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ABSTRACT
The environmental degradation of an aliphatic polyester, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and a polyesteramide,
poly(butylene adipate-co-amino caproate) (PEA) was studied to answer questions
regarding their life-time in natural environments, e.g. municipal solid waste
compost. Characterisation of long-term properties is done by a series of
techniques. In order to predict long-term properties and lifetime of degradable
polymers, it is necessary to compare morphological properties, e.g. melting
temperature and heat of fusion, with chemical properties, such as molecular
weight, functional group changes and the evolution of degradation products.
Pyrolysis-GC/GC-MS is also presented and discussed as a tool to study structural
changes in polymers.

PHBV was readily biodegradable and the major degradation pathway during
composting was mediated by microorganisms. The primary degradation products
formed during fungal degradation of PHBV were monomers and oligomers.
These were further metabolised and converted into fatty acids, such as acetic
acid, butanoic acid and pentanoic acid. The biodegradation was affected by the
copolymer composition. Results indicated that the fungus Aspergillus fumigatus
preferred 3-hydroxybutyrate units rather than 3-hydroxyvalerate units. Abiotic
factors such as heat and moisture have less effect on the environmental
degradation of PHBV in garden/household waste compost during a period of 50
days.

PEA was less susceptible to biodegradation than PHBV. None of the fungi
Aspergillus fumigatus, Aspergillus niger or Phanerochaete chrysosporium were
able to grow on PEA as carbon source. PEA was, however, sensitive to abiotic
ester hydrolysis, especially at temperatures above 60°C, and was readily
degraded through surface erosion. The fungal degradation of PEA also occurred
through surface erosion, but no preference for ester rather than amide bonds
was observed. Degradation products formed during fungal degradation were 1,4-
butanediol, 1,6-hexanedioic acid, 6-aminocaproic acid and a complex mixture of
oligomers. Abiotic factors, such as heat in combination with moisture, have thus
a large effect on the decomposition of PEA in compost.

Pyrolysis-GC/GC-MS is a promising tool to differentiate between degradation
mechanisms of polymers, but needs further development for composition
determination of biodegradable copolymers.

Keywords: polyester, poly(3-hydroxybutyrate-co-3-hydroxyvalerate),
polyesteramide, poly(butylene adipate-co-amino caproate), degradation, fungi,
composting, pyrolysis.
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1.PURPOSE OF THE STUDY

The thesis presents and discusses the results of characterisation of long-
term properties of biodegradable polyesters and polyesteramides based on
changes in chemical (molecular weight, functional groups, degradation
products) and morphological (heat of fusion, melting temperature)
properties. In particular the thesis answers the following questions:

•  How important are the non-enzymatic degradation mechanisms in
environmental degradation of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and poly(butylene adipate-co-aminocaproate)
(PEA)? (Papers I – IV)

•  Are PHBV and PEA biodegradable? Is the kinetics different in pure
fungal culture compared with mixed cultures in garden/household
waste compost? (Papers I, IV)

•  How do the biodegradation of PHBV and PEA proceeds and which
degradation products are formed? Are the primary degradation
products further transformed into secondary during biodegradation?
(Papers I, III, IV)

•  Is pyrolysis-GC/GC-MS useful as a tool to characterise structural
matrix changes during environmental degradation of PHBV and PEA?
(Papers III, IV)
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2.BACKGROUND

Over recent decades, developments in polymer science have resulted in
polymeric materials that are durable, long-lasting, and resistant to
environmental factors. As the use of plastics has become even more
prevalent, so too have concerns about their disposal. Plastic waste
represents a serious concern for the environment because of its
recalcitrance to microbial attack[1]. This refers to polymers that degrade so
slowly that there is a possibility that they will accumulate in the
environment[1]. In response to the attention focused on plastic waste, it has
been necessary to look for solutions as to how to deal with plastics in
municipal solid waste.

Plastic recycling has been proposed as one solution to the growing
problem. In Sweden, 30% of the total amount of plastics was collected and
recycled in 1997[2]. A complementary approach has been to synthesise
degradable polymers. Degradable polymers should be rigid for the period
of use, but to decompose when their service-life has expired. The
development of degradable polymers offers a promising alternative for
products which have a short life-cycle or are impractical to recycle, such as
household waste-food and non-food packages, agricultural waste and other
disposables[3]. If degradable polymers are designed for rather inert
environmental conditions such as landfills, they can reduce the volume of
plastic waste. If instead they are composted with other organic household
waste, their degradation feature is optimally used. The conditions present
in a compost facility are suitable for a high rate of degradation and the
end product can be used in agriculture for the production of renewable
materials[3].



6 Background

Another important issue concerning degradable polymers is the
environmental fate of their degradation products, additives and residual
catalysts from the production process[3]. It is necessary to be sure that
these compounds do not accumulate in nature. This should not be
forgotten when designing degradable polymers, which will decompose by
any of the environmental degradation processes. The final stage should be
complete biodegradation and removal from the environment.

2.1  ENVIRONMENTAL DEGRADATION OF POLYMERS

The aim of this chapter is to introduce the reader to the concept of
environmental degradation of polymers. Different types of degradation
mechanisms, relevant to the environment, are discussed together with
examples of polymers, which will degrade by these mechanisms.

Biodegradation is defined as degradation which occurs by the action of
enzymes and/or chemical decomposition associated with living organisms
(bacteria, fungi etc.) or their secretion products[4]. The overall
environmental degradation of polymers can thus be divided into
biocatalytic processes involving enzymes and pure chemical and radical
processes such as hydrolysis, oxidation and irradiation.

The time it takes for a polymer to degrade varies considerable, from a
couple of days to several years. The degradability has no direct relation to
the origin of the polymer and not all biopolymers are truly biodegradable[4].
Lignin, a natural polymer, is degraded very slowly, whereas synthetic
polymers with hydrolysable backbones degrade readily. The degradation
rate depends on several factors such as type of bond in the repeat unit,
copolymer composition, stereoregularity, molecular weight, crystallinity,
crystal structure, lamellar thickness, surface-to-bulk ratio, porosity,
residual metal catalysts, low-molecular weight oligomer residues and
additives. The environmental degradation of polymers also depends on
external parameters such as oxygen availability, temperature, relative
humidity and nutrient supplies.

2.1.1  Enzymatic degradation

Almost all natural compounds produced by plants or animal cells can be
degraded by bacteria and fungi[5]. The latter are particularly efficient at
degrading cellulose and lignin, but they also decompose several other
organic molecules, including waxes, natural rubber, feathers, insect
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cuticle, and animal flesh[6]. Due to their organisation in mycelia, they can
transport nutrients over a long distance, thus enabling degradation
activities to occur in places where the nutrients are limited[5]. In addition,
higher animals such as ants, termites, woodlice and snails, also contribute
to the overall degradation of polymers[5,7].

The enzymatic degradation of polymers occurs in two steps:
depolymerisation or chain cleavage followed by mineralisation. The first
step normally occurs outside the microbial cell due to the large size of the
polymer molecule and the insoluble character of many polymers.
Extracellular enzymes carry out this first step, either by endo- (random
cleavage of the internal linkages of the polymer) or exo-scission (sequential
cleavage of the terminal monomer units in the main chain). Once
sufficient small oligomers are formed, they are transported into the cell
where they are mineralised, i.e. the organic forms of C, N, P, S are
converted into CO2 or inorganic forms of N, P, S[8]. There are several
classes of enzymes[9]. These are summarised in Table 2.1.

Table 2.1  Enzyme classes[9,10]

Enzyme class, classification number Mode of action[10,11]

Oxidoreductases, E.C.1.-.-.- Catalyse oxido-reductions. The substrate
that is oxidised is regarded as a
hydrogen donor.

Transferases, E.C.2.-.-.- Transfer a group (e.g. a methyl or
glycosyl group) from one compound
(which is generally regarded as the
donor) to another compound (generally
regarded as the acceptor).

Hydrolases, E.C.3.-.-.- Catalyse the hydrolytic cleavage of C-O,
C-N, C-C and some other bonds.

Lyases, E.C.4.-.-.- Cleavage of C-C, C-O, C-N, and other
bonds by elimination, leaving double
bonds or rings, or conversely adding
groups to double bonds.

Isomerases, E.C.5.-.-.- Catalyse geometric or structural changes
within one molecule.

Ligases, E.C.6.-.-.- Catalyse the joining together of two
molecules coupled with the hydrolysis of
a pyrophosphate bond in ATP or a
similar triphosphate. The bonds formed
are often high-energy bonds.
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One important type of enzymatic polymer cleavage reaction is
hydrolysis. Examples of polymers that are susceptible to enzymatic
hydrolysis are polyesters such as poly(ε-caprolactone)[12,13], polylactide[14,15]

and poly(alkylene adipate)s[16,17], polyamides such as poly(γ-glutamic
acid)[18], and polysaccharides[19].
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Figure 2.1  Examples of polymers susceptible to enzymatic hydrolysis.

Enzymes involved in enzymatic hydrolysis are called hydrolases. The
hydrolases are very versatile and act on several bonds, such as ester-,
glycoside, ether, peptide, acid anhydride, halide, C-C, C-N (other than
peptide bonds), P-N, S-N, S-S and C-P bonds[9,10]. Most bacterial and fungal
enzymes which catalyse hydrolysis are very specific and react with only a
few substrates of similar chemical structure[5]. It has, however, been
suggested that lipases from bacteria and actinomycetes have a higher
substrate specificity towards different polyhydroxyalkanoates than lipases
from fungi[20].

Hydrocarbon main-chain polymers are degraded not by enzymatic
hydrolysis but instead by enzymatic oxidation. Examples of polymers that
degrade by enzymatic oxidation are poly(vinyl alcohol)[19,21,22,23] and
poly(ethylene-co-vinyl alcohol)[19]. These polymers are hydrolysed after
oxidation of the pendant hydroxyl group[19].

CH2 CH2 CH2 CH

OH

[                 ] n [                 ] mCH2 CH

OH

[                 ] m

Poly(vinyl alcohol) Poly(ethylene-co-vinyl alcohol)

Figure 2.2  Examples of polymers susceptible to enzymatic oxidation.
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Poly(vinyl alcohol) (PVAL) is oxidised by several oxidases (e.g. PVAL
oxidase (EC 1.1.3.30), secondary alcohol oxidase (EC 1.1.3.18) and PVAL
dehydrogenase (EC 1.1.99.23))[9]. The oxidised poly(vinyl alcohol) is then
hydrolysed by β-diketone hydrolase (EC 3.7.1.7)[9]. It has been shown that
non-biodegradable polycarboxylates copolymerised with PVAL are
degraded in the same way, since the enzymatic degradability depends on
the PVAL block length[24]. The enzymatic degradation of poly(ethylene-co-
vinyl alcohol) probably occurs in the same way.

CH CH2 CH CH2 CH CH2 CH

OH OH OH OH

O2

H2O2

CH CH2 C CH2 C CH2 CH

OH O O OH

Poly(vinyl alcohol)
oxidase

H2O

CH CH2 C CH3

OH O

OH C CH2 CH

O OH

β-diketone
hydrolase

Scheme 2.1  Enzymatic oxidation and hydrolysis of poly(vinyl alcohol) [9].

2.1.2  Non-enzymatic degradation

Non-enzymatic reactions are important processes in the overall
environmental degradation of polymers. They may begin or even occur
simultaneously with the enzymatic degradation of a polymer. Non-
enzymatic processes relevant for environmental degradation of polymers
are photo-oxidation, thermo-oxidation and hydrolysis. Thermo-oxidation
may be important during composting where the temperature may reach
75-80°C[25,26]. The microbial activity at such an elevated temperature is,
however, very slow[25,27].

The non-enzymatic degradation changes the chemical and
morphological properties of the polymers, e.g. a reduction in molecular
weight generally leads to an increased ability for micro-organisms to
attack the polymer chain[28]. It is known that oligomers of ethylene,
styrene, isoprene, butadiene, nylon 6, acrylonitrile and acrylates are
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biodegradable[19,29,30], whereas their high-molecular weight counterparts are
generally not degraded by micro-organisms. The initial non-enzymatic
degradation is thus very important for the environmental degradation of
hydrocarbon main-chain polymers. This has also been shown for
polyethylene and poly(ethylene-co-vinyl alcohol)[31,32]. The non-enzymatic
degradation also increases the hydrophilicity of the normally hydrophobic
hydrocarbons, resulting in increased environmental degradation[32,33,34].

The effect of the initial non-enzymatic hydrolysis on the environmental
degradation of polymers has not been fully investigated. Several polymers,
such as poly(α-hydroxy esters)[35], poly(β-hydroxy esters), poly(ortho
esters)[36], poly(anhydrides)[37] and poly(carbonates)[37], are known to be
susceptible to non-enzymatic hydrolysis. It has been shown that in the
first stages of microbial poly(lactic acid) degradation only non-enzymatic
hydrolysis occurs. At later stages in the degradation process, the samples
degraded by micro-organisms were more deteriorated than samples in the
sterile control[38]. The enzymatic degradation of poly(β-hydroxybutyrate)
and its copolymer with hydroxyvalerate, is, however, much faster than the
non-enzymatic hydrolysis[39].
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R
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Poly(β-hydroxy ester)

CHO CH2 C

O

n

 

R

O C O R
n

 

O

Polycarbonate

Figure 2.3  Examples of polymers susceptible to non-enzymatic hydrolysis.

2.1.3  Composting

Composting is often called “biological recycling” because it is a biological
decomposition process[3], and it has been discussed as an interesting
alternative to the recycling of synthetic polymers[40,41,42,43,44,45,46,47,48,49,50].  Before
1970, composting played a minor role because of the highly unfavourable
economic balance between composting and other municipal solid waste
(MSW) alternatives, i.e. the open dump. A secondary factor was the
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popular disinterest in resource conservation. In the 1970s, the open dumps
were closed-down and the sanitary landfills were associated with several
problems. This led to a greater interest in composting which is, however,
still considered a minor option for MSW treatment[51]. In Sweden,
incineration and landfilling are the prevailing disposal methods of MSW.
Composting contributed to only 8% in 1997 (Table 2.3).

