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11.1
Introduction

This chapter presents an overview of the current knowledge on experimental
methods for monitoring the biodegradability of polymeric materials. The focus is,
in particular, on the biodegradation of materials under environmental conditions.
Examples of in vivo degradation of polymers used in biomedical applications are
not covered in detail but have been extensively reviewed elsewhere, e.g., [1–3].
Nevertheless, it is good to realize that the same principles of the methods for
monitoring biodegradability of environmental polymers are also used for the
evaluation of the degradation behavior of biomedical polymers.
A number of different aspects of assessing the potential, the rate, and the degree
of biodegradation of polymeric materials are discussed. The mechanisms of
polymer degradation and erosion receive attention and factors affecting enzymatic
and nonenzymatic degradation are brieﬂy addressed. Particular attention is given
to the various ways for measuring biodegradation, including complete mineralization to gasses (such as carbon dioxide and methane), water, and possibly microbial
biomass. Finally, some general conclusions are presented with respect to measuring biodegradability of polymeric materials.

11.2
Some Background

There is a worldwide research effort to develop biodegradable polymers for agricultural applications or as a waste management option for polymers in the environment. Until the end of the 20th century, most of the efforts were synthesis
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oriented, and not much attention was paid to the identiﬁcation of environmental
requirements for, and testing of, biodegradable polymers. Consequently, many
unsubstantiated claims to biodegradability were made, and this has damaged the
general acceptance.
An important factor is that the term biodegradation has not been applied consistently. In the medical ﬁeld of sutures, bone reconstruction, and drug delivery,
the term biodegradation has been used to indicate degradation into macromolecules that stay in the body but migrate (e.g., UHMW polyethylene from joint
prostheses), or hydrolysis into low-molecular-weight molecules that are excreted
from the body (bioresorption), or dissolving without modiﬁcation of the molecular
weight (bioabsorption) [4, 5]. On the other hand, for environmentally degradable
plastics, the term biodegradation may mean fragmentation, loss of mechanical
properties, or sometimes degradation through the action of living organisms [6].
Deterioration or loss in physical integrity is also often mistaken for biodegradation
[7]. Nevertheless, it is essential to have a universally acceptable deﬁnition of biodegradability to avoid confusion as to where biodegradable polymers can be used
in agriculture or ﬁt into the overall plan of polymer waste management. Many
groups and organizations have endeavored to clearly deﬁne the terms “degradation,” “biodegradation,” and “biodegradability.” But there are several reasons why
establishing a single deﬁnition among the international communities has not been
straightforward, including:
1)

the variability of an intended deﬁnition given the different environments in
which the material is to be introduced and its related impact on those
environments,

2)

the differences of opinion with respect to the scientiﬁc approach or reference
points used for determining biodegradability,

3)

the divergence of opinion concerning the policy implications of various deﬁnitions, and

4)

challenges posed by language differences around the world.

As a result, many different deﬁnitions have ofﬁcially been adopted, depending on
the background of the deﬁning organization and their particular interests.
However, of more practical importance are the criteria for calling a material “biodegradable.” A demonstrated potential of a material to biodegrade does not say
anything about the time frame in which this occurs, nor the ultimate degree of
degradation. The complexity of this issue is illustrated by the following common
examples.
Low-density polyethylene has been shown to biodegrade slowly to carbon dioxide
(0.35% in 2.5 years) [8], and according to some deﬁnitions can thus be called a
biodegradable polymer. However, the degradation process is so slow in comparison with the application rate that accumulation in the environment will occur. The
same applies for polyoleﬁn–starch blends which rapidly loose strength, disintegrate, and visually disappear if exposed to microorganisms [9–11]. This is due to
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utilization of the starch component, but the polyoleﬁn fraction will nevertheless
persist in the environment. Can these materials be called “biodegradable”?

11.3
Deﬁning Biodegradability

In 1992, an international workshop on biodegradability was organized to bring
together experts from around the world to achieve areas of agreement on
deﬁnitions, standards, and testing methodologies. Participants came from manufacturers, legislative authorities, testing laboratories, environmentalists, and
standardization organizations in Europe, United States, and Japan. Since this
fruitful meeting, there is a general agreement concerning the following key
points [12].
1)

For all practical purposes of applying a deﬁnition, material manufactured to
be biodegradable must relate to a speciﬁc disposal pathway such as composting, sewage treatment, denitriﬁcation, and anaerobic sludge treatment.

