
(e.g., specific enzymes) to be degraded in a reasonable
timescale. If other better energy sources are available for
degraders (easily degradable substances), the biodegrada-
tion of the natural polymer slows down. This, together
with the above mentioned structural and morphological
properties such as crystallinity and wettability, in turn
will result in different (bio)degradation kinetics under
different conditions.

Degradation data

The (bio)degradation of naturally occurring polymers
especially in soils has long been a research interest since
soil organic matter is important for most soil functions
like sorption capacity, water retention, nutrient cycling,
and biological activity. Degradation data of substances in
soil is usually obtained performing standard tests, e.g.,
according to OECD testing guidelines. However, results
from OECD testing guidelines (screening and simulation
studies) with natural polymers are available in rare cases
only. If any data on (bio)degradation of natural polymers
are available, the tests follow ISO or ASTM standards
(mineralization) or are non-guideline studies. The latter
studies often only provide results on mass loss, or loss of
functionality (indication for degradation). As cellulose
(microcrystalline powder or as ashless filter material)
is the reference material for ISO or ASTM test systems,
plenty of data are available for cellulose.

Data for some natural polymers have been compiled in
reviews on so called “bioplastics” For example, an over-
view about degradation pathways and available data for
starch, cellulose, lignin and modified natural polymers
has been published by Polman et al. [24]. The review by
Kogel-Knabner [25] provides information that helps to
identify the changes occurring during biodegradation of
plant litter in soils, and contains a table with information
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on biodegradability (percentage mineralization at differ-
ent time points up to 28 weeks) of several natural poly-
mers in soil. However, detailed information on the test
method are missing. A review of the fate of lignin in soil
is presented by Thevenot et al. [57].

The available generic information about degradation of
selected natural polymers is summarized in Table 2.

In addition, some data on (bio)degradation potential
are available for natural materials and products [25, 59,
79]. In this context it is important that, as already men-
tioned above, natural materials are often mixtures of
polymers and monomer units, and rarely pure polymeric
materials.

McDonough et al. [79] investigated the degradation
potential of natural materials (stearyl stearate, jojoba
wax, bees wax, rice bran wax, blueberry seeds, walnut
shells) using a (modified) OECD 301 B test system. The
natural materials were applied as microparticles, milled,
or as powder. The organic carbon content and the par-
ticle size of the different materials have been specified.
Some of the natural materials show significantly differ-
ent degradation kinetics than others. Although the par-
ticle size of blueberry seed was larger (100% >500 pum),
the material shows a higher degradation potential than
walnut shells with the main particle fraction between 250
and 500 pm, for which negligible mineralization has been
observed in this test system. In contrast, the results indi-
cate a very high degradation potential for jojoba wax of a
similar particle size as walnut shells.

The biodegradation of natural materials in soils was
determined based on ASTM 5998-03 by Goémez and
Michel [59]. Although the guideline was in the meantime
revised (ASTM 5998-18), and the test may be regarded
as invalid due to not complying with the minimum bio-
degradation of the reference material given in the revised
version, some interesting conclusions can be drawn. The
biodegradation potential of the reference material (cellu-
lose paper) was relatively high with about 60-70% within
300 days. In contrast using the same test system, coconut
coir, rice hull or peat fibre +wood pulp show only a pla-
teau between 10 and 40%, which was reached relatively
quickly (<100 days). This indicates that the slow degrad-
ing material contains some (polymeric) constituents
which are hardly mineralized.

The review by Kogel-Knabner [25] presents, for natu-
ral materials, mineralization data (CO, evolved) in soil at
different time points up to 28 weeks. Although it seems
that it is a screening test, the kinetics verify that starch
takes longer to biodegrade than glucose. In general, most
proteins and polysaccharides are rapidly utilized but at a
slightly slower rate than readily available small-molecu-
lar-weight substrates (or monomer units) such as sugars,
amino acids, and aliphatic acids. These are metabolized
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within a few hours or days [58]. Whereas natural sub-
stances such as glycine, glucose, cellulose, or starch
resulted in high mineralization (>80%), other natural
materials such as walnut wood, almond shells, pine nee-
dles resulted in significant lower biodegradation poten-
tial (< 60%). Wheat straw shows a mineralization of about
67%, which confirms the lower potential of lignin in com-
parison to cellulose. Only 50-60% of the total organic
matter of plant litter is accounted for by chemical degra-
dation techniques [58].