Table 2.3  Treatment of MSW in Sweden 1997[52].
Treatment Amount (tons) Amount (%)
Incineration 1 330 000 36
Landfilling 1 150 000 31
Recycling 923 000 25
 - white goods 50 000 1
 - paper 437 000 12
 - packagings 436 000 12
Composting 275 000 8

Composting is a way of obtaining a stable product in which
uncontrolled  biological transformations do not occur,  to keep the
nutritional value of the waste, to reduce the volume and in some cases to
get a cleaner product [53]. If organic matter is placed directly in the soil, it
will be degraded by the microflora, resulting in the production of
intermediate metabolites which are not compatible with normal plant
growth[54,55].

2.1.3.1  Important microbial groups during composting

Most of the organisms active in compost are microorganisms, i.e. fungi,
protozoa, algae and viruses. The bacteria and fungi can be divided
according to the temperature range where they reach their optimal
activity into mesophiles (20-40°C) and thermophiles (above 40°C). A group
of filamentous bacteria, the actinomycetes, is also very important during
composting. Their appearance and abundance have been associated with
the decomposition of cellulose and lignin[55].
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Table 2.4  Organisms involved in composting[56].
Genus Numbers per

g of moist
compost

Microflora Bacteria 108-109

Actinomycetes 105-108

Fungi 104-106

Algae 104

Viruses
Microfauna Protozoa 104-105

Macroflora Fungi
Macrofauna Mites, springtails, ants,

termites, millipedes,
centipedes, spiders,
beetles, worms

Composting is mainly a microbial process and it passes through several
stages, each of which is characterised by the activity of different microbial
groups[56,26]. Simple carbon compounds (soluble sugars, organic acids, etc.)
are easily metabolised and mineralised by mesophilic microorganisms,
mainly bacteria, due to their ability to grow rapidly on soluble and readily
available substrates. Fungi have a limited role at this stage[57]. The high
metabolic activity and exothermic processes increase the temperature in
the composting mass and the thermophilic microorganisms take over. At
60°C, the thermophilic fungi cease to be active and only the actinomycetes
and the spore-forming bacteria continue the deterioration. The reaction
rate decreases and a thermal equilibrium in the compost is reached. When
the temperature falls below 60°C the thermophilic fungi re-establish and,
together with actinomycetes, they attack polymers such as cellulose,
hemicellulose and lignin[58]. At this stage, fungi and actinomycetes
dominate, whereas the amount of bacteria declines. The changes in
temperature and pH during the composting process are summarised in
Figure 2.4.
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Figure 2.4  Changes in temperature and pH during the composting process.
(Redrawn from ref. 56).

Since microorganisms are the key active ingredients in composting, the
factors that affect their abundance and activity are those which determine
the rate and extent of composting. The substrate is one of the more
important factors. Substrate-related factors are carbon-nitrogen ratio
(C/N), particle size, moisture content and pH. Other critical factors are
oxygen (O2) availability and temperature[55,57,59].

2.2  BIODEGRADABLE POLYMERS

This chapter presents a review of the literature in the field of degradation
of polyhydroxybutyrate, its copolymers with polyhydroxyvalerate and
polyesteramide copolymers. Special focus is given to the environmental
degradation.

2.2.1  Polyhydroxybutyrate and its copolymers with hydroxy-
valerate

Poly(3-hydroxybutyrate) (PHB) is a naturally occurring polyester
produced by numerous bacteria in nature as an intracellular reserve of
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carbon or energy[60]. PHB was first discovered in Bacillus megaterium in
1925 by Lemoigne at the Pasteur Institute in Paris[61]. Since then
investigations have revealed its occurrence in a large number of bacteria,
including Azotobacter vinerandii[62] and Bacillus cereus[63,64]. The bacterium
Alcaligenes eutrophus is one of the most frequently used microorganisms
for the biosynthesis of polyhydroxyalkanoates (PHAs)[65,66,67,68]. Its genes
have also been used in the development of PHA synthesis in transgenic
plants[69]. The percentage of PHB in microbial cells is normally low (1-
30%), but under controlled fermentation conditions, using an excess of
carbon and a limited amount of nitrogen, overproduction of polymer can be
encouraged and the yield increases to about 65% of the dry cell weight[70].
One report describes that even higher values, up to 96% of the dry weight,
have been obtained in Alcaligenes eutrophus[71]. The PHB granules in
intact cells are completely amorphous, but they crystallise after
extraction[72].

[                                ] n

PHBV

CH2 CH OC
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CH2CH3

CH2 CH OC

O

CH3

[                                ] m

PHB

CH2 CH OC

O

CH3

[                                ] n

Figure 2.5  Structures of poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxy
butyrate-co-3-hydroxyvalerate) (PHBV).

PHB is often compared to polypropylene with regard to its physical
properties because they have similar melting points, degrees of
crystallinity and glass transition temperatures[73,74]. In general PHB is
stiffer and more brittle than polypropylene. In addition, PHB exhibit
much lower solvent resistance but better natural resistance to ultraviolet
radiation than polypropylene[74]. The properties of PHB can be varied by
copolymerisation with 3-hydroxyvaleric acid (HV). PHBV copolymers have
been produced in compositions ranging from 0-90% HV content[65].

Table 2.5  Comparison of PHBV properties with those of PHB and
polypropylene (PP)[73].
Property PP PHB PHBV

(4-20%HV)
Melting point (°C) 176 175 172-130
Crystallinity (%) 70 80 70-55
Young’s modulus (GPa) 1.7 4.0 2.5-1.5
Elongation at break (%) 400 6 8-10
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2.2.1.1  Degradation of PHB and PHBV copolymers

Most studies of the degradation of PHB and PHBV have been focused on
biomedical applications, including in vitro[75,76,77,78,79] and in vivo[80,79,81,82]

investigations. The in vitro degradation of PHB and of its copolymer
PHBV, under physiological conditions, is very slow[79,78]. Under accelerated
conditions (high temperature and/or acidic/basic pH), the degradation
proceeds through a molecular weight decrease and, when the molecular
weight is sufficiently low, a weight loss is observed[78,39]. Several
researchers have investigated the effect of copolymer composition on the
in vitro degradation. There is, however, no agreed explanation as to how
the copolymer composition affects the rate of hydrolysis of PHBV[39,77]. It
has been suggested that it is actually the crystallinity, rather than the
composition of the copolymer that affects the hydrolysis rate[77]. On the
other hand, PHBVs of different compositions (45–71 mole% HV) but with
the same degree of crystallinity, showed decreasing hydrolysis rates with
increasing HV-content[39].

The in vivo degradation of PHB and PHBV is also a very slow
process[80,79] and requires very long implantation periods (years) [79].  The
hydrolysis rate increases if the polymers are pre-irradiated with γ-
radiation[81]. The reports about the effect of copolymer composition on in
vivo degradation are again inconsistent. Copolymers with up to 22 mole%
HV-content degrade faster in vivo than the PHB homopolymer[80], but in
another study using copolymers with HV-contents between 8 and 17
mole%, the HV-content did not affect the degradation rate[81]. In general,
PHB and its copolymer PHBV are considered to be good materials for
implantation. PHB does not generally cause inflammation[82], while PHBV
copolymers promote a mild to moderate tissue response[80,79]. In addition,
the degradation product of PHB, 3-hydroxybutyric acid, is a physiological
compound always present in the human body as an energy source[82].

Thermolysis has been used to study sequence distributions of co-
monomers[83] and to predict degradation during processing[84,85,86], including
the identification of thermolysis products[87,88,89]. The thermal degradation
of PHB and PHBVs at temperatures below 170°C is rather low[84,85,86]. At
200°C (170°C[86] for PHBV copolymers), the degradation of PHB becomes
more significant, with a notable evolution of volatile products[86]. At these
higher temperatures, PHB and PHBV decompose via a β-scission
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hydrogen transfer reaction to compounds with carboxyl and vinyl end
groups[90,91].
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Scheme 2.1 Thermal decomposition of poly(3-hydroxybutyrate)[91].

Several studies include pure mechanistic investigations of the scission
mechanism under various conditions[92,93,94,95]. It has been proposed that
both hydrolysis and thermal degradation of PHB and its copolymer PHBV
occur via a random chain scission mechanism[39,78,93], producing monomers
and oligomers.

It has been shown that PHB and PHBV degrade in several environments,
such as soil[96], compost[42,97,98], seawater[99] and anaerobic activated
sludge[100,101]. Several polyhydroxyalkanoate(PHA)-degrading
microorganisms have been isolated from these environments. From
compost, for example, 295 microbial strains capable of degrading PHB and
the PHBV copolymer were isolated and identified[102]. PHB and PHBV
degradation in these environments is mainly characterised by a large
weight loss, but also to some extent by a molecular weight decrease[42,97,99,

100,101,102]. Studies using microbial cultures are few[103], except for plate tests
to identify PHA-degrading microorganisms.

PHA degradation by purified extracellular enzymes, especially PHA
depolymerases, has been carefully investigated. The molecular weight of
PHA depolymerases is relatively low (below 100 kDa) and the pH
optimum is usually in the alkaline range (7.5-9.8). Although many PHA-
degrading bacteria contain only one depolymerase, Pseudomonas
lemoignei has six depolymerases[104]. Most studies of the enzymatic
hydrolysis of PHB and PHBV have used bacterial enzymes, but a few have
used fungal enzymes from e.g. Rhizopus delemar[105] and Aspergillus
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fumigatus[106,107]. One study include screening of PHA-degradability by 10
different fungal enzymes, but none of these were capable of degrading the
PHB homopolymer[20]. Even though several bacteria degrade PHB and
PHBV, the extracellular enzymes of only a few species have been used
frequently, Alcaligenes faecalis[39,105,108,109,110,111,112,113,114], Pseudomonas
lemoignei[20,106,109,115,116,117,118,119,120,] and Comamonas sp.[ 109,121,122]. The enzymatic
hydrolysis of PHB and PHBV copolymers is a heterogeneous erosion
process proceeding from the surface, where polymer chains are degraded
initially by endo- (randomly through out the chain), and then by exo-
scission (from the chain-ends)[106,115,116,123,124,125]. Water-soluble degradation
products, mainly monomers and dimers, are produced during the
enzymatic degradation of PHB and PHBV[111,114,126]. The polymer structure
affects the enzymatic degradation in such a way that a longer side-chain
at the β-carbon reduces the possibility of enzymatic attack[127]. A large
number of HV units in the copolymer reduced the extent of the enzymatic
degradation[109,39,108].

2.2.2  Polyesteramides

Aliphatic polyesters are the most important due to their biodegradability
and hydrolysability. Aliphatic polyamides usually have good mechanical
properties compared to aliphatic polyesters, but in general they lack
biodegradability, except for low molecular weight polyamides[128] and α-
amino-acid-containing polyamides[129,130,131]. They are non-biodegradable due
to the high degree of hydrogen bonding and regularity[132]. Aliphatic
polyesteramides have therefore recently become interesting as polymeric
materials for medical and agricultural applications, combining good
mechanical properties with biodegradability.
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Figure 2.6  Schematic structure of a polyesteramide.

 A wide range of polyesteramides with potentially biodegradable
properties have been prepared, e.g. by melt polycondensation[133,134] or ring-
opening polymerisation[135,136]. The properties of polyesteramides vary with
the ester content and the types of monomers used. The properties of the
polyesteramide derived from caprolactam, adipic acid and butanediol
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(BAK1095) of Bayer AG, has been compared with those of low-density
polyethylene[134].

Table 2.6  Comparison of BAK1095 properties with
those of low-density polyethylene (LDPE)[134].
Property BAK1095 LDPE
Melting point (°C) 125 115
Young’s modulus (MPa) 220 240
Elongation at break (%) 400 280

2.2.2.1  Degradation of polyesteramides

Polyesteramide degradation in vitro is generally slow under
physiological conditions[137]. Under accelerated conditions (higher
temperature and basic/acidic pH), the degradation rate increases[135,137,138,139].
In general, polyesteramides with a higher ester content degrade faster
than those with a high amide content[137], and it has been proposed that
chain cleavage occurs preferentially at the ester bonds in the
copolymer[132,133,137,138,139,140,141]. The type of polyester in the copolymer also
affects the hydrolysis rate. Polyesteramides with succinic acid moieties in
the main chain degrade rapidly even under physiological
conditions[132,141,142].

In vivo degradation of radio-labelled polyesteramides in mice, derived
from amidediols and dicarboxylic acids resulted in complete elimination of
all radioactivity from the body. The primary degradation product of this
type of polyesteramide was the amidediol, which is non-toxic [143,144].

The environmental degradability of polyesteramides is a field of research
that has expanded recently. Bayer AG published a patent for the synthesis
of polyesteramides as early as 1973[145], but the biodegradable formulation
was not published until 1995[146]. Most researchers in this area have
studied enzymatic degradation with purified enzymes, and in a few cases
microbial cultures have been used.

The enzymatic hydrolysis of polyesteramides by fungal lipases from
Rhizopus delemar[16,133,147] and R. arrhizus[138] has been studied. Other
enzymes, such as protease, collagenase, α-chymotrypsin, pancreatin,
subtilisin and papain, have also been used in the degradation of
polyesteramides[148,149], but only pancreatin was effective. All these studies
suggested that the degradation proceeded by cleavage of the ester
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linkages. No evidence for aminolysis has been observed. The extent of
degradation decreased with shortening of ester blocks and increasing
amide content.

Table 2.7 Enzymatic degradation of polyesteramides.
Enzyme Polymer Result Ref.
Rhizopus delemar
lipase
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O

(CH2)5 C

O

O (CH2)5 N
H

[                          ] n[                       ] m

Block copolymer

55% degraded in
6.7h  (n/m=80/20).
85% degraded in
6.7h (n/m=50/50).a

147

Rhizopus delemar
lipase

C

O

(CH2)5 C

O

O (CH2)11 N
H

[                          ] n[                       ] m

Block copolymer

>90% degraded in
6.7h.
(n/m=80/20).a
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16
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a) TOC-measurements (TOC= total organic carbon).
b) Turbidity measurement. No experimental data are presented except for degree of
enzyme activity (“active”, “very active” or “extremely active”).
c) Surface erosion (SEM) and the development of an amide-rich surface layer (ATR-
FTIR) was observed after 336 hours of incubation.