2) The rate of degradation of a material manufactured to be biodegradable has
to be consistent with the disposal method and other components of the
pathway into which it is introduced, such that accumulation is controlled.
3) The ultimate end products of aerobic biodegradation of a material manufactured to be biodegradable are CO2, water, and minerals and that the intermediate products include biomass and humic materials. (Anaerobic biodegradation
was discussed in less detail by the participants.)
4)

Materials must biodegrade safely and not negatively impact the disposal
process or the use of the end product of the disposal.

As a result, speciﬁed periods of time, speciﬁc disposal pathways, and standard test
methodologies were incorporated into deﬁnitions. Standardization organizations
such as CEN, ISO, and ASTM were consequently encouraged to rapidly develop
standard biodegradation tests so these could be determined. Society further
demanded nondebatable criteria for the evaluation of the suitability of polymeric
materials for disposal in speciﬁc waste streams such as composting or anaerobic
digestion. Biodegradability is usually just one of the essential criteria, besides
ecotoxicity, effects on waste treatment processes, etc.
In the following sections, biodegradation of polymeric materials is looked upon
form the chemical perspective. The chemistry of the key degradation process is
represented by Eq. (11.1) and (11.2), where Cpolymer represents either a polymer or
a fragment from any of the degradation processes deﬁned earlier. For simplicity
here, the polymer or fragment is considered to be composed only of carbon,
hydrogen, and oxygen; other elements may, of course, be incorporated in the
polymer, and these would appear in an oxidized or reduced form after biodegradation depending on whether the conditions are aerobic or anaerobic, respectively.
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Aerobic biodegradation:
Cpolymer + O2 → CO2 + H2O + Cresidue + Cbiomass

(11.1)

Anaerobic biodegradation:
Cpolymer → CO2 + CH4 + H2O + Cresidue + Cbiomass

(11.2)

Complete biodegradation occurs when no residue remains, and complete mineralization is established when the original substrate, Cpolymer in this example, is
completely converted into gaseous products and salts. However, mineralization is
a very slow process under natural conditions because some of the polymer undergoing biodegradation will initially be turned into biomass [13, 14]. Therefore,
complete biodegradation, and not mineralization, is the measurable goal when
assessing removal from the environment.

11.4
Mechanisms of Polymer Degradation

When working with biodegradable materials, the obvious question is why some
polymers biodegrade and others do not. To understand this, one needs to know
about the mechanisms through which polymeric materials are biodegraded.
Although biodegradation is usually deﬁned as degradation caused by biological
activity (especially enzymatic action), it will usually occur simultaneously with – and
is sometimes even initiated by – abiotic degradation such as photodegradation and
simple hydrolysis. The following paragraphs give a brief introduction about the
most important mechanisms of polymer degradation.
11.4.1
Nonbiological Degradation of Polymers

A great number of polymers is subject to hydrolysis, such as polyesters, polyanhydrides, polyamides, polycarbonates, polyurethanes, polyureas, polyacetals, and
polyorthoesters. Different mechanisms of hydrolysis have been extensively
reviewed not only for backbone hydrolysis but also for the hydrolysis of pendant
groups [15–17]. The necessary elements for a wide range of catalysis, such as acids
and bases, cations, nucleophiles and micellar, and phase transfer agents are
usually present in most environments. In contrast to enzymatic degradation,
where a material is degraded gradually from the surface inward (primarily because
macromolecular enzymes cannot diffuse into the interior of the material), chemical hydrolysis of a solid material can take place throughout its cross section except
for few hydrophobic polymers.
Important features affecting chemical polymer degradation and erosion include
(i) the type of chemical bond, (ii) the pH, (iii) the temperature, (iv) the copolymer

11.5 Measuring Biodegradation of Polymers

composition, and (v) water uptake (hydrophilicity). These features will not be
discussed here, but have been covered in detail by Göpferich [4].
11.4.2
Biological Degradation of Polymers