Cellulose is also the main component of paper or
paperboard. Today, paper contains usually synthetic pol-
ymers as additives [80], thus paper or paperboard cannot
seriously be considered as a pure natural material. Nev-
ertheless, some degradation data are available. The data
demonstrates that corrugated board is a biodegradable
and compostable material [81]. Pagga et al. [82] observed
about 80% mineralization of paper in about 30 days in a
laboratory controlled composting test, whereas Sridach
et al. [83] found a weight loss of up to 70% in 7 weeks for
uncoated board.

In summary, the available data about biodegradability
of natural polymers vary. Available studies are often on
composting or field studies in soil, and thus are not con-
ducted according to standardized test guidelines. Infor-
mation about all compartments (soil, aqueous, marine,
sediment) for the same polymer are hardly available,
particularly information on degradation in sediment are
mostly lacking. As an endpoint mineralization has often
been measured, but also other endpoints such as mass
loss were reported.

Nevertheless, natural polymers are generally expected
to be biodegradable. However, the available data indi-
cate that the rates could be highly variable depending on
the structural and morphological properties of the poly-
mers and the conditions such as temperature, humidity,
availability of oxygen, presence of competent degraders/
decomposer groups, etc. In particular, skeleton polymers
or polymers that protect organisms against microbial
attacks do not degrade easily—that is one of the essential
key properties of these materials.

Natural materials and products, e.g., rice hull, coconut
coir, wheat straw, walnut shells, etc., have been tested in
different test systems as well. In most cases these are less
degradable in the test systems used in comparison to cel-
lulose or starch with regard to mineralization. Often slow
degrading material contains some constituents which are
hardly mineralized. Instead, it is incorporated into SOM.

Consequences for persistence assessment of synthetic
polymers

Like natural polymers, synthetic polymers are a class of
substances which in products are often designed, to be
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stable during a relatively long use phase as much as pos-
sible to fulfil performance requirements.

A better understanding of the fate of natural polymers,
considering similarities and differences between natural
and synthetic polymers, gives an insight into which pro-
cesses may be relevant and important for an appropriate
persistence assessment of synthetic polymers. Moreo-
ver, it gives an input into the decision on the relevance
of persistence and potentially provides benchmarks for
the (hazard) assessment of polymers. For the compari-
son of natural and synthetic polymers, preference should
be given to literature which compares the degradation
potential of different polymer sources using the same
method.

Both natural and synthetic polymers are formed by
polymerization of small molecules. Although building
units of different natural polymers are sometimes similar,
natural polymers, vary in structure, function, and prop-
erties. These properties are attributed to the polymer’s
molecular size as well as 2D and 3D structure (linear,
branched, crosslinked, and networked polymers). This
also has consequences for their biodegradation behav-
iour. If natural polymers will be synthesized in the labora-
tory, the same biodegradability would be expected as the
equivalent naturally formed polymer. In this special case
biodegradability is not a question of natural or synthetic
“manufacturing” However, natural materials do not con-
sist of one pure polymer substance but are mostly a com-
bination of different polymers and further substances,
that cannot yet be produced synthetically.

In the literature, there is only a limited number of deg-
radation study results available for natural polymers,
which are based often on weight loss only (Table 2).
More data are available for synthetic polymers. Several
compilations of available degradation data for synthetic
polymers have been presented in recent reviews such
as Kjeldsen et al. [14] based on data compilation from
Emadian et al. [84], and Burgstaller et al. [85] cited in
an EPA network report [86]. Some further degradation
data are available from primary literature sources as well,
which are partly cited in these reviews, e.g., Meereboer
et al. [55], Gomez and Michel [59], Hashimoto et al.
[87], Arcos-Hernandez et al. [88] etc.. Further relevant
literature using standardized methods in soil are avail-
able from Novamont [60—63] and EU projects KBBPPS
[89] and Open-Bio [90]. Data for water soluble polymers
such as PEGs and some blends are available from Bern-
hard et al. [91], Eubeler et al. [92], Duis et al. [93]. Water
soluble, poorly soluble, and water insoluble/particulate
polymers show quite different fate behaviour [3]. In addi-
tion, Hennecke et al. [94] presented a lysimeter study of
cationic polyacrylamide copolymers (PAMs) using radi-
olabelled synthetic polymer and thus mass balance was
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possible. This study shows that there was practically no
vertical movement of polymer despite the proven sig-
nificant reduction of the polymer backbone chain length
over two years.