The microbial degradation of polyesteramides has been studied during
composting[134] and in pure microbial cultures[135]. The evolution of carbon
dioxide was measured during a composting test of a polyesteramide. The
entire polymer was converted to carbon dioxide within 70 days in the
compost. No experimental details or values were, however, reported. In
the pure culture study, two fungi were used, Aspergillus niger and
Fusarium moliniforme. The polyesteramide lost 30% by weight after 60
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days of incubation with F. moliniforme and the molecular weight was
reduced. The polyesteramide incubated with A. niger showed a slight
surface erosion after 60 days, whereas no changes in molecular weight
was measured. No weight loss data was reported. IR data suggested that
the degradation occurred by preferential cleavage of the ester bonds[135].
The biodegradation studies of polyesteramides have shown that
polyesteramides are potentially biodegradable polymers. The
biodegradation mechanism of polyesteramides is, however, still not fully
understood and a more thorough investigation would be desirable.
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3. EXPERIMENTAL

3.1  MATERIALS

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

A commercial grade of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(Biopol D300G obtained from Zeneca Bioproducts, U.K.) with a
hydroxyvalerate content of 6 mole% was used in this study; nM =201900
and wM =86800, Tg=-1.0°C and Tm=156.7°C. 1 pph of boron nitride was
present as nucleant. The film-blowing was carried out with a equipment
consisting of two 18 mm Axon single-screw extruders, L/D 30. The heating
zones of the extruder was set from 130 to 175°C. The thickness of the film
was 50 µm. The film-blowing was done by Dr. Rasmus Renstad at Tenova
AB, Sweden, and is further described elsewhere[150].

3.1.2  Poly(butylene adipate-co-amino caproate)

Poly(butylene adipate-co-amino caproate) (BAK 1095 obtained from Bayer
AG) was used in this study; wM = 38100 and nM =14900, Tg=-13.5°C and
Tm=111.6°C. According to 1H-NMR analysis the amide content was 68 %
(73% with FTIR). The film-blowing was carried out with a equipment
consisting of two 18 mm Axon single-screw extruders, L/D 30. The heating
zones of the extruder was set from 130 to 163°C. The thickness of the film
was 90 µm. The film-blowing was done by Gerth Jonsson at Tenova AB,
Sweden.
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3.1.3 Standard compounds

Standards used for pyrolysis-GC-MS were polycaproamide (PA-6) (Sigma-
Aldrich) and poly(butylene adipate) (PBA) oligomers. The PBA oligomers
( wM = 1200 and nM = 800) were prepared by melt polycondensation. A
mixture of 1,4-butanediol (Sigma-Aldrich) and hexanedioic acid (Sigma-
Aldrich) (1:1) was heated at 170°C for 2 hours in a stream of nitrogen with
a small amount of p-toluene sulphonic acid (Kebo Lab AB) to catalyse the
reaction. 6-aminocaproic acid (Sigma-Aldrich) was also used as a
standard.

3.1.4  Mineral medium

The mineral medium used in the degradation experiments contained per
litre of distilled water the following: 5.0 g (NH4)2C4H4O6, 1.0 g KH2PO4,
1.025 g MgSO4⋅7H2O, 0.83 ml FeCl3⋅6H2O (1% solution) and 8 ml
ZnSO4⋅7H2O (1% solution). The pH of the medium was adjusted by the
addition of HCl.

3.2  DEGRADATION PROCEDURES

3.2.1  Degradation of PHBV

3.2.1.1  Fungal degradation

The fungal degradation was carried out in a 2000 ml Fernbach culture
flask containing 800 ml of mineral medium (section 3.1.4) and 1.8 g of
polymer film, cut into pieces 20 × 20 mm in size. The samples were
incubated with Aspergillus fumigatus (UPSC 1770) at room temperature
during a period of 21 days. The mineral medium was not buffered and
during the experiment the pH increased from an initial value of 5.5 to 7.2.
At each sampling, 10 ml of mineral medium was taken together with five
pieces of polymer film, which were allowed to dry at room temperature
after sterilisation with 70 % (v/v) ethanol in water. No additional mineral
medium was added after sampling. Aspergillus fumigatus was chosen
because it is widespread in nature. It is found throughout the world and is
common in a variety of materials, such as hay, grain, decaying vegetation,
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compost, and soil[151]. Aspergillus fumigatus is common in composting
operations[152]. It is heat-tolerant and grows well at thermophilic
temperatures (above 40°C).

The sterile control consisted of 1.8 g of polymer film, cut into pieces 20
× 20 mm in size, and 800 ml of mineral medium (see section 3.1.4) with 5
ml of 0.02% NaN3-solution added. The mineral medium was not buffered
and during the experiment the pH remained at 5.5.

3.2.1.2  Degradation in sterile water at 60°C

The degradation in sterile water was carried out in sealed 15 ml glass
vials. 1.0 g of polymer film, cut into pieces 13 × 13 mm in size, was placed
in each vial. Each vial contained 9 ml of sterile water (HPLC-grade; Kebo
Lab AB) with an initial pH of 7. The pH of the aqueous phase decreased
from 7.0 to 3.0 during degradation. The vials were held in an oven at 60°C
for a period of 347 days and during this period vials were sampled. The
aqueous phase in each vial was removed and the polymer film was dried
at 60°C for 24 hours. A temperature of 60°C was selected on the basis of
the typical temperatures achieved in an active composting system and the
requirements for composting to be maintained at temperatures of 55-60°C
for at least 3 days[151].

3.2.1.3  Thermal degradation in air at 60°C

The degradation in air was carried out in sealed 15 ml glass vials. 1.0 g of
polymer film, cut into pieces 13 × 13 mm in size, was placed in each vial.
Each vial contained only the polymer film and the enclosed air. The vials
were kept in an oven at 60°C, this temperature again being selected to
represent a typical temperature in an active compost, for a period of 298
days and during this period vials were sampled.

3.2.1.4  Composting

Composting was carried out in a 270 l, turnable composting facility over a
period of 50 days. The facility was insulated with 5 cm polyethylene foam
with no external heating and the composting mass consisted of typical
garden waste, such as grass clippings and leaves. The highest recorded
temperature inside the compost was 63°C, the average temperature was
24°C, and the moisture content was approximately 60 % by weight.
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3.2.2  Degradation of PEA

3.2.2.1  Fungal degradation

The fungal degradation was carried out in a 2000 ml Fernbach culture
flask containing approx. 3.0 g of polymer film, cut into 10 pieces 50 × 50
mm in size, and 800 ml of mineral medium (see section 3.1.4). The samples
were inoculated with different fungi (Aspergillus fumigatus (UPSC 1770),
Aspergillus niger (UPSC 1769) and Phanerochaete chrysosporium (UPSC
2188)) and kept at 30°C and 60 rpm agitation for a period of 9 weeks. The
mineral medium was not buffered and during the experiment the pH
increased from an initial value of 6.0 to 7.5. At each sampling, 16 ml of
mineral medium was taken together with one piece of polymer film, which
was allowed to dry at room temperature after being cleaned in deionised
water. No additional mineral medium was added after sampling.

The sterile control consisted of approx. 3.0 g of polymer film, cut into
pieces 50 × 50 mm in size, and 800 ml of mineral medium (see section
3.1.4), with 5 ml of 0.02% NaN3-solution added. 2 ml of 0.02% NaN3-
solution was added each week to maintain sterility. The mineral medium
was not buffered and during the experiment the pH remained at 6.0.

3.2.2.2  Degradation by Aspergillus fumigatus with supplemental carbon
source

The microbial degradation was also carried out with an additional carbon
source since fungi have sometimes been known to need a supplemental
carbon source to maintain growth[6]. We observed that Aspergillus
fumigatus grew very well on poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV)[153] and this polymer was therefore used as the
supplementary carbon source. Aspergillus fumigatus was grown on 1.4 g of
PHBV in a 2000 ml Fernbach culture flask with 800 ml of the mineral
medium (see section 3.1.4). The PEA samples (approx. 3.0 g) were added
after one week, and after two more weeks the residual PEA samples were
transferred to a fresh culture, grown on PHBV for one week. The cultures
and samples were kept at 30°C and 60 rpm. The total experiment
proceeded for 9 weeks until the polymer residues were too small to be
recovered. At each sampling, 16 ml of mineral medium was taken together
with one piece of polymer film, which was allowed to dry at room
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temperature after being cleaned in deionised water. The mineral medium
was not buffered and during the experiment pH increased from an initial
value of 6.0 to 7.5.

3.2.2.3  Enzymatic degradation

To be able to collect degradation products formed during the
biodegradation of PEA, an enzymatic screening experiment was carried
out. Aspergillus fumigatus was grown on PHBV for one week. The
supernatant was then filtered through 0.2-µm filters and used as
degradation medium for PEA films. The degradation was carried out in
sealed 22-ml glass vials. The vials contained 16 ml of supernatant solution
and 0.4 g of PEA. The samples kept at 30°C and 60 rpm agitation for 5
weeks. Samples were taken after 3 and 5 weeks. The mineral medium was
not buffered and during the experiment the pH remained at 6.0.

3.2.2.4  Degradation in sterile mineral medium at 37, 60 and 80°C

The degradation was carried out in sealed 22-ml glass vials containing
approx. 0.4 g of polymer film, cut into pieces 20 × 20 mm in size, and 16 ml
of mineral medium (see section 3.1.4). 0.5 ml of 0.02 % (w/w) NaN3 was
added to each vial to maintain sterile conditions. The vials were kept in
ovens for 10 weeks at 37°C, 60°C and 80°C and were sampled at regular
intervals. (Samples degraded up to 9 weeks are discussed in section 5 for
comparison with samples degraded by fungi. In section 6 samples
degraded for 10 weeks are discussed for model purposes). The effect of
adding NaN3 was investigated by subjecting the polymer to the same
mineral medium without (NH4)2C4H4O6 and NaN3 for a period of 9 weeks at
60°C. There was no difference in weight loss or molecular weight between
these samples and those kept at 60°C in the presence of NaN3. The
mineral medium was not buffered and during the experiment the pH
decreased from an initial value of 6.0 to 5.5 (37°C), 5.0 (60°C) and 4.5
(80°C).

3.2.2.5  Composting

Composting was carried out in a 270 l turnable composting facility over a
period of 51 days. The facility was insulated with 5 cm polyethylene foam
with no external heating and the composting mass consisted of typical
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garden and household waste, such as grass clippings, leaves and
vegetables. Fresh organic waste was added once a week. The highest
temperature was not measured due to the short temperature rise cycles
(poly(ε-caprolactone) film with a melting temperature of 60°C were,
however, completely melted during the composting experiment). The
average temperature in the compost was 32°C and the moisture content
was approximately 60 % by weight.

3.3  EXTRACTION OF DEGRADATION PRODUCTS

3.3.1  Solid-phase extraction

Solid-phase extraction (SPE) was used to extract water-soluble
degradation products. 1 ml of aqueous sample was adjusted to pH 1-2
using HCl. The SPE column (100 mg, Sorbent AB) was solvated with 1 ml
of methanol (HPLC-grade, Kebo Lab AB), and equilibrated with 1 ml of
the same mineral medium as in the sample (pH-adjusted to 1-2). The
sample solution was then applied to the column and, after subsequent
drying of the column, the degradation products were eluted with 1 ml of
elution solvent. The eluate was analysed with GC-MS. Table 3.1
summarises the conditions used for different polymers.

Table 3.1 Conditions used for solid-phase extraction of degradation products from
aqueous media.
Polymer SPE column Equilibr.

solvent
Elution
solvent

Comments

PHBV/abiotic ENV+ water Acetonitrile
PHBV/biotic ENV+ mineral

medium
Acetonitrile

PEA C8 mineral
medium

0.2% HCl in
methanol

Partial
methylation

This technique offers great advantages over traditional liquid-liquid
extraction, since only a small amount of solvent is needed. It is also a very
convenient and easily handled way to operate and concentrate aqueous
samples. The salts present in the mineral medium are also removed
during the extraction. The solid-phase extraction technique has previously
been used in the analysis of degradation products formed during the
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breakdown of polyethylene[154,155,156] and poly(lactic acid)
copolymers[157].When extracting unknown degradation products with SPE,
a non-selective elution solvent, such as methanol, is preferred. The
addition of HCl to the elution solvent will lead to an on-column
methylation, and it was used successfully during the extraction of
polylactide/polyglycolide copolymer degradation products[157]. This type of
derivatisation was used on the degradation products from PHBV, but the
methylation was never complete an a mixture of methylated and non-
methylated compounds was obtained. Therefore, acetonitrile was used
instead.

3.3.2  Solid-phase micro extraction

Degradation products in the aqueous phase were also extracted using a
manual solid-phase micro-extraction (SPME) sampling holder (Supelco)
equipped with a carbowax/divinylbenzene fibre (65µm). Several other fibre
coatings, acrylate, polydimethylsiloxane/divinyl benzene and
carbowax/divinyl benzene, were tested but they were not satisfactory. The
best adsorption of the standard was achieved with the
carbowax/divinylbenzene fibre immersed in 1 ml aqueous sample,
saturated with 0.4 g NaCl, for 45 minutes (Figure 3.1). Agitation (approx.
80 rpm) further enhanced the adsorption by a factor of about two. A
problem with this fibre is that it absorbs water[158], and it is possible that
the fibre coating swells during extraction and is stripped off when the
fibre is retracted, because the fibre could only be used ten times before the
coating was lost. To save the coating, the fibre was immersed in deionised
water before desorption in the GC injector. The maximum practical
operating temperature of the fibre is 200°C. Due to the poor durability of
the fibre, the extraction technique was used only for screening of
degradation products.
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Figure 3.1  The influence of extraction time, agitation and NaCl-saturation on the
adsorption efficiency of the carbowax/divinyl benzene fibre.