Polymers represent major constituents of the living cells which are most important
for the metabolism (enzyme proteins and storage compounds), the genetic information (nucleic acids), and the structure (cell wall constituents and proteins) of
cells [18]. These polymers have to be degraded inside cells in order to be available
for environmental changes and to other organisms upon cell lysis. It is therefore
not surprising that organisms, during many millions of years of adaptation, have
developed various mechanisms to degrade naturally occurring polymers. For the
many different new synthetic polymers that have found their way into the environment only in the last 70 years, however, these mechanisms may not as yet have
been developed.
There are many different degradation mechanisms that combine synergistically
in nature to degrade polymers. Microbiological degradation can take place through
the action of enzymes or by-products (such as acids and peroxides) secreted by
microorganisms (bacteria, yeasts, fungi, etc.). Also macroorganisms can eat and,
sometimes, digest polymers and cause mechanical, chemical, or enzymatic aging
[19, 20].
Two key steps occur in the microbial polymer degradation process: ﬁrst, a depolymerization or chain cleavage step, and second, mineralization. The ﬁrst step
normally occurs outside the organism due to the size of the polymer chain and
the insoluble nature of many of the polymers. Extracellular enzymes are responsible for this step, acting either endo (random cleavage on the internal linkages of
the polymer chains) or exo (sequential cleavage on the terminal monomer units
in the main chain).
Once sufﬁciently small-size oligomeric or monomeric fragments are formed,
they are transported into the cell where they are mineralized. At this stage, the cell
usually derives metabolic energy from the mineralization process. The products
of this process, apart from ATP, are gasses (e.g., CO2, CH4, N2, and H2), water,
salts and minerals, and biomass. Many variations of this general view of the biodegradation process can occur, depending on the polymer, the organisms, and the
environment. Nevertheless, there will always be, at one stage or another, the
involvement of enzymes.

11.5
Measuring Biodegradation of Polymers

As can be imagined from the various mechanisms described above, biodegradation does not only depend on the chemistry of the polymer but also on the presence
of the biological systems involved in the process. When investigating the
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Figure 11.1 Schematic classiﬁcation of different biodegradation environments for polymers.

biodegradability of a material, the effect of the environment cannot be neglected.
Microbial activity and hence biodegradation is inﬂuenced by
1)
2)
3)
4)
5)

the
the
the
the
the

presence of microorganisms
availability of oxygen
amount of available water
temperature
chemical environment (pH, electrolytes, etc.).

In order to simplify the overall picture, the environments in which biodegradation
occurs are basically divided in two environments: (a) aerobic (with oxygen available) and (b) anaerobic (no oxygen present). These two in turn can be subdivided
into (1) aquatic and (2) high-solids environments. Figure 11.1 schematically
presents the different environments, with examples in which biodegradation may
occur [21, 22].
The high-solids environments will be the most relevant for measuring environmental biodegradation of polymeric materials, since they represent the conditions
during biological municipal solid waste treatment, such as composting or anaerobic digestion (biogasiﬁcation). However, possible applications of biodegradable
materials other than in packaging and consumer products, for example, in ﬁshing
nets at sea, or undesirable exposure in the environment due to littering, explain
the necessity of aquatic biodegradation tests.
Numerous ways for the experimental assessment of polymer biodegradability
have been described in the scientiﬁc literature. Because of slightly different deﬁnitions or interpretations of the term “biodegradability,” the different approaches
are therefore not equivalent in terms of information they provide or the practical
signiﬁcance. Since the typical exposure to environment involves incubation of a
polymer substrate with microorganisms or enzymes, only a limited number of
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measurements are possible: those pertaining to the substrates, to the microorganisms, or to the reaction products. Four common approaches available for studying
biodegradation processes have been reviewed in detail by Andrady [13, 14]:
1)
2)
3)
4)

monitoring
monitoring
monitoring
monitoring

accumulation of biomass
the depletion of substrates
reaction products
changes in substrate properties.