Information from degradation tests for synthetic poly-
mers can be summarized as follows [21, 22]:

— Metrics used for available (bio)degradation data (lab-
oratory as well as mesocosm/field tests): respirom-
etry, mass loss or specific surface degradation rate
(SSDR), tensile test.

— Fragmentation by weathering; hydrolysis relevant
(e.g., for esters) but also additional processes such as
deacetylation

— Enzymes play a major role

— Standard methods on biodegradation of polymers are
usually based on mineralization only

— Limited number of studies according to ISO methods
available (mainly for so called “biodegradable” syn-
thetic polymers); limited data for soil or water, very
limited data for sediment

— Results for blends can overestimate the biodegrada-
tion potential if selected constituents are not biode-
gradable

— Data with simulation studies are rare

The overview indicates that one reason for the limited
number of reliable studies is the challenge to follow the
degradation of polymers, independent if they are natu-
ral or synthetic polymers. The lack of polymer specific
degradation endpoints and at the same time very limited
and complex chemical analysis makes it difficult to set
up appropriate studies. Moreover, the specific physico-
chemical properties of polymers result in specific tech-
nical limitations for the applicability of existing standard
guidelines. Therefore, mineralization and gravimetric
mass loss often serve as the degradation endpoints, sim-
ply because they can be measured with reasonable effort.
Following biodegradation by mineralization, i.e., using
indirect parameters such as O, consumption or CO, evo-
lution as in the screening test systems of OECD testing
guidelines or the polymer-specific ISO standards, also
has some limitations. This screening is often not suitable
for blends, as it is unclear if all components degrade at
the same rate. More than likely, they do not. In addition,
polymers typically consist of large molecules, which are
mostly solid and insoluble in water. In fact, the currently
proposed MP restriction excludes water soluble synthetic
polymers, which means that most polymers to be tested
will be non-water soluble. The limited bioavailability of
those large molecules can be already the reason for fail-
ing the test. However, since this is a typical property of
polymers, the suitability of an aquatic degradation test
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must be critically questioned. Test challenges can be
summarized as follows [22]:

+ Difficult to adequately quantify ThOD or ThCO2 of
polymers

+ Due to sequential biodegradation, 10 day-window
criteria not applicable

+ Applicability of the pass/fail criteria

+ Limited bioavailability

+ Test duration

Based on these deficiencies, the available results from
screening test systems following the OECD 301 series
should be interpreted carefully. It might be that they
have a systemic limitation, and evidence for reliability is
needed.

Moreover, these test systems commonly use an inocu-
lum from the targeted environment (e.g., from wastewa-
ter treatment plant (WWTP), from WWTP effluent or
aqueous soil extracts). During pre-treatment the amount
of natural organic load is decreased, so that the blank res-
piration is reduced to an acceptable level within the bio-
degradation experiment. However, such treatments are
likely to remove most or all extracellular enzymes from
the inoculum, so that degradation testing of substances
and materials that require breakdown by extracellu-
lar enzymes may result in artificially low biodegrada-
tion rates [95]. As mentioned above, these extracellular
enzymes are important for polymeric materials. How-
ever, highly active test matrices are not a solution either,
as the high background respiration will interfere with the
detection of the mostly very slow mineralization of the
tested polymers.

In summary, new endpoints to follow degradation, but
not only mineralization, as given, for example, by Pfohl
et al. [96], should be considered in specific testing strate-
gies for persistence assessment of polymers.

As a further point, the physical shape of polymers in
standard tests has to be specified. Effects of particle sizes
on biodegradation have been observed for (synthetic)
polymers [3, 60, 79]. Garcia-Depraect et al. [97] show
that regardless of the (synthetic) polymer the mineraliza-
tion rate increases with decreasing particle size (higher
specific surface area). This is an effect on the time of min-
eralization only but not on the absolute mineralization
percentage at the plateau. This proves that particle size
plays a major role in determining the degradation rate,
i.e., the complete material cannot usually be attacked
all at once if the particle is too large. This is for exam-
ple important during surface erosion as a limiting sub-
process. Consequently, for both natural and synthetic
polymers, the surface area is an important factor for the
biodegradation kinetic. Smaller particles or fragments
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have a larger surface area, and thus a higher probability
to be attacked. For this reason, rate-determining is often,
but not in all cases, the first step, i.e., fragmentation due
to physical forces or due to enzymatic processes.