3.4  ANALYTICAL CHARACTERISATION TECHNIQUES

3.4.1  Size exclusion chromatography (SEC)

Changes in molecular weight during the degradation were studied by
SEC. For PHBV: The instrument was equipped with a Waters 6000A
pump, a refractive index detector, a PL-EMD 960 light scattering
evaporative detector and two PL gel 10 µm mixed-B columns (300 × 7.5
mm) from Polymer Labs. Chloroform was used as mobile phase at room
temperature and at a flow rate of 1 ml/min. Calibration was performed
with polystyrene standards in the average molecular weight range 2 000 -
3⋅106 g/mole. For PEA: The instrument was equipped with a Waters 6000A
pump, a PL-EMD 960 light scattering evaporative detector, two PL gel 10
µm mixed-B columns (300 × 7.5 mm) from Polymer Labs and one
Ultrahydrogel linear column (300 × 7.8 mm) from Waters.
Dimethylformamide (70°C) was used as mobile phase at a flow rate of 1
ml/min. Calibration was done with poly(ethylene oxide) standards. Each
sample was analysed four times.
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3.4.2  Nuclear magnetic resonance (1H-NMR)

1H-NMR spectra of 10 mg polymer in 0.5 ml deuterated chloroform and
dimethylsulfoxide were recorded at 400MHz on a Bruker AC-400, using
Bruker software. The copolymer composition, expressed as mole
percentage of hydroxyvalerate (HV) in PHBV, is given by the ratio of peak
area due to the HV methyl resonance at 0.9 ppm and the sum of the peak
areas due to HB (δ=1.3 ppm) and HV methyl resonance. The copolymer
composition, expressed as the mole percentage of amide in PEA, is given
by the ratio of peak areas due to the O-CH2 methylene groups in the ester
at 4.0 ppm and that due to the NH-CH2 methylene group at 3.0 ppm.
Nondeuterated chloroform (δ=7.26 ppm) and dimethylsulfoxide (δ=2.54
ppm) respectively, was used as an internal standard.

13C-NMR spectra of 50 mg polymer in 0.5 ml deuterated
dimethylsulfoxide were recorded at 100MHz on the Bruker AC-400. Non-
deuterated dimethylsulfoxide (δ=40.45 ppm) was used as an internal
standard.

3.4.3  Fourier transform infrared spectrometry (FTIR)

The changes in polymer structure of PHBV was determined by a Perkin-
Elmer 1760X FTIR spectrometer. It was used in the attenuated total
reflection mode (ATR), using a TlBr/TlI-crystal (Spectra-Tech Inc.) with an
angle of incidence of 45° and a refractive index of 2.38. The copolymer
composition of PEA was determined by a Perkin-Elmer 2000X FTIR
spectrometer equipped with a Golden Gate single reflection ATR unit with
a diamond crystal, with an angle of incidence of 40° and a refractive index
of 2.40. The resulting spectrum was an average of 20 scans at 4 cm-1

resolution. Powder samples were characterised with a diffuse diffraction
unit and KBr was used as bulk medium.  The “Spectrum 2000” software
was used to evaluate the spectra. The copolymer composition, expressed as
the mole percentage  of amide, is expressed as the ratio of the IR

absorbances (
EA

A

A2A

2A

+
) at 1637 cm-1 (AAmide) and 1729 cm-1 (AEster) 

[159]. The

penetration depth, dp, during ATR-FTIR analysis was calculated using the
following equation[160]:
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where λ is the wavelength of the radiation in air, θ is the angle of
incidence, n1 is the refractive index of the ATR crystal, and n21 is the ratio
of the refractive index of the sample to that of the ATR crystal. The
refractive index of the polyesteramide was approximated to that of pure
poly(6-aminohexanoic acid) (n2=1.53[161]). The refractive index of PHBV was
approximated to 1.5 (most aliphatic polyesters have refractive indices in
that range[161]).

3.4.4  Scanning electron microscopy (SEM)

The surface changes were observed with a JEOL scanning microscope
model JSM-5400 using an acceleration voltage of 15kV. The samples were
gold-palladium sputtered with a Denton Vacuum Desk II cold sputter etch
unit for 2 × 30 seconds.

3.4.5  Differential scanning calorimetry (DSC)

The thermal properties of the samples was determined using a Mettler
Toledo DSC 820 working under a nitrogen atmosphere (80 ml/min). The
samples were sealed in 40 µl aluminium pans equipped with holes. The
sample weights were approximately 7 mg for all measurements.
Calibration was made with indium and zinc standards. All samples were
analysed at heating and cooling rates of 10°C/min. For PHBV: The
measurement was made in four scans, heating from 30 to 200°C, cooling to
30°C, heating to 200°C and finally cooling to 30°C without isothermal
heating. For polyesteramides: The measurement was made in four scans,
heating from -40 to 170°C, cooling to -40°C, heating to 170°C and finally
cooling to -40°C with 5 minutes of isothermal heating between the scans.
All melting points were defined as the peak temperatures.

3.4.6  Gas chromatography-mass spectrometry (GC-MS)

For PHBV: The degradation products of the hydrolytically and thermally
degraded samples, were identified and quantified in a Perkin Elmer gas
chromatograph model 8500 with a split/splitless injector. The GC was
coupled to a Perkin Elmer ITD mass spectrometer. The GC was equipped
with a DB-1 capillary column from J&W (30 m × 0.32 mm i.d.). Helium
was used as carrier gas. The temperature program of the column was:
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50°C for 10 minutes, temperature raise from 40 to 220°C (10°C/min). The
injector temperature was held at 200°C.

The degradation products of the biotically aged samples were
identified and quantified in a Finnigan SSQ 7000 mass spectrometer
connected to a Varian 4000 GC. The GC was equipped with a DB-5MS
capillary column from J&W (30 m × 0.25 mm i.d.). Helium was used as
carrier gas. The temperature program of the column was: 40°C for 10
minutes, temperature raise from 40 to 220°C (10°C/min). The injector
temperature was held at 200°C.
For PEA: The degradation products were identified and quantified in a
Finnigan GCQ gas chromatograph/mass spectrometer (EI or CI (methane)
mode). The GC was equipped with a Rtx -5MS capillary column
(Crossbond  5% diphenyl – 95% dimethyl polysiloxane) (30 m × 0.25 mm,
25µm) from Restek Corp., USA. Helium was used as carrier gas. The
temperature program of the column was: 40°C for 10 minutes,
temperature rise from 40 to 250°C (10°C/min). The injector temperature
was kept at 200°C.

3.4.7  High Performance Liquid Chromatography (HPLC)

The degradation products of PEA were also analysed by HPLC. The
instrument was equipped with a Perkin-Elmer (PE) binary pump 250, a
PE ISS 200 sample processor, a Hypersil-ODS column (250 × 4.6 mm,
5µm) from Supelco and a PE 235 diode-array detector operating at 195
and 235 nm. A gradient working from 100% acidic water (2.5 mM H2SO4)
to a mixture of 70% Acetonitrile/30% acidic water (2.5 mM H2SO4) during
90 minutes and a flow rate of 0.5 ml/minute were used. The samples were
not treated before injection.

3.4.8  Atomic emission spectroscopy (ICP-AES)

ICP-AES was carried out by SGAB Analytica at Luleå Technical
University, Sweden. The samples were dissolved in conc. nitrous acid and
hydrogen peroxide.

3.4.9  Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to determine the optimal pyrolysis
temperature of PEA. The thermogravimetric analysis was done in a
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Mettler-Toledo TGA/SDTA 851e system under nitrogen atmosphere. The
temperature was raised from 30 to 900°C at a rate of 10°C/min.

3.4.10  Pyrolysis-gas chromatography-mass spectrometry (Py-
GC/GC-MS)

The pyrolysis was done in a Pyrola  filament pulse pyrolyser (PyroLab
AB, Sweden) equipped with a Pt filament. The instrument is further
described elsewhere[162]. The samples were pyrolysed for 2 sec. at 600°C.
The volatile products were then separated directly in a Perkin-Elmer gas
chromatograph model 8500 with a split/splitless injector. The GC was
coupled to a Perkin Elmer ITD mass spectrometer (EI or CI (methane)
mode). The GC was equipped with a DB-5MS capillary column from J&W
(30 m × 0.25 mm, 25 µm). Helium was used as carrier gas (1 ml/min). The
temperature program of the column started at 40°C and rose to 300°C
(10°C/min). The injector temperature was held at 275°C.

Fractionated pyrolysis was carried out with about 100 µg of polymer
film. It was pyrolysed for 2 sec. at 400, 500 and 600°C in a sequence to
separate different thermo-labile fractions of the polymer.

Compounds were identified by comparison with the NIST library and
with literature data. When possible, the identifications were confirmed by
comparison with authentic standard compounds. The pyrolytic products
were also analysed by chemical ionisation (methane) to identify the
molecular ion.

3.4.11  Quantitative nuclear magnetic resonance (13C-NMR)

Quantitative 13C-NMR spectra were recorded on a Varian 600 MHz
instrument. T1 was set to 12 s. The temperature was 40°C. The analysis
was performed at Svenskt NMR-centrum in Gothenburg, Sweden, by
Heléne Magnusson, M.Sc., KTH.
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4. CHANGES IN LONG-TERM PROPERTIES OF

A POLYESTER

This chapter covers the degradation study of a microbially produced
polyester, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in
natural (pure fungal culture and garden waste compost) and simulated
(chemical hydrolysis and thermolysis) environments. The changes in
polymer structure (section 4.1 and 4.2) and the degradation products
evolved (section 4.3) have been studied in detail to make it possible to
predict factors and processes important for PHBV degradation in compost.
The evolution of degradation products, both primary and secondary, and
the relationship between the different environments have been
emphasised in this work.

4.1  CHANGES IN MOLECULAR WEIGHT AND CHEMICAL
STRUCTURE

PHBV was readily degraded when immersed in sterile water for 347 days
at 60°C, and this led to a significant decrease in molecular weight and an
increase in polydispersity. Degradation in dry air at 60°C did not,
however, change the molecular weight. There were no changes in either
weight-average molecular weight ( wM ) or polydispersity, even after 298
days of degradation. Figure 4.1 shows how the molecular weight of PHBV
changed during degradation in the abiotic environments.
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Figure 4.1  Weight-average molecular weight (left) and polydispersity (right) as a
function of time for PHBV degraded at 60°C in dry air (!) and in water ("). (Error
bars = standard deviation).

The molecular weight values of samples degraded in the biotic
environments (Figure 4.2) were very irregular compared to the value for
the samples degraded in abiotic environments.
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Figure 4.2  Weight-average molecular weight (left) and polydispersity (right) as a
function of time for PHBV degraded by Aspergillus fumigatus (!) and in garden
waste compost ("). (Error bars = standard deviation).

During the first week, the molecular weight remained unchanged, and
this lag phase probably corresponded to the time needed for the
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microorganisms to establish. The lag phase was approximately the same
in both the compost and the pure fungal culture. The molecular weight
then decreased and increased in a pattern resembling a sinusoidal cycle. It
is possible that this cyclic behaviour originated in the degradation process.
As long as the degrading polymer chain was not removed from the
polymer matrix to the surrounding medium, the average molecular weight
was likely to decrease. When the degrading polymer chain has reached its
critical molecular weight, where it may be solubilised or assimilated, it
leaves the matrix and the average molecular weight of the residual
polymer increases. The explanation of this behaviour is reasonable only as
long as the surface-to-bulk ratio is high, and in our experiments we have
used polymer films with a minimum dimension of 20 × 20 × 0.05mm. The
frequency of the cycle was shorter during pure fungal degradation than
during composting. This was probably due to the more homogeneous
nature of the pure fungal medium together with the higher concentration
of enzymes/aqueous medium.

ATR-FTIR has been used to study structural changes at the surface
and in the region immediately below the surface (approx. 1.2-2.6 µm)
during degradation of PHBV. Figure 4.3 shows the ATR-FTIR spectra of
PHBV aged in different abiotic and biotic environments. The most
pronounced changes in the spectra were observed for PHBV degraded in
water at 60°C. The carbonyl peak (1719 cm-1) of the unaged film (a)
showed a higher absorption at higher wave numbers than the film
subjected to degradation in water (b). Carbonyls originating from esters
are known to have a higher wave number than carbonyls in carboxylic
acids[163]. Since the average molecular weight have decreased by over 90%
from its original value after 347 days, the amount of carboxylic chain ends
probably increased, and the differences in peak shape therefore originates
from a shift in wave number due to a decrease in average molecular
weight. This shift was not observed during the thermal degradation of
PHBV in air at 60°C (c), since the average molecular weight remained
unchanged (cf. Figure 4.1).

During fungal degradation (d) and composting (e) a broad band was
developed in the region next to the carbonyl peak, 1630-1660 cm-1. This
region together with a weaker broadening observed near 1400 cm-1

corresponds to the carboxylate anion[163]. It was likely that carboxylate
anions were present in these samples due to the formation of inorganic
salts of the carboxylic acid and minerals present in these environments.
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The carbonyl peak at 1719 cm-1 did not, however, alter in shape as it did
during degradation in sterile water and this corresponded to an
unchanged average molecular weight (cf. Figure 4.2). Another difference
was also observed during the biotic degradation of PHBV. In the C-H
rocking region, the peak at approx. 810 cm-1 became broader and increased
relative to the peak at 1379 cm-1. The 810 cm-1 peak originates from the
ethyl branch in the PHV units. The observed increase in absorbance
indicates that PHB units were more easily degraded in the biotic
environments (compost and pure fungal culture) and thus that the
concentration of PHV units increased at the surface. It has been reported
that the rate of enzymatic hydrolysis of the ester bond of the 3HV-3HV
sequence was much slower than the rate of ester bond hydrolysis of the
3HB-3HB sequence[108]. The authors suggested that the rate of hydrolysis of
ester linkages by PHA depolymerase from Alcaligenes faecalis T1
decreases as the side-chain length of the 3-hydroxyalkanoate units
increases. During degradation in sterile water or air at 60°C, no such
increase in absorbance was observed at 810 cm-1.
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Figure 4.3  ATR-FTIR spectra of PHBV in the carbonyl region (left) and in the C-H
rocking region (right). (a) Unaged film, (b) film degraded in sterile water (60°C, pH
7) for 347 days, (c) film degraded in dry air (60°C) for 298 days, (d) film degraded by
Aspergillus fumigatus (25°C) for 18 days and (e) film degraded in garden waste
compost for 50 days.
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1H-NMR has also been used to detect changes in copolymer
composition. No significant changes were observed in any of the materials,
except for samples degraded in sterile water. Figure 4.4 shows how the
copolymer composition of PHBV changed during degradation in sterile
water at 60°C. The HV content decreased slightly, especially after 200
days of degradation. At this stage, the chain cleavage at HV units seemed
to be favoured. Similar results have been reported by Chaput et al.[79]. A
lower crystallinity and a lower melting point are two suggestions as to
why PHBV copolymers hydrolyse faster than PHB homopolymers[77,98]. The
heat of fusion of our samples, measured during the second heating scan,
was not changed during degradation (not shown) although the composition
changed.
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Figure 4.4  Changes in copolymer composition (mole % hydroxyvalerate) of PHBV
degraded in sterile water at 60°C, pH 7, as measured by 1H-NMR. The HV content is
given in percentage of original HV content (5.7 mole%). (Error bars = standard
deviation).