In the following sections, different test methods for the assessment of polymer
biodegradability are presented. Measurements are usually based on one of the four
approaches given above, but combinations also occur. Before choosing an assay
to simulate environmental effects in an accelerated manner, it is critical to consider the closeness of ﬁt that the assay will provide between substrate, microorganisms, or enzymes, and the application or environment in which biodegradation
should take place [23].
11.5.1
Enzyme Assays
11.5.1.1 Principle
In enzyme assays, the polymer substrate is added to a buffered or pH-controlled
system, containing one or several types of puriﬁed enzymes. These assays are very
useful in examining the kinetics of depolymerization, or oligomer or monomer
release from a polymer chain under different assay conditions. The method is very
rapid (minutes to hours) and can give quantitative information. However, mineralization rates cannot be determined with enzyme assays.
11.5.1.2 Applications
The type of enzyme to be used, and quantiﬁcation of degradation, will depend on
the polymer being screened. For example, Mochizuki et al. [24] studied the effects
of draw ratio of polycaprolactone ﬁbers on enzymatic hydrolysis by lipase. Degradability of PCL ﬁbers was monitored by dissolved organic carbon (DOC) formation
and weight loss. Similar systems with lipases have been used for studying the
hydrolysis of broad ranges of aliphatic polyesters [25–30], copolyesters with aromatic segments [26, 31–33], and copolyesteramides [34, 35]. Other enzymes such
as α-chymotrypsin and α-trypsin have also been applied for these polymers [36,
37]. Biodegradability of poly(vinyl alcohol) segments with respect to block length
and stereochemical conﬁguration has been studied using isolated poly(vinyl
alcohol)-dehydrogenase [38]. Cellulolytic enzymes have been used to study the
biodegradability of cellulose ester derivatives as a function of degree of substitution
and the substituent size [39]. Similar work has been performed with starch esters
using amylolytic enzymes such as α-amylases, β-amylases, glucoamylases, and
amyloglucosidases [40]. Enzymatic methods have also been used to study the
biodegradability of starch plastics or packaging materials containing cellulose
[41–46].
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11.5.1.3 Drawbacks
Caution must be taken in extrapolating enzyme assays as a screening tool for different polymers since the enzymes have been paired to only one polymer. The
initially selected enzymes may show signiﬁcantly reduced activity toward modiﬁed
polymers or different materials, even though more suitable enzymes may exist in
the environment. Caution must also be taken if the enzymes are not puriﬁed or
appropriately stabilized or stored, since inhibitors and loss of enzyme activity can
occur [23].
11.5.2
Plate Tests
11.5.2.1 Principle
Plate tests have initially been developed in order to assess the resistance of plastics
to microbial degradation. Several methods have been standardized by standardization organizations such as the ASTM and the ISO [47–49]. They are now also used
to see if a polymeric material will support growth [23, 50]. The principle of the
method involves placing the test material on the surface of a mineral salts agar in
a petri dish containing no additional carbon source. The test material and agar
surface are sprayed with a standardized mixed inoculum of known bacteria and/
or fungi. The test material is examined after a predetermined incubation period
at constant temperature for the amount of growth on its surface and the rating is
given.
11.5.2.2 Applications
Potts [51] used the method in his screening of 31 commercially available polymers
for biodegradability. Other studies where the growth of either mixed or pure
cultures of microorganisms is taken to be indicative for biodegradation have
been reported [6]. The validity of this type of test and the use of visual assessment alone have been questioned by Seal and Pantke [52] for all plastics. They
recommended that mechanical properties should be assessed to support visual
observations. Microscopic examination of the surface can also give additional
information.
A variation of the plate test is the “clear zone” technique [53], sometimes used
to screen polymers for biodegradability. A ﬁne suspension of polymer is placed in
an agar gel as the sole carbon source, and the test inoculum is placed in wells
bored in the agar. After incubation, a clear zone around the well, detected visually
or instrumentally, is indicative of utilization of the polymer. The method has, for
example, been used in the case of starch plastics [54], various polyesters [55–57],
and polyurethanes [58].
11.5.2.3 Drawbacks
A positive result in an agar plate test indicates that an organism can grow on the
substrate, but does not mean that the polymer is biodegradable, since growth may
appear on contaminants, plasticizers present, oligomeric fractions still present in