If hydrolysis and fragmentation into smaller particles
is the slowest process before a polymer can be mineral-
ized, this will determine the degradation kinetic in an
ISO standard test system. Bioassimilation or assimilation
into soil organic matter is a competing parallel process to
mineralization but is currently not considered in stand-
ard testing. This is in contrast to chemical regulation in
the EU, e.g., pesticide regulation, where bio assimilation
or assimilation to the solid matrix is considered as “NER”
(non-extractable residues). In current persistence assess-
ment of non-polymeric substances, NER can be classified
as degraded if assimilation in biota or solid matrix can be
proven. Details on NER characterization has been com-
municated by ECHA [98] and corresponding procedures
have now been published [99, 100]. Though these NER
can only be determined using isotope labelled test sub-
stances (mostly *C-labelling) during laboratory testing,
it could play a significant role for the fate of natural and
synthetic polymers. The importance of soil organic mat-
ter is undisputed and one of the relevant, if not the most
relevant, processes of humus formation is the assimila-
tion of natural polymers.

In the environment, the absolute amount of natural
polymers is a result of several influencing factors. Besides
formation and biodegradation potential, environmental
characteristics are also important. For natural materials
such as wood, the degradation will be longer than for the
polymer itself such as cellulose or lignin. The reason for
this is the unfavourable surface to volume ratio and thus
limited accessibility to be attacked by UV, water, temper-
ature or microorganism. As soon as the natural materi-
als are fragmented into small pieces (e.g., chipped wood,
sawdust etc.) the degradation time will decrease.

However, wood and even leaves can exist in the for-
est under dry conditions for years after a tree has died
and it is typically recycled by fungal degradation (Fig. 4).
Certainly, even chipped wood will exceed REACh per-
sistence criteria. This is due to the intended function of
wood in nature as skeletal material. Rapid degradation
would not allow trees to grow as they are found in nature.
Lignin even has the function to protect woody cell walls
against microbial attack [25]. Often slow degrading mate-
rial contains some constituents which are hardly min-
eralized, and will be potentially incorporated into the
biomass or humic substances. This must be considered
for persistency assessment (see NER assessment above).
As there is no doubt that humification is a process that
generates new covalent bonds it could be considered, for
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example, like NER type II [98] in the current P assess-
ment as “degraded”.

Conclusion

The few results from available screening tests indicate
that some natural polymers are readily biodegradable.
However, other natural polymers are not biodegrad-
able within a short time, which is a consequence of their
intended function in nature. Even natural polymers, that
degrade usually more rapidly, might be subject to stabi-
lizing processes such as humification, where the polymer
carbon is not mineralised but bound for hundreds and
thousands of years. Those processes are of no environ-
mental concern, and are the basis for soil genesis and
crucial for life on earth.

Although data from simulation tests are missing, there
is no doubt that many natural polymers must be consid-
ered as persistent, i.e., their degradation half-lives are
above the persistence triggers given in Annex XIII of the
REAChH regulation [101]. Nevertheless, natural polymers
are not considered an environmental concern, and this
proves mineralization alone is not a resilient persistence
endpoint, e.g., formation of stable (soil-) organic matter
is an important result of the degradation of natural poly-
mers as well.

Natural polymers are excluded from the ECHA restric-
tion proposal for intentionally added microplastic by
definition. This could lead to conflicts in testing where
natural polymers are used as reference materials. Syn-
thetic polymers that show similar or better degradabil-
ity in those tests might have to be classified P while the
slower degrading reference materials are considered
“inherently” degradable.

As a result, it can be stated that new polymer specific
parameters and endpoints are urgently needed to assess
the persistence of synthetic polymers in the environ-
ment. The mineralization endpoint, which was intro-
duced due to the lack of possibilities to analyze polymers
in a complex environmental matrix, is alone not a reli-
able parameter to indicate the stability of polymers in the
environment. In some cases, it even leads to contradic-
tory results. Mineralization of any polymer—natural or
synthetic—is a stepwise process. This should be consid-
ered in the evaluation and derivation of suitable persis-
tence criteria, and in the weight of-evidence evaluation of
the biodegradation potential of polymers.

For natural polymers, mineralization is recognized as
not being a suitable endpoint and thus, it is overwritten
by the “inherent” definition. This is not the best recom-
mendation for a parameter to be used as the sole deci-
sion on the persistence of synthetic polymers, either.
Depolymerization may be an alternative endpoint for
primary degradation, whereas it to be discussed how
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to consider the numerous numbers of transformation
products. In addition, further parameters exist already
in persistency assessment, e.g. NER assessment to con-
sider assimilation of substances into SOM, and could
serve as a blueprint for the development of polymer
specific guidance.
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