Thermal properties measured during the first heating scan described
the effect of degradation and environment on the material. The heat of
fusion of PHBV increased during degradation in sterile water at 60°C
(Figure 4.5). An initial increase from 73.5 to 87.0 J/g occurred during the
first three days probably due to thermal rearrangements. Thereafter, the
increase in heat of fusion resulted from the reduction in molecular weight.
Low-molecular weight polymers generally have a higher crystallinity than
their high molecular weight counterparts. High-molecular weight
polymers crystallise with a larger portion of loops and tie chains in the
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amorphous phase than low-molecular ones, thus reducing the degree of
crystallinity[164]. The heat of fusion reached a plateau after approximately
200 days of degradation and at the same time the molecular weight
reached a plateau (cf. Figure 4.1).
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Figure 4.5  Melting behaviour of PHBV during degradation in sterile water (") and
in air (!) at 60°C. Heat of fusion (left) was measured during the first heating scan
and melting temperature (right) during the second heating scan.

The heat of fusion also increased when PHBV was degraded in air at 60°C
also increased, but not as much as during degradation in sterile water.
The heat of fusion increased from 73.5 to 84.4 J/g during the first 94 days,
thereafter it remained constant during the 298 days of degradation. The
melting temperature was unaltered, which corresponds to the fact that the
molecular weight of these samples was unchanged (cf. Figure 4.1). The
differences in thermal properties between samples degraded in water and
air resulted mainly from the reduction in molecular weight, but it has also
been suggested that water may act as a plasticiser in PHB and
PHBV[165,166].

Figure 4.6 shows the relation between melting temperature and
weight-average molecular weight of the samples degraded in water at
60°C. The melting temperature thus decreased during degradation
because of the reduction in molecular weight (Figure 4.6).
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Figure 4.6  The relation between melting temperature of PHBV, degraded in sterile
water at 60°C, and weight-average molecular weight. The melting temperature was
measured during the second heating scan at the low temperature-melting
endotherm.

The heat of fusion and the melting temperature did not change during
degradation in biotic environments. This observation agreed with the
absence of change in average molecular weight (cf. Figure 4.2 ).

4.2 POLYMER SURFACE CHANGES

The differences in mechanism between degradation of PHBV in an abiotic
and in a biotic environment were confirmed by scanning electron
microscopy. Figure 4.7 shows an unaged film (a), which has a surface
topography like mountains and valleys. After the film had been degraded
in sterile water at 60°C for 347 days (b), the surface topography was
flattened out and small white areas of more porous material were
observed. The flattening of the surface was a result of degradation at the
polymer surface-water interface. The film degraded in air at 60°C for 298
days (c) revealed no surface changes at all. The surface topographies of the
films degraded by pure fungal culture (d) and in garden waste compost (e)
were very rough. The films were degraded on the surface and the regions
shown on the micrographs were probably residues of material with higher
crystallinity, whereas the amorphous phase had been eroded away.
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Figure 4.7  Scanning electron micrographs of PHBV. (a) Unaged film, (b) film
degraded in sterile water (60°C, pH 7) for 347 days, (c) film degraded in dry air
(60°C) for 298 days (d), film degraded by Aspergillus fumigatus (25°C) for 18 days
and (e) film degraded in garden waste compost for 50 days.
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4.3  FORMATION OF DEGRADATION PRODUCTS

The degradation products formed during the breakdown of PHBV in biotic
(fungi) and abiotic environments (water and air at 60°C) have been
identified with gas chromatography. 

Figure 4.8 shows a chromatogram of aqueous degradation products
formed after 10 days of fungal degradation of PHBV. During the
degradation of PHBV by Aspergillus fumigatus, 3-hydroxybutyric acid, 3-
hydroxyvaleric acid and dimers was formed. In the sterile control, no
degradation products were detected during the 21-day experimental
period.
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Figure 4.8  GC chromatogram of the degradation products formed during
degradation of PHBV by Aspergillus fumigatus at 25°C in mineral medium after 10
days: (1) 2-hydroxyisobutyric acid (internal standard), (2) 3-hydroxybutyric acid, (3)
3-hydroxyvaleric acid, (4) 3-hydroxybutyrate dimer, (5) and (6) 3-hydroxybutyrate-3-
hydroxyvalerate dimer (sequence order unknown), (7) 3-hydroxyvalerate dimer.
Unlabelled peaks = system peaks.

In the GC chromatograms, only monomers and dimers were shown. It has
been reported that higher oligomers (up to oligomers with 19 repeat units)
have been produced during hydrolysis of PHB[167]. In order to investigate
whether higher oligomers were lost during extraction (i.e. trapped in the
solid-phase), an unextracted aqueous sample was analysed directly by GC-
MS. The water was allowed to react with dimethoxy propane to form
acetone and methanol in order to improve the compatibility with the MS.
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It was shown that no higher oligomers than dimers were present in the
chromatogram and we therefore conclude that higher oligomers are
thermally degraded during GC analysis.

Figure 4.9 shows the amount of 3-hydroxybutyric acid and 3-
hydroxyvaleric acid released into the aqueous medium. The amount of
monomer formed is given as a percentage of the theoretical amount if the
entire polymer was degraded to monomers.
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Figure 4.9 Release of 3-hydroxybutyric acid ("), 3-hydroxyvaleric acid (!) and
changes in weight-average molecular weight (#) during degradation of PHBV by
Aspergillus fumigatus at 25°C. The amounts of monomer formed are given as a
percentage of the theoretical amount if the entire polymer was degraded to
monomers. The molecular weight is given as a percentage of the original wM .

The weight-average molecular weight decreased slightly during the first
10 days, but as the monomers were released from the polymer matrix, the
average molecular weight increased. This observation further confirms the
cyclic behaviour of the molecular weight observed in biotic environments,
discussed in section 4.1. The samples became visually thinner during
degradation, but it was not possible to measure weight loss due to rapid
disintegration of the samples. The relative amount of 3-hydroxybutyric
acid released was slightly higher than that of 3-hydroxyvaleric acid and in
21 days the polymer was completely degraded. The monomers and dimers
were present in the mineral medium as long as there was still polymer
present. Figure 4.10 shows that once the polymer was consumed, other
products, such as acetic acid, butanoic acid and pentanoic acid, were
formed. At the same time, the mineral medium changed from transparent
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to a yellow colour due to the excretion of these metabolites. Similar
secondary degradation products have been observed during the
degradation of PHB by Bacillus polymyxa and Bacillus megaterium under
oxygen-depleted conditions[168].
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Figure 4.10  GC chromatogram of the degradation products formed during
degradation of PHBV by Aspergillus fumigatus at 25°C in mineral medium when no
polymer remained. (1) Acetic acid, (2) butanoic acid, (3) pentanoic acid, (4) 2-
hydroxyisobutyric acid (internal standard), (5) 3-hydroxybutyrate dimer, (6) and (7)
3-hydroxybutyrate-3-hydroxyvalerate dimer (sequence order unknown), (8) 3-
hydroxyvalerate dimer. Unlabelled peaks = system peaks.

Figure 4.11 shows a chromatogram obtained after degradation in
sterile water at 60°C. The degradation products formed were monomers
and dimers, as during fungal degradation, but additional compounds were
also identified, such as 2-butenoic acid and 2-pentenoic acid. The amounts
of these two products remained constant throughout the degradation.
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Figure 4.11  GC chromatogram of the degradation products formed during
degradation of PHBV in sterile water at 60°C, pH 7. (1) 2-butenoic acid acid, (2) 2-
pentenoic acid, (3) 2-hydroxyisobutyric acid (internal standard), (4) 3-
hydroxybutyric acid, (5) 3-hydroxyvaleric acid, (6) 3-hydroxybutyrate dimer, (7) and
(8) 3-hydroxybutyrate-3-hydroxyvalerate dimer (sequence order unknown), (9) 3-
hydroxyvalerate dimer. Unlabelled peaks = system peaks.

Figure 4.12 shows that the loss of molecular weight started
immediately after the immersion of the polymer. The weight loss was,
however, slow and remained at values below 2% for 200 days. Until then
no 3-hydroxyvaleric acid had been detected. The percentage of 3-
hydroxyvaleric acid released during degradation was slightly higher than
that of 3-hydroxybutyric acid.
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Figure 4.12 Release of 3-hydroxybutyric acid ("), 3-hydroxyvaleric acid (!), weight
loss (×) and changes in weight-average molecular weight (#) during degradation of
PHBV in sterile water at 60°C. The amounts of monomer formed are given as a
percentage of the theoretical amount if the entire polymer were degraded to
monomers. The molecular weight is given as a percentage of original wM .

When PHBV was degraded in dry air at 60°C, a solid-phase micro-
extraction technique with high selectivity to acids and polar compounds[169]

was used to identify the degradation products present in the surrounding
air. No degradation products were detected in the headspace.

Unaged polymer was extracted with diethyl ether to investigate
whether the unsaturated products found during hydrolytic degradation at
60°C (cf. Figure 4.11) were present in the material from the beginning. No
low-molecular weight unsaturated compounds were detected. These
results indicate that 60°C was too low a temperature to promote the well-
known six-member transition state[87] (cf. Scheme 2.1) that produces 2-
butenoic acid, 2-pentenoic acid and oligomers with butenoyl and pentenoyl
end groups. During processing, the temperatures varies between 150 and
170°C[150] and it has been shown that, even at 100°C, 2-butenoic acid and 2-
pentenoic acid were formed[89]. The unsaturated products observed during
hydrolysis in sterile water at 60°C were thus formed as a result of
hydrolytic cleavage of butenoyl and pentenoyl chain ends produced at the
high temperatures used during processing.
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4.4 DEGRADATION MECHANISMS AND ABIOTIC
FACTORS INFLUENCING THE LIFE-TIME IN COMPOST

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is degraded by
enzymatic or non-enzymatic hydrolysis in an aqueous environment. The
enzymatic hydrolysis proceeds only at the surface of the polymer with
subsequent surface erosion and weight loss as a result. The average
molecular weight and molecular weight distribution do not change during
the enzymatic degradation, because of the selective degradation only at
the surface, together with the removal and solubilisation of low-molecular
weight degradation products from the polymer matrix into the
surrounding environment. The degradation process proceeds either by exo-
scission (from the chain ends) or by endo-scission (random along the
polymer chain), resulting in monomers and oligomers. With GC-MS it was
possible to detect monomers and dimers only. The copolymer composition
affects the enzymatic degradation of polyhydroxyalkanoates. We have
found that Aspergillus fumigatus has a small preference for PHB units in
the PHBV copolymer. The crystallinity also affects the enzymatic
degradation of PHB and PHBV. Higher crystallinity is generally
associated with a lower enzymatic hydrolysis rate[113,119].

During non-enzymatic hydrolysis of polyhydroxyalkanoates, small
non-enzymatic catalysts and reagents can diffuse into the polymer matrix
and cause degradation throughout the bulk. The first stage of this in-
depth degradation leads to a substantial decrease in average molecular
weight but with negligible weight loss. When the molecular weight of the
polymer has decreased to a critical value ( nM  13000-17000[78]), almost all
the mechanical strength was lost and the remaining polymer breaked
down into small fragments.

The hydrolysis rate was also affected by the copolymer composition.
We found that the hydrolysis of HV units was favoured over HB units. The
HV content in the copolymer decreased during degradation. It has been
suggested that increasing the amount of PHV units from 7 to 22 mole%
resulted in an increase in non-enzymatic hydrolysis rate[77,79], whereas
increasing the HV content from 45 to 71 mole% did not[39]. The diffusion of
catalysts and reagents is also affected by the morphology of the polymer
material. It has been shown that the rate of chemical hydrolysis of PHBV
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with higher crystallinity was slower than that of the polymer with lower
crystallinity[77,170].

It has been proposed that the non-enzymatic hydrolysis proceeds by a
random chain scission process[39]. The non-enzymatic hydrolysis of PHBV
in aqueous medium at 60°C follows first-order kinetics (Figure 4.13) as
long as the weight loss was below 1% (cf. Figure 4.12).
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Figure 4.13  Log{ nM (t)/ nM (0)} as a function of time, t, for PHBV degraded in sterile
water at 60°C.

It has been suggested that log { nM (t)/ nM (0)} as a function of time, t, is not
suitable for determining degradation kinetics unless all the degradation
products are taken into account when calculating the molecular
weight[171,172]. This was clearly shown in Figure 4.13, where the data points
deviate from linearity when the weight loss is greater than 1%. The
molecular weight distribution may, however, provide more information
about the degradation kinetics[171]. In our study, the low molecular weight
components were soluble in the aqueous phase while the polymer was not.
This makes it possible to observe only the changes in molecular weight
distribution (MWD) of the polymer and not the development of low
molecular weight degradation products. Figure 4.14 shows the MWD of
PHBV degraded in sterile water at 60°C for different length of time.



48 Changes in long-term properties of a polyester

10.00 20.00

Time (min)

0 days

89 days

171 days

215 days

347 days

Figure 4.14  Size exclusion chromatogram of PHBV degraded for various length of
time in sterile water at 60°C.

The changes in MWD show that the main peak becomes broader as it
shifts toward the low molecular weight range. If the chain scission had
been pure random, the main peak would not have shifted nor would it
have become broader[171]. The non-randomness becomes even more evident
in the samples degraded for 215 days.