11.5 Measuring Biodegradation of Polymers

the polymer, and so on. Therefore, these tests should be treated with caution when
extrapolating the data to ﬁeld situations.
11.5.3
Respiration Tests
11.5.3.1 Principle
Aerobic microbial activity is typically characterized by the utilization of oxygen.
Aerobic biodegradation requires oxygen for the oxidation of compounds to its
mineral constituents such as CO2, H2O, SO2, P2O5, etc. The amount of oxygen
utilized during incubation, also called the biochemical (or biological) oxygen
demand (BOD), is therefore a measure of the degree of biodegradation. Several
test methods are based on measurement of the BOD, often expressed as a percentage of the theoretical oxygen demand (TOD) of the compound. The TOD, which
is the theoretical amount of oxygen necessary for completely oxidizing a substrate
to its mineral constituents, can be calculated by considering the elemental composition and the stoichiometry of oxidation [13, 59–62] or based on experimental
determination of the chemical oxygen demand (COD) [13, 63].
11.5.3.2 Applications
The closed bottle BOD tests were designed to determine the biodegradability of
detergents [61, 64]. These have stringent conditions due to the low level of inoculum (in the order of 105 microorganisms/L) and the limited amount of test substance that can be added (normally between 2 and 4 mg/L). These limitations
originate from the practical requirement that the oxygen demand should not be
more than half the maximum dissolved oxygen level in water at the temperature
of the test, to avoid the generation of anaerobic conditions during incubation.
For nonsoluble materials such as polymers, less stringent conditions are necessary and alternative ways for measuring BOD were developed. Two-phase (semi)
closed bottle tests provide higher oxygen content in the ﬂasks and permit a higher
inoculum level. Higher test concentrations are also possible, encouraging higher
accuracy with directly weighing in of samples. The oxygen demand can alternatively be determined by periodically measuring the oxygen concentration in the
aquatic phase by opening the ﬂasks [60, 65–67], by measuring the change in
volume or pressure in incubation ﬂasks containing CO2-absorbing agents [59, 68,
69], or by measuring the quantity of oxygen produced (electrolytically) to maintain
constant gas volume/pressure in specialized respirometers [59, 62, 65, 66, 68].
11.5.3.3 Suitability
BOD tests are relatively simple to perform and sensitive, and are therefore often
used as screening tests. However, the measurement of oxygen consumption is a
nonspeciﬁc, indirect measure for biodegradation, and it is not suitable for determining anaerobic degradation. The requirement for test materials to be the sole
carbon/energy source for microorganisms in the incubation media eliminates the
use of oxygen measurements in complex natural environments.
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11.5.4
Gas (CO2 or CH4) Evolution Tests
11.5.4.1 Principle
The evolution of carbon dioxide or methane from a substrate represents a direct
parameter for mineralization. Therefore, gas evolution tests can be important tools
in the determination of biodegradability of polymeric materials. A number of wellknown test methods have been standardized for aerobic biodegradation, such as
the (modiﬁed) Sturm test [70–75] and the laboratory-controlled composting test
[76–79], as well as for anaerobic biodegradation, such as the anaerobic sludge test
[80, 81] and the anaerobic digestion test [82, 83]. Although the principles of these
test methods are the same, they may differ in medium composition, inoculum, the
way substrates are introduced, and in the technique for measuring gas evolution.
11.5.4.2 Applications
Anaerobic tests generally follow biodegradation by measuring the increase in pressure and/or volume due to gas evolution, usually in combination with gas chromatographic analysis of the gas phase [84, 85]. Most aerobic standard tests apply
continuous aeration; the exit stream of air can be directly analyzed continuously
using a carbon dioxide monitor (usually infrared detectors) or titrimetrically after
sorption in dilute alkali. The cumulative amount of carbon dioxide generated,
expressed as a percentage of the theoretically expected value for total conversion
to CO2, is a measure for the extent of mineralization achieved. A value of 60%
carbon conversion to CO2, achieved within 28 days, is generally taken to indicate
ready degradability. Taking into account that in this system there will also be
incorporation of carbon into the formation of biomass (growth), the 60% value for
CO2 implies almost complete degradation. While this criterion is meant for watersoluble substrates, it is probably applicable to very ﬁnely divided moderately degradable polymeric materials as well [13]. Nevertheless, most standards for determining
biodegradability of plastics consider a maximum test duration of 6 months.
Besides the continuously aerated systems, described above, several static
respirometers have been described. Bartha and Yabannavar [86] describe a twoﬂask system; one ﬂask, containing a mixture of soil and the substrate, is connected
to another chamber holding a quantity of carbon dioxide sorbant. Care must be
taken to ensure that enough oxygen is available in the ﬂask for biodegradation.
Nevertheless, this experimental setup and modiﬁed versions thereof have been
successfully applied in the assessment of biodegradability of polymer ﬁlms and
food packaging materials [87–89].
The percentage of carbon converted to biomass instead of carbon dioxide
depends on the type of polymer and the phase of degradation. Therefore, it has
been suggested to regard the complete carbon balance to determine the degree of
degradation [90]. This implies that besides the detection of gaseous carbon, also
the amount of carbon in soluble and solid products needs to be determined.
Soluble products, oligomers of different molecular size, intermediates, and proteins secreted from microbial cells can be measured as COD or as DOC. Solid
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products, biomass, and polymer remnants require a combination of procedures
to separate and detect different fractions. The protein content of the insoluble
fraction is usually determined to estimate the amount of carbon converted to
biomass, using the assumptions that dry biomass consists of 50% protein, and
that the carbon content of dry biomass is 50% [90–92].
11.5.4.3 Suitability
Gas evolution tests are popular test methods because they are relatively simple to
perform and sensitive. A direct measure for mineralization is determined, and
water-soluble or -insoluble polymers can be tested as ﬁlms, powders, or objects.
Furthermore, the test conditions and inoculum can be adjusted to ﬁt the application or environment in which biodegradation should take place. Aquatic synthetic
media are usually used, but also natural sea water [93, 94] or soil samples [86, 88,
89, 95] can be applied as biodegradation environments. A prerequisite for these
media is that the background CO2 evolution is limited, which excludes the application of real composting conditions. Biodegradation under composting conditions
is therefore measured using an inoculum derived from matured compost with low
respiration activity [76–78, 96, 97].
A drawback of using complex degradation environments such as mature
compost is that simultaneous characterization of intermediate degradation products of determination of the carbon balance is difﬁcult due to the presence of a
great number of interfering compounds. To overcome this, an alternative test was
developed based on an inoculated mineral bed-based matrix [98, 99].
11.5.5
Radioactively Labeled Polymers
11.5.5.1 Principle and Applications
Some materials tend to degrade very slowly under stringent test conditions without
an additional source of carbon. However, if readily available sources of carbon are
added, it becomes impossible to tell how much of the evolved carbon dioxide can
be attributed to the decomposition of the plastic. The incorporation of radioactive
14
C in synthetic polymers gives a means of distinguishing between CO2 or CH4
produced by the metabolism of the polymer, and that generated by other carbon
sources in the test environment. By comparison of the amount of radioactive 14CO2
or 14CH4 with the original radioactivity of the labeled polymer, it is possible to determine the percent by weight of carbon in the polymer which was mineralized during
the duration of the exposure [51, 100–102]. Collection of radioactively labeled gasses
or low-molecular-weight products can also provide extremely sensitive and reproducible methods to assess the degradation of polymers with low susceptibility to
enzymes, such as polyethylene [8, 103] and cellulose acetates [104, 105].
11.5.5.2 Drawbacks
Problems with handling the radioactively labeled materials and their disposal are
issues on the down side to this method. In addition, in some cases, it is difﬁcult
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to synthesize the target polymer with the radioactive labels in the appropriate locations, with representative molecular weights, or with representative morphological
characteristics.
11.5.6
Laboratory-Scale Simulated Accelerating Environments
11.5.6.1 Principle
Biodegradation of a polymer material is usually associated with changes in the
physical, chemical, and mechanical properties of the material. It is indeed these
changes, rather than the chemical reactions, which make the biodegradation
process so interesting from an application point of view. These useful properties
might be measured as a function of the duration of exposure to a biotic medium,
to follow the consequences of the biodegradation process on material properties.
The biotic media can be speciﬁcally designed in a laboratory scale as to mimic
natural systems but with a maximum control of variables such as temperature,
pH, microbial community, mechanical agitation, and supply of oxygen. Regulating
these variables improves the reproducibility and may accelerate the degradation
process. Laboratory simulations can also be used for the assessment of long-term
effects due to continuous dosing on the activity and the environment of the disposal system [50].
11.5.6.2 Applications
The OECD Coupled Unit test [106] simulates an activated sludge sewage treatment
system, but its application for polymers would be difﬁcult as DOC is the parameter
used to assess biodegradability. Krupp and Jewell [107] described well-controlled
anaerobic and aerobic aquatic bioreactors to study degradation of a range of commercially available polymer ﬁlms. A relatively low loading rate of the semicontinuous reactors and a long retention time were maintained to maximize the efﬁciency
of biodegradation. Experimental setups have also been designed to simulate
marine environments [108], soil burial conditions [108–110], composting environments [111–114], and landﬁll conditions [115] at laboratory scale, with controlled
parameters such as temperature and moisture level, and a synthetic waste, to
provide a standardized basis for comparing the degradation kinetics of ﬁlms.
A wide choice of material properties can be followed during the degradation
process. However, it is important to select one which is relevant to the end-use of
the polymer material or provides fundamental information about the degradation
process. Weight loss is a parameter frequently followed because it clearly demonstrates the disintegration of a biodegradable product [116–118]. Tensile properties
are also often monitored, due to the interest in the use of biodegradable plastics
in packaging applications [54, 119, 120]. In those polymers where the biodegradation involves a random scission of the macromolecular chains, a decrease in the
average molecular weight and a general broadening of the molecular weight distribution provide initial evidence of a breakdown process [86, 121, 122]. However,
no signiﬁcant changes in material characteristics may be observed in recovered
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material if the mechanism of biodegradation involves bioerosion, that is, enzymatic or hydrolytic cleavage at the surface. Visual examination of the surface with
various microscopic techniques can also give information on the biodegradation
process [123–126]. Likewise, chemical and/or physical changes in the polymer may
be followed by (combinations of) speciﬁc techniques such as infrared [10, 127] or
UV spectroscopy [84, 128], nuclear magnetic resonance measurements [122–129],
X-ray diffractometry [130, 131], and differential scanning calorimetry [132, 133].
11.5.6.3 Drawbacks
An inherent drawback in the use of mechanical properties, weight loss, molecular
weights, or any other property which relies on the macromolecular nature of the
substrate is that in spite of their sensitivity, these can only address the early stages
of the biodegradation process. Furthermore, these parameters can give no information on the extent of mineralization. Especially in material blends or copolymers, the hydrolysis of one component can cause signiﬁcant disintegration (and
thus loss of weight and tensile properties), whereas other components may persist
in the environment, even in disintegrated form [13]. Blends of starch, poly(3hydroxybutyrate) or poly(ε-caprolactone) with polyoleﬁns are examples of such
systems [11, 43, 134].
11.5.7
Natural Environments, Field Trials