During the environmental degradation of polymers, several
degradation processes interact. During the composting of organic material,
where the temperature may reach 60-80°C and where there is moisture
(approx. 60-70% by weight), both hydrolytic and thermolytic processes are
accelerated, and they may play an important role in the overall
degradation of the polymer. The effect of abiotic factors, such as water and
air, on the degradation of PHBV in garden waste compost was thus
investigated using simulated and natural environments. These include
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exposure in sterile water at 60°C, in air at 60°C, in a pure fungal culture
and in garden waste compost. This study showed that during a period of
50 days, water and air have very little or no effect on the degradation of
PHBV in garden waste compost. The degradation was due to microbial
action only.
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5. CHANGES IN LONG-TERM PROPERTIES OF

A POLYESTER AMIDE

This section describes the degradation of poly(butylene adipate-co-amino
caproate) (PEA) in abiotic and biotic aqueous environments. The abiotic
degradation was carried out in sterile mineral medium at three different
temperatures, 37, 60 and 80°C. Different fungi, such as Aspergillus niger,
Aspergillus fumigatus and Phanerochaete chrysosporium, were used
during the biotic degradation. It was shown that Aspergillus fumigatus
was the most effective in degrading PEA (paper IV) and experiments with
the other fungi will not therefore be further discussed.

The changes in polymer structure (sections 5.1 and 5.2) and evolution
of degradation products (section 5.3) in the different abiotic and biotic
environments will be discussed. Special attention will be given to
biodegradability and degradation products.

5.1  CHANGES IN MOLECULAR WEIGHT AND CHEMICAL
STRUCTURE

The fungal degradation of PEA was slow compared to that of PHBV.
Figure 5.1 shows the differences in growth of Aspergillus fumigatus on
PHBV and PEA for 5 days. PHBV was completely degraded after 7 days,
whereas PEA was almost unaffected by the fungus.
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Figure 5.1  Differences in growth of Aspergillus fumigatus on PHBV (left) and PEA
(right) for 5 days.

Huang et al. have shown that lack of growth do not necessary indicate
lack of biodegradability, only that the fungi cannot utilise the degradation
products[173]. Clearly Aspergillus fumigatus and the other fungi tested do
not have the ability to grow on PEA as main carbon source. These fungi
need a supplemental carbon source to effectively degrade PEA. Many
fungi need a supplemental carbon source to sustain growth, i.e. their
degradation potential is co-metabolic[6]. Examples of such fungi are the
white-rot fungi. They are the major degraders of lignin in nature, but they
do not use the degraded lignin as a carbon source for growth[174,175]. To
increase the ability to degrade PEA, Aspergillus fumigatus was allowed to
grow for one week on PHBV before the PEA samples were added. The
addition of PHBV had a significant effect on the biodegradation of PEA (cf.
Figure 5.11). Table 5.1 shows the changes in molecular weight and
polydispersity during the fungal degradation of PEA with and without
PHBV. The molecular weight decreased in all three cases, but the
reduction was greatest with PHBV as additional carbon source.
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Table 5.1 Weight-average molecular weight and polydispersity of PEA degraded by
Aspergillus fumigatus with and without a supplemental carbon source (PHBV).

Time
(weeks)

Aspergillus
fumigatus

(with PHBV)

Aspergillus
fumigatus

(without PHBV)

Sterile control

wM Polydisp wM Polydisp wM Polydisp
0 38100(5) 2.6(13) 38100(5) 2.6(13) 38100(5) 2.6(13)
1 - - 32000(4) 2.2(3) 36000(2) 2.3(6)
2 30700(<1) 2.0(1) 33900(2) 2.2(2) 34100(1) 2.3(7)
3 28100(3) 2.0(2) 30400(2) 2.1(4) 33400(2) 2.3(7)
4 28300(2) 2.0(2) 28100(8) 2.1(4) 33600(2) 2.3(7)
5 28300(1) 2.0(1) 31000(3) 2.1(3) 28100(2) 2.1(5)
6 20000(5) 1.8(3) 28900(2) 2.1(3) 31900(2) 2.2(6)
7 24600(5) 1.9(2) 26800(4) 2.0(3) 31400(2) 2.2(6)
8 23500(4) 1.9(1) 29500(2) 2.1(3) 30000(3) 2.2(5)
9 25100(5) 1.9(2) 30100(2) 2.1(2) 30200(3) 2.2(6)

Values within brackets are standard deviations expressed as percentage.

An enzymatic degradation study of PEA was carried out in the filtered
supernatant of an Aspergillus fumigatus culture grown for one week on
PHBV. The weight-average molecular weight of these samples decreased
by 10% and the weight decreased by 8% after 5 weeks of degradation.

In the abiotic environment, the changes in molecular weight were very
dependent on the temperature. The molecular weight loss was, as
expected, fastest at the highest temperature (80°C). Figure 5.2 shows the
changes in weight-average molecular weight and polydispersity. The
molecular weight decreased at two different rates. In the initial stage, the
rate was faster. At wM  values of 10 000-7 000 ( nM  = 5 000) the process
entered a second, slower, stage. Degradation at 37°C remained in the first
stage during the whole experimental period of 9 weeks. The two stages
were best seen at 60°C. At 80°C, the initial decrease in molecular weight
was very rapid and it was not possible to distinguish the two stages. In
this case, the decrease in molecular weight proceeded until a final wM

value of 1100 was reached. wM  values of 20 000-25 000 Da ( nM  10 000-12
000 Da) correspond to the onset of weight loss.
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Figure 5.2 Weight-average molecular weight (left) and polydispersity (right)
changes of PEA degraded in sterile mineral medium at 37°C (#), 60°C (!) and 80°C
("). (Error bars = standard deviation).

Degradation of PEA in garden/household waste compost for 51 days
led to a 16%-reduction in the weight-average molecular weight. The
weight was reduced by 1%.

The composition of the copolymer changed during degradation in the
abiotic aqueous environment. Figure 5.3 shows the calculated amide
content in the surface region (to a depth of approx. 4.7-4.9 µm) (ATR-
FTIR) and in the bulk (1H-NMR). The amide content of the polymer
surface region, as measured by ATR-FTIR, was slightly higher in the
beginning, but as the degradation proceeded the surface content and bulk
content approached each other in composition, likely due to the
homogeneous erosion of the material.
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Figure 5.3 Changes in copolymer composition of PEA, expressed as percentage
amide, degraded in sterile mineral medium at 37°C (!), 60°C (!) and 80°C ("),
measured by ATR-FTIR (left) and 1H-NMR (right). (Error bars = standard deviation)

During fungal degradation and composting of PEA, the composition of
the copolymer remained unchanged (not shown).
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Figure 5.4 Changes in heat of fusion (left) and melting temperature (right) of PEA
degraded in sterile mineral medium at 37°C (!), 60°C (!!!!) and 80°C ("). The heat of
fusion and melting temperature was measured during the second heating scan.

The heat of fusion, measured during the first heating scan, was not
possible to calculate due to a very broad and complex melting behaviour.
This melting behaviour was not reversible and probably originated from
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mineral filler (cf. section 5.3). The heat of fusion increased during the
second scan (figure 5.4), which represents the ability of the material to
crystallise. The increased ability to crystallise was connected with the
increase in amide content and the decrease in molecular weight of the
degraded copolymer (cf. Figures 5.2 and 5.3).  The changes in melting
temperature of the main melting peak are shown in Figure 5.4. After an
initial increase to approx. 120°C, the melting temperature of PEA
degraded at 37 and 60°C remained unchanged, whereas at 80°C the
melting temperature increased significantly after 4 weeks. This large
increase was also accompanied by a significant decrease in molecular
weight. The copolymer composition after 4 weeks of degradation was
above 80% amide and it is likely that this also contributed to the increase
in melting temperature.

The melting temperature of PEA degraded by Aspergillus fumigatus,
enzymes and in compost remained unchanged.

5.2  POLYMER SURFACE CHANGES

The polymer surface of PEA degraded by Aspergillus fumigatus is shown
in Figure 5.5. The surface was eroded, but not as much as that of PHBV
(cf. section 4.2). A large amount of white items were embedded in the
surface layer. These items could be particles or the result of particles
leaving the polymer matrix. PEA degraded with an additional carbon
source showed the greatest changes in the surface. The sterile control did
not show any surface erosion.

   

Figure 5.5  Scanning electron micrographs of PEA degraded by Aspergillus
fumigatus (left) and in sterile mineral medium (right) at 30°C for 9 weeks.
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PEA degraded by extracellular enzymes displayed a similar surface
pattern (Figure 5.6) similar to that of microbially degraded PEA, although
the pattern was less pronounced. The surface of PEA degraded in sterile
mineral medium remained unchanged.

   

Figure 5.6  Scanning electron micrographs of PEA degraded in Aspergillus
fumigatus supernatant (left) and in sterile mineral medium (right) at 30°C for 3
weeks.

Degradation of PEA in garden/household waste compost led to a more
irregular erosion pattern than the enzymes of Aspergillus fumigatus.
Figure 5.7 shows a scanning electron micrograph of PEA degraded in
compost for 51 days. The surface exhibited spherical cavities, where the
polymer was eroded, whereas the enzymatically degraded samples were
more evenly eroded (cf. Figure 5.6). The differences in erosion was
probably due to the more inhomogeneous character of the compost and the
presence of other microbial groups, such as bacteria.



58 Changes in long-term properties of a polyesteramide

Figure 5.7  Scanning electron micrograph of PEA degraded in garden/household
waste compost for 51 days.

Degradation of PEA in sterile water at 37°C, 60°C and 80°C eroded the
surface to different degrees. The greatest erosion was observed in samples
degraded at 80°C (Figure 5.8). The surface erosion was not homogeneous,
some areas were almost unchanged and others showed significant erosion.

   

Figure 5.8  Scanning electron micrographs of PEA degraded in sterile mineral
medium at 37 (top, left), 60 (top, right) and 80°C (bottom).
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5.3  FORMATION OF DEGRADATION PRODUCTS

The degradation products formed during the degradation of PEA in sterile
mineral medium were monomers and dimers, as detected with GC-MS (cf.
discussion in section 4.3).

Table 5.2  Degradation products formed during the degradation of PEA in sterile
mineral medium (cf. Figures 5.9 and 5.10).
Peak no.a Compound Molar mass
1. 1,4-butanediol 90
2. 1,6-hexanedioic acid, dimethyl ester 174
3. ε-caprolactam
4. 1,6-hexanedioic acid, monomethyl ester 160
5. 1,6-dioxacyclododecane-7,12-dione

O

O

O

O

200

6.
OC

O

(CH2)4C

O

H3CO OH(CH2)4

232

7.
OH C

O

(CH2)4 C

O

O (CH2)4 OH
218

8. methyl ester of linear ester-amide dimer (sequential
order unknown)

304

9.
(CH2)5

O

NH (CH2)5

NH

O

226

10. mixture of linear ester-amide dimer and 1,16-
dihydroxydibutylhexanoate

331/ 290

11.
OH C

O

(CH2)4 C

O

O (CH2)4 C

O

(CH2)4O C OCH3

O 360

12.

(CH2)5

NH

O (CH2)4

O

(CH2)4

O

O

O

313

a) Refers to peak numbers in Figures 5.10 and 5.11.
Figures 5.9 and 5.10 show the amounts of degradation products formed
during different times and at different temperatures, as identified with
GC-MS.
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Figure 5.9  GC chromatogram showing the degradation products formed with time
(1, 5 and 9 weeks) in sterile mineral medium at 60°C. Peak notation: see Table 5.2.
Unlabelled peaks = system peaks.



Changes in long-term properties of a polyesteramide   61

80°C

60°C

37°C

5

1

2 4
3

6

8

11   12

13:23 21:44 30:05 38:25Ret. Time (min)

7

8 9 10

9

12

8

5

6

4

3

2

4

4

5

6
3

21

Figure 5.10  GC chromatogram showing the degradation products formed at
different temperatures (37, 60 and 80°C) during 9 weeks. Peak notation: see Table
5.2. Unlabelled peaks = system peaks.
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During longer degradation times and at higher degradation temperatures,
11-hydroxyundecanoic acid-6-one-7-oxo (linear ester monomer) was
further cleaved into hexanedioic acid and 1,4-butanediol.

It has been reported that caprolactam was formed during the
glycolysis of polyamide-6 at 270°C but that the oligomers were linear[176]. It
has also been reported that there exist an equilibrium between 6-
aminocaproic acid and caprolactam in an aqueous environment[177]. To
investigate whether the cyclic monomers and oligomers, observed during
GC-MS analysis, were formed during hydrolysis, extraction or during the
GC analysis, the corresponding linear monomer, 6-aminocaproic acid, was
extracted from the mineral medium and/or directly dissolved in methanol
and then analysed by GC-MS. The corresponding linear monomer of 1,6-
dioxacyclododecane-7,12-dione was not available as a standard. It was
found that the linear 6-aminocaproic acid was partly transformed into
caprolactam during the GC analysis. The aqueous degradation products
were also analysed by ATR-FTIR and this indicated that the sample
solution did not contain caprolactam. The cyclic monomers and oligomers
were thus not formed during hydrolysis but were ring-closed during the
GC analysis.

Due to the limitations of GC to detect the presence of higher oligomers,
the degradation products were also analysed with HPLC.  Figure 5.11
shows the aqueous degradation products of PEA degraded for 8 weeks at
80°C in sterile mineral medium. The product pattern was very complex
and consisted of 6-aminocaproic acid and probably different oligomers.
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Figure 5.11  HPLC chromatogram showing the aqueous degradation products of
PEA degraded for 8 weeks at 80°C in sterile mineral medium. Peak notation: 6-
aminocaproic acid (1).

After 5 weeks of degradation at 80°C, a white powder precipitated
from the aqueous solution when cooled to room temperature. FTIR (not
shown) and 1H-NMR analysis of the powder indicated that it was an
oligomer (Figure 5.12). Py-GC-MS analysis showed that the oligomer
consisted mainly of amide. This was verified by 1H-NMR analysis, where
an amide content of 92% was calculated. This degradation product was not
observed during degradation at 37°C or 60°C.
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Figure 5.12  1H-NMR spectrum of the powder produced during degradation in
sterile mineral medium at 80°C compared to the 1H-NMR spectrum of PEA.

The weight loss in PEA was much greater during degradation at 80°C
than at the lower temperatures (Figure 5.13). The reason is probably that
the powder-degradation product was not soluble in the aqueous mineral
medium at 60°C and thus did not leave the polymer matrix, even though it
may have been formed during the degradation. At 80°C, the product was
dissolved in the medium and this led to the large loss of weight in the
material. Yoon et al.[172] showed that this type of weight loss in polyesters
undergoing hydrolysis corresponds to a dissolution of large oligomers by
the surrounding medium.
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Figure 5.13 Weight loss of PEA degraded in sterile mineral medium at at 37°C (!),
60°C (#) and 80°C (").

Degradation products formed during the fungal degradation of PEA
were consumed as they were produced, and no degradation products
remained in the solution. Figure 5.14 shows a comparison of degradation
products formed in the sterile control and during fungal degradation.

Sterile control

Aspergillus fumigatus

13:23 21:44 30:05 38:25RT (min)

1

2

3

4

Figure 5.14  GC chromatogram showing the degradation products formed in the
sterile control and during degradation by Aspergillus fumigatus. Peaks: (1)
caprolactam; (2) 1,6-dioxacyclododecane-7,12-dione; (3) cyclic amide dimer; (4) cyclic
amide-ester dimer.
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Figure 5.15 shows the weight loss of PEA degraded by Aspergillus
fumigatus, with and without PHBV as supplementary carbon source. The
effect of an additional carbon source was a significant increase in
biodegradability. PEA lost 40% by weight with PHBV as additional carbon
source, compared to 4% without PHBV in the medium.
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Figure 5.15  Weight loss of PEA degraded in cultures with (") and without (!)
supplemental carbon source, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV).
Sterile control (#).

During a fast fungal degradation process, such as PHBV degradation
(cf. section 4), where the production of degradation products was fast,
there were always degradation products remaining in the mineral
medium. When PEA was degraded together with PHBV, no degradation
products remained in the solution. To investigate which degradation
products were formed during fungal degradation, the filtered supernatant
solution of a 1-week old Aspergillus fumigatus culture (grown on PHBV)
was used as degradation medium for enzymatic degradation. The
degradation products, as determined by GC-MS, were 1,4-butanediol, 1,6-
hexanedioic acid, 1,6-dioxacyclododecane-7,12-dione and ε-caprolactam.

The degradation products were also analysed by HPLC.  Figure 5.16
shows the aqueous degradation products of PEA degraded for 3 weeks at
30°C in the presence of Aspergillus fumigatus enzymes (non-purified
supernatant).
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Figure 5.16  HPLC chromatogram showing the aqueous degradation products of
PEA degraded for 3 weeks at 30°C in the presence of Aspergillus fumigatus
extracellular enzymes (non-purified supernatant) and in sterile mineral medium.
Peak notation: 6-amino caproic acid (1).

The degradation product pattern from the enzymatic degradation was very
complex. In the sterile control, however, a homologous series of peaks
appeared in the chromatogram. These were probably oligomers.
Interestingly, 6-aminocaproic acid was not detected in the chromatogram
of the aqueous phase recovered from the enzymatic degradation, even
though the concentrations of degradation products were comparable with
those observed during degradation in sterile mineral medium at 80°C (cf.
Figure 5.11). A very small peak, corresponding to 6-aminocaproic acid was
observed in the sterile control (Figure 5.16). In the GC-MS analysis,
caprolactam was detected and it may be produced by thermal degradation
during the analysis. HPLC was run at room temperature and no thermal
degradation of oligomers occurs. It has been reported that certain PHB
depolymerases cleaved only the second ester linkage from the hydroxy
terminus of trimers and tetramers of PHB, and acted as an endo-type
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hydrolase toward pentamers and higher oligomers[178]. The final cleavage of
dimers to monomers resulted from the action of another hydrolase[179].

5.4 DEGRADATION MECHANISMS AND ABIOTIC
FACTORS INFLUENCING LIFE-TIME IN COMPOST

Poly(butylene adipate-co-amino caproate) (PEA) was degraded both by
enzymatic and non-enzymatic hydrolysis of the amide and ester bonds in
an aqueous environment. The non-enzymatic hydrolysis of PEA proceeded
via a homogeneous erosion process. It was accompanied by a two-stage
decrease in molecular weight. When wM reached a value of 20 000-25 000
( nM  10 000-12 000), the weight loss became significant. At 37°C and 60°C,
the weight loss was insignificant, while at 80°C the weight decreased
rapidly. The weight loss depended on the solubility of oligomeric material
produced during degradation and it was shown that oligomeric
degradation products were soluble at 80°C in the surrounding aqueous
medium. The non-enzymatic hydrolysis of PEA proceeded in two stages
(Scheme 5.1). The copolymer was first hydrolysed to 6-aminocaproic acid
and 11-hydroxyundecanoic acid-6-one-5-oxo. Thereafter the ester bond
between the diol and diacid was cleaved, and 1,4-butanediol and 1,6-
hexanedioic acid were produced. The amide content increased in the
copolymer during the hydrolysis, which indicated that hydrolysis of the
ester units was preferred. The increase amide content and the decrease in
molecular weight affected the melting behaviour, with increased melting
temperature and ability of PEA to crystallise.

The enzymatic hydrolysis of PEA was a heterogeneous erosion process.
None of the fungi tested were able to grow solely on PEA and a
supplemental carbon source was needed to sustain growth. The molecular
weight and molecular weight distribution decreased during fungal
degradation, indicating a non-random chain cleavage process. The weight
loss was significant throughout the degradation. The enzymatic hydrolysis
produced 1,4-butanediol and 1,6-hexanedioic acid in one stage, in contrast
to the non-enzymatic degradation where 11-hydroxyundecanoic acid-6-
one-7-oxo was first produced. HPLC analysis of enzymatic degradation
products indicated that 6-aminocaproic acid was not formed because of
enzymatic cleavage, whereas GC-MS analysis revealed caprolactam in the
chromatogram. It was possible that caprolactam was produced by thermal
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decomposition of oligomers at the high temperatures used in the GC-MS
analysis.  The composition of the copolymer and the melting behaviour
remained unchanged.
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Scheme 5.1  Proposed two-stage non-enzymatic hydrolysis of PEA.

Compared to PHBV degradation in compost (cf. section 4.4), the
degradation of PEA in garden/household waste compost during a time
period of 51 days was rather slow. Surface analysis showed that the
polymer had been eroded to some extent, but no significant weight loss
was found. The results indicated that the major degradation of PEA in
garden/household waste compost was mediated by non-enzymatic
processes.
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6. PYROLYSIS TO ANALYSE STRUCTURAL

CHANGES IN DEGRADABLE POLYMERS

Analytical pyrolysis is defined as the characterisation, in an inert
atmosphere, of a material or a chemical process by a chemical degradation
reaction induced by thermal energy[180]. In order to characterise the
pyrolysate, i.e. the products of pyrolysis, analytical pyrolysis has been
used in combination with other techniques such as gas chromatography
(GC), mass spectrometry (MS), infrared spectroscopy (IR) and matrix-
assisted laser desorption ionisation mass spectrometry (MALDI-MS). The
use of MALDI-MS has proven to be very useful in examining pyrolysates
with higher masses[181,182].

Pyrolysis-GC was for a long time regarded as a relatively crude
technique for the characterisation of polymers, but several significant
advances, such as improvement of GC columns, detectors and the
performance of pyrolysers, have improved the technique[183]. Pyrolysis-gas
chromatography is now considered to be an important technique for the
characterisation of the structure of copolymers, polymer blends,
geopolymers, biological materials, and archaeological materials[184,185]. It
often provides unique or supplementary structural information, and it can
be applied not only to ordinary solvent-soluble polymeric materials but
also to insoluble polymers.

A lot of the early work in analytical pyrolysis of polymers was devoted
to characterisation of polyolefins, especially to identify and quantify the
type of short chain branches, and to get information about the thermal
degradation mechanism[186,187,188,189,190,191,192]. The analytical pyrolysis work has
also been used to study the thermal degradation mechanism of several
other polymers, such as polyurethanes[182], polyesters[193,194,195,196], natural
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rubber[197] and polyvinylchloride[198]. Knowledge of the thermal
decomposition mechanism is essential when predicting the formation of
harmful substances during fires or waste incineration, recovering of
chemical raw materials from plastic refuses and designing recycling
procedures. Another important field of analytical pyrolysis is the
determination of monomer sequence distribution in polymers, such as
polystyrenes, with modified pendant groups, and as copolymers with
polymethacrylates or acrylonitrile[199,200,201,202]. Stereospecific sequence
distributions in polypropylene has also been studied with pyrolysis-
hydrogenation[203].

This section covers the results of using pyrolysis-GC/GC-MS as a tool
to analyse the changes in polymer structure of PHBV and PEA after
degradation in abiotic and biotic environments (section 6.4). The pyrolytic
degradation mechanism and the identification of the pyrolysate are also
discussed for these and other similar polymers (section 6.1 – 6.3).

6.1  PYROLYSIS OF POLY(3-HYDROXYBUTYRATE) AND
ITS COPOLYMERS WITH 3-HYDROXYVALERIC ACID

The pyrolysis of PHB and its copolymers (PHBV) has been studied by
several authors[83,87,85,204,205,206,207,208,209]. It has been suggested that the thermal
degradation of poly(β-hydroxyalkanoates) occurs through a β-hydrogen
transfer process, with the formation of oligomers bearing carboxyl and
olefin end-groups[90,91,204,208]. Oligomeric products corresponding to
“dehydrated” monomer, dimer and trimer were identified[87,90,204]. The main
degradation pathway of PHB during pyrolysis is shown in Scheme 6.1 [90,91].

O

O
H

O

CH3
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Scheme 6.1 Proposed degradation pathway of poly(3-hydroxybutyrate) during
pyrolysis.
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It has been suggested that PHBV undergoes the same pyrolysis
mechanism as that proposed for PHB, due to the similarity in chemical
structures between PHB and PHBV[204]. It has, however, been shown that
the relative yields of individual pyrolysis products from PHBV differ with
temperature, whereas they remain the same in the case of PHB
homopolymer[204].

Ballistreri et al.[83] have applied pyrolysis-MS to PHA sequence
determination and they concluded that the pyrolysis products from PHB
and PHBV were thermally labile, so that oligomers higher than the trimer
cannot distil undecomposed and they remain undetected by electron
impact or chemical ionisation MS. However, the pyrolysis products with
10 repeat units can be desorbed by fast atom bombardment MS.

Other minor degradation products formed during the pyrolysis of PHB
have been reported, such as β-butyrolactone, CO2 and propene[207]. The
proposed route to the formation of β-butyrolactone is shown in Scheme 6.2.
CO2 and propene are believed to be the result of a decarboxylation of
crotonic acid.
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Scheme 6.2  Proposed route to the formation of β-butyrolactone[207].

6.2  PYROLYSIS OF POLY(BUTYLENE ADIPATE)

The primary thermal decomposition reactions of the aliphatic polyesters
produced from dialcohols and dicarboxylic acids were cis-elimination or
cleavage of the ester bond yielding pyrolysis products with carboxylic and
alkene or alternatively ketene and hydroxyl end groups[210]. Plage et al.[211]

showed that when diol-dicarboxylic acid polyesters containing butylene
and adipate sequences were pyrolysed, other products were formed. A
pyrolytic product originating from butylene sub-units is butadiene. Adipic
sub-units produce butyrodiketene, cyclopentanone and cyclic anhydrides.
Another study showed that, during the pyrolysis of poly(butylene adipate)
(PBA) above 300°C, cyclic oligomers and dehydration products were the
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most prominent pyrolytic products[182]. Table 6.1 shows the composition of
the pyrolysate produced during pyrolysis of PBA.

Table 6.1 Pyrolysate formed during fractionated pyrolysis of unaged PBA at 400, 500
and 600°C.

Peak
number

Retention
 time
(min)

Compound Ionc

CI
(m/z)

Ions
EI

(m/z)

400
°C

500
°C

600
°C

1. 02:05 1,3-Butadiene 55 26, 39,
54

+ +

2. 04:46 Cyclopentanone 85 27, 39, 55, 85 + +
3. 06:03 Unknown m/z 127a 127 27, 39, 55, 127 +
4. 06:13 Unknown m/z 129b 129 27, 39, 57,129 +
5. 06:26 Pentanoic acid 103 27, 39, 60, 85,

103
+

7. 07:39 Unknown m/z 141a 141 27, 39, 55, 69,
141

+

8. 07:50 Unknown m/z 143b 143 27, 39, 55, 71,
143

+

10. 09:22 Unknown m/z 155a 155 27, 39, 55, 83,
101, 155

+

11. 09:36 Unknown m/z 157b 157 27, 39, 55, 85,
114, 157

+

15. 15:39
O

O

O
182 39, 55,

110, 182
+ +

16. 16:42 OH
O

O

O
201 39, 55, 111,

129, 183, 201
+ + +

17. 17:15 1,6-dioxacyclo-
dodecane-7,12-dione

201 41, 55, 115,
201

+ + +

18. 19:21
O

O

O

O

255 39, 55, 111,
129, 183, 255

+ + +

a, b) Homologous series of peaks not yet identified.
c) Molecular ion in chemical ionisation (methane) mode.
d) Main ions (bold types denotes base peak) in electron ionisation mode.

The homologous series of peaks (Nos. 3,4, 7, 8, 10, 11 in Table 6.1)
observed in the pyrogram of PBA may arise from thermal cis-elimination
and subsequent thermal decarboxylation. During decarboxylation, alkyl
radicals were formed. These were terminated by disproportionation (or
recombination) giving unsaturated (m/z 155) and saturated ends (m/z
157)[212]. The mass spectra of the m/z 155/157 doublet is shown in Figure
6.1. Proposed structures are shown in Scheme 6.3.
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Figure 6.1  The mass spectra of the doublet m/z 155 (top) and m/z 157 (bottom).
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Scheme 6.3  Proposed structures of the unknown homologous series in the
pyrolysate of PBA. (M+1 ions (M = molecular ion) were formed due to the use of ion-
trap mass spectrometer).
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6.3  PYROLYSIS OF POLY(BUTYLENE ADIPATE-CO-
AMINO CAPROATE)

To find the optimal pyrolysis temperature of PEA, thermal analysis and
fractionated pyrolysis were performed on unaged PEA films. Thermal
analysis showed that the sample was degraded in a single step between
400 and 500°C (Figure 6.2).
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Figure 6.2  Thermogravimetric analysis of PEA.

Fractionated pyrolysis was then carried out for 2 sec. at 400, 500 and
600°C in sequence, and it was found that the largest amount and largest
range of products were produced at 600°C. Table 6.2 shows the products
formed during the fractionated pyrolysis of PEA. A homologous series of
doublet peaks (m/z 127/129, 141/143, 155/157 and 169/171) was also
produced. Figure 6.3 shows the mass spectra of the m/z 169/171 doublet.
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Table 6.2  Pyrolysate formed during the fractionated pyrolysis of unaged PEA at 400,
500 and 600°C.

Peak
number
in Fig.

6.3–6.5.

Retention
 time
(min)

Compound Ionc

CI
(m/z)

Ions
EI

(m/z)

400
°C

500
°C

600
°C

1. 02:05 1,3-Butadiene 55 26, 39,
54

+ +

2. 04:46 Cyclopentanone 85 27, 39, 55, 85 + +
3. 06:03 Unknown m/z 127a 127 27, 39, 55, 127 +
4. 06:13 Unknown m/z 129b 129 27, 39, 57,129 +
5. 06:26 Pentanoic acid 103 27, 39, 60, 85,

103
+

6. 07:09 1,4-Butanediol 91 31, 55, 73, 91
7. 07:39 Unknown m/z 141a 141 27, 39, 55, 69,

141
+

8. 07:50 Unknown m/z 143b 143 27, 39, 55, 71,
143

+

9. 08:03 Hexanoic acid 117 27, 39, 60, 99,
117

+

10. 09:22 Unknown m/z 155a 155 27, 39, 55, 83,
101, 155

+

11. 09:36 Unknown m/z 157b 157 27, 39, 55, 85,
114, 157

+

12. 11:07 Unknown m/z 169a 169 27, 39, 55, 69,
97, 115, 169

+

13. 11:18 Unknown m/z 171b 171 27, 39, 55, 71,
99, 171

+

14. 12:53 Caprolactam 114 39, 56, 85, 96,
114

+ + +

15. 15:39
O

O

O
182 39, 55,

110, 182
+ +

16. 16:42 OH
O

O

O
201 39, 55, 111,

129, 183, 201
+ + +

17. 17:15 1,6-dioxacyclo-
dodecane-7,12-dione

201 41, 55, 115,
201

+ +

18. 19:21
O

O

O

O

255 39, 55, 111,
129, 183, 255

+ +

a, b) Homologous series of peaks not yet identified.
c) Molecular ion in chemical ionisation (methane) mode.
d) Main ions (bold types denotes base peak) in electron ionisation mode.
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Figure 6.3  The mass spectra of the doublet m/z 169 (top) and m/z 171 (bottom).

When PBA was pyrolysed at 600°C (cf. section 6.2), these peaks also
appeared, except for the m/z 169/171 doublet. It was therefore reasonable
to conclude that they originate from the ester part of PEA. The m/z
169/171 doublet was probably formed by a similar type of reaction, as
described previously, but it originates from a amine sequence, producing a
5-carbon unsaturated/saturated end group.

6.4  USE OF ANALYTICAL PYROLYSIS FOR ANALYSING
DEGRADATION IN DEGRADABLE POLYMERS

Pyrolysis-gas chromatography is an effective tool in the field of polymer
characterisation, especially for determining copolymer composition and
structural changes in the polymer chain[213. The evaluation of polymers is
based on quantitative relations between the yield and the composition of
major pyrolytic products, such as monomers, dimers and or trimers, and/or
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other specific degradation components with both chemical and
microstructural characteristics of macromolecular materials[214].

In sections 4 and 5, the degradations of an aliphatic polyester and a
polyesteramide in various environments have been described. The results
of using pyrolysis-GC/GC-MS as a tool to analyse the degradation of these
copolymers is presented in the following section. Pyrolysis-GC/GC-MS is
compared with a conventional analytical method such as 1H-NMR. Results
concerning changes in polymer structure are also discussed.

6.4.1  Degradation of poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (PHBV)

6.4.1.1 Changes in copolymer composition

We have studied the changes in copolymer composition during the
degradation of PHBV in sterile water at 60°C (cf. section 4.1). It has been
shown that the amount of hydroxyvalerate (HV) in the copolymer can be
determined by pyrolysis-GC analysis[205]. The sum of area responses arising
from HB units was compared with those arising from HV units. Gas
chromatographic peak areas obtained with a flame ionisation detector are
proportional to the masses of the corresponding components, and hence
relative peak areas yield weight fractions for the components detected.
Values of the HV content obtained with Py-GC were consequently higher
than those obtained with 1H-NMR (Table 6.3).

Table 6.3  Copolymer composition of PHBV during
degradation in sterile water at 60°C.
Time of
degradation
(days)

% HV
determined by
1H-NMR

% HV
determined by
Py-GC

0 5.7 8.4
150 5.1 8.4
347 4.7 8.8

The values obtained by Py-GC were generally lower than the ones
obtained by 1H-NMR. These differences are likely due to problems in
calculation of area, e.g. overlapping of peaks, of the products arising from
each monomer. Comparison between 1H-NMR and Py-GC carried out by
Helleur[205]  showed that the values differed by 13-16%.
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6.4.2  Degradation of poly(butylene adipate-co-amino caproate)
(PEA)

6.4.2.1  Changes in copolymer composition

The changes in copolymer composition of PEA during degradation in
sterile mineral medium at 80°C were determined by 1H-NMR (cf. section
5.1). Pyrolysis-GC analysis also showed that the copolymer composition in
these polymer samples had changed. Table 6.4 shows the percentage
amide contents during degradation, determined by 1H-NMR and Py-GC.
The area response of 1,6-dioxacyclododecane-7,12-dione was compared
with that of ε-caprolactone.

Table 6.4  Copolymer composition of PEA during
degradation in sterile mineral medium at 80°C.
Time of
degradation
(weeks)

% amide
determined by
1H-NMR

% amide
determined by
Py-GC

0 68 95
4 75 96

10 93 ≈100

The values obtained by the different analysis methods deviated, where Py-
GC again gave higher values compared to 1H-NMR. When PEA was
pyrolysed, the two polymer parts in PEA did not degrade by the same
mechanism at a given temperature. The polyester part of PEA thus
yielded several products during pyrolysis, while the polyamide yielded
only ε-caprolactam. It was thus not possible to use the monomer yields to
calculate copolymer composition. We have therefore used Py-GC only for a
qualitative analysis of the monomer composition of the copolymer.
To determine the monomer composition quantitatively with Py-GC, it has
been proposed that a calibration with copolymers of the same type and
with known compositions is necessary[213].
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Figure 6.3  Pyrogram (fractionated pyrolysis at 400°C) of PEA, degraded in sterile
mineral medium at 37, 60 and 80°C. Peak notation in Table 6.2.
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Figure 6.4 Pyrogram (fractionated pyrolysis at 500°C) of PEA, degraded in sterile
mineral medium at 37, 60 and 80°C. Peak notation in Table 6.2.
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Figure 6.5 Pyrogram (fractionated pyrolysis at 600°C) of PEA, degraded in sterile
mineral medium at 37, 60 and 80°C. Peak notation in Table 6.2.
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It was found that fractionated pyrolysis provided most information
about PEA at different stages of degradation. Figures 6.3 – 6.5 show the
pyrograms of PEA degraded for 10 weeks at 37, 60 and 80°C, and
pyrolysed at 400, 500 and 600°C. Figures 6.4 and 6.5 show that the amide
content in the copolymer increased during degradation at 80°C, which
corrlates with previous results (cf. section 5.1). Degradation at 37 and
60°C did not change the monomer composition, but degradation at 80°C
led to a large increase in the area of the caprolactam peak (peak no. 14).
The peaks relating to the ester part (peaks no. 1-8, 10, 11, 15-18)
decreased significantly. Fig. 6.3 indicates that, on pyrolysis at 400°C, PEA
degraded at 37 and 60°C produced no 1,4-butanediol (peak no. 6), whereas
PEA degraded at 80°C did. The presence of 1,4-butanediol was probably
due to the residual degradation products inside the polymer matrix and
thus reflecting a more severe degradation of the latter.

6.4.2.2  Changes in polymer structure

It has been shown that when polymers containing adipic acid in the
structure were pyrolysed, cyclopentanone was produced[215,216,217,218,219,220].
During pyrolysis of PEA at temperatures above 500°C, cyclopentanone
was also formed (cf. section 6.3). Achhammer et al. proposed that
cyclopentanone was formed due to the cyclisation of adipic acid end groups
in the polyamide-6,6 chain[215]. Farre-Ruis et al. proposed that
cyclopentanone was a secondary product formed during the decomposition
of adipic acid[216]. Ballistreri et al. proposed, however, that cyclopentanone
was formed via C-H transfer and subsequent N-H transfer during
pyrolysis of polyamide-6,6[220]. From the suggested mechanisms, an
analogue to cyclopentanone formation in PEA during pyrolysis (Scheme
6.4) is proposed. Depending on the sequence order of amide and ester
repeat units in PEA, reaction 2 has two possible routes (a or b). The
amount of butylene adipate in the copolymer is approx. 30%, and a
random copolymer will therefore degrade mainly by reaction 2a, due to the
higher probability of having an amide unit next to an ester unit. A
blockcopolymer will, however, degrade mainly by reaction 2b. The cyclic
end group is then further degraded to cyclopentanone, carbon dioxide and
an alcohol end group (reaction 3). 13C-NMR analysis can be used for
sequence analysis[221] and it indicated that PEA has a block structure (not
shown).
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Scheme 6.4  Proposed reactions of cyclopentanone formation during pyrolysis of
PEA.

Figure 6.6 shows the fractionated pyrograms of biotically degraded
PEA, sterile control and unaged polymer. The ratio of cyclopentanone and
caprolactam increased during biotic degradation, as determined by
pyrolysis. Table 6.5 shows the characteristics of the different samples.

Table 6.5  Properties of PEA samples degraded in biotic and sterile environments at 30°C for 9
weeks.

Aspergillus fumigatus
+ PHBV

Sterile control

wM 25100 (5) 30200 (3)
Polydispersity 1.9 (2) 2.2 (6)
Amide content (mole%) 69 (1) 69.5 (1)

mcaprolacta- Area

nonecyclopenta Area

ε
0.30 (15) 0.20 (25)

Values within brackets are standard deviation expressed as percentage.
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Aspergillus fumigatus + PHBV
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Figure 6.6  Pyrogram (fractionated pyrolysis at 600°C) of PEA, degraded by
Aspergillus fumigatus with PHBV and in sterile mineral medium at 30°C. (1)
cyclopentanone and (2) ε-caprolactam.

The increase in cyclopentanone formation during pyrolysis of PEA
degraded by fungi compared to PEA degraded in sterile mineral medium is
probably a result of the different degradation mechanisms occurring in the
biotic and sterile environments. In the sterile environment, a selective
scission of ester units dominates the degradation (cf. section 5.4), whereas
in the biotic environment, both ester and amide units was degraded by the
extracellular enzyme of Aspergillus fumigatus. It has been reported that
extracellular enzymes of Aspergillus fumigatus and Pseudomonas
lemoignei degraded PHB single crystals from the crystal edge, chain by
chain[106] and it is possible that the enzymatic degradation of PEA
proceeded in the same way. Thus, the probability of finding polymer
chains with ester units should be higher for the samples that have been
degraded by fungi, than for the sterile samples. The copolymer
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compositions of the two samples were, however, the same. The monomer
sequence in the different samples was also the same, as shown in Figure
6.7. The molecular weight of PEA degraded by fungi was slightly lower
than that of PEA degraded in sterile mineral medium. A reduction in
molecular weight results in an increased amount of chain ends. These may
also have contributed to the formation of cyclopentanone, as shown in
Scheme 6.4 (reaction 1).

172.2172.4172.6172.8173.0173.2173.4173.6173.8174.0174.2

(ppm)

Figure 6.7  Carbonyl signals in the 13C-NMR spectra of PEA degraded by
Aspergillus fumigatus (top) and in sterile mineral medium (bottom) at 30°C after 9
weeks.
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7. CONCLUSIONS

The environmental degradation of poly(3-hydroxybutyrate-co-3-
hydrocyvalerate) (PHBV) and poly(butylene adipate-co-aminocaproate)
(PEA) was studied to get information about their biodegradability,
degradation mechanism and long-term properties in natural
environments, such as garden/household waste compost.

It was shown that non-enzymatic degradation processes, such as
hydrolysis and thermal degradation, had a minor effect on the
environmental degradation of PHBV in compost, whereas water in
combination with temperatures above 60°C, had a large effect on the
degradation of PEA.

PHBV was readily degraded by the fungus Aspergillus fumigatus and
in garden/household waste compost. PHBV was completely degraded in 21
days by pure fungal culture, whereas the degradation was slower in
compost. The polymer is more accessible to enzymatic attack in an
aqueous environment than in compost where the conditions are
heterogeneous and less moist. PEA was less susceptible to biodegradation
than PHBV. None of the fungi Aspergillus fumigatus, Aspergillus niger or
Phanerochaete chrysosporium were able to use PEA as carbon source. A
supplemental carbon source, such as PHBV, was necessary to sustain
growth. PEA lost 40% of weight with a supplemental carbon source,
compared to 4% without. In garden/household waste compost, the physical
properties of PEA were more readily decreased than during degradation
by pure fungal culture after a period of 51 days. The combination of
moisture, heat and microbial action in compost had a positive effect on the
overall degradation of PEA.
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The biodegradation of PHBV proceeded by enzymatic hydrolysis of
ester bonds, where the fungi Aspergillus fumigatus, showed a preference
to hydroxybutyrate units. Monomers and dimers were formed, as analysed
by GC-MS. These were further metabolised and converted into fatty acids,
such as acetic acid, butanoic acid and pentanoic acid. Fungal degradation
of PEA resulted in complete assimilation of degradation products from the
aqueous phase. PEA degradation by excreted enzymes of Aspergillus
fumigatus showed, however, that the ester and amide bonds were
hydrolysed. Abiotic hydrolysis of PEA resulted in a decrease in ester
content of the polymer.

Pyrolysis-GC/GC-MS has been evaluated as a tool to characterise
structural matrix changes in PHBV and PEA during environmental
degradation. It was possible to differentiate between abiotic and biotic
degradation of PEA, by comparing pyrolysis product patterns. Preliminary
results obtained by pyrolysis-GC indicated