Exposures in natural environments provide the best true measure of the environmental fate of a polymer, because these tests include a diversity of organisms and
achieve a desirable natural closeness of ﬁt between the substrate, microbial agent,
and the environment. However, the results of that exposure are only relevant to
the speciﬁc environment studied, which is likely to differ substantially from many
other environments. An additional problem is the timescale for this method, since
the degradation process, depending on the environment, may be very slow (months
to years) [23]. Moreover, little information on the degradation process can be
gained other than the real time required for weight loss or total disintegration.
Nevertheless, ﬁeld trials in natural environments are still used to extrapolate
results acquired in laboratory tests to biodegradation behavior under realistic
outdoor conditions [123, 135, 136].

11.6
Conclusions

The overview presented above makes clear that there is no such thing as a single
optimal method for determining biodegradation of polymeric materials. First
of all, biodegradation of a material is not only determined by the chemical composition and corresponding physical properties; the degradation environment in
which the material is exposed also affects the rate and degree of biodegradation.
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Furthermore, the method or test to be used depends on what information is
requested.
One should realize that biodegradability is usually not of interest by itself. It is
often just one aspect of health and environmental safety issues or integrated waste
management concepts. It is fairly obvious but often neglected that one should
always consider why a particular polymeric material should be (or not be) biodegradable when contemplating how to assess its biodegradability. After all, it is the
intended application of the material that governs the most suitable testing environment, the parameters to be measured during exposure, and the corresponding
limit values. For example, investigating whether biodegradation of a plastic material designed for food packaging could facilitate undesired growth of (pathogenic)
microorganisms requires a completely different approach from investigating
whether its waste can be discarded via composting (i.e., whether it degrades sufﬁciently rapid to be compatible with existing biowaste composting facilities).
In most cases, it will not be sufﬁcient to ascertain macroscopic changes, such
as weight loss and disintegration, or growth of microorganisms, because these
observations may originate from biodegradation of just one of separate components. The ultimate fate of all individual components and degradation products
must be included in the investigations. This implies that it is essential that both
the polymeric materials and also intermediate degradation products have to be
well characterized in order to understand the degradation process. For a good
number of biodegradable materials, this means that a lot of work still needs to
be done.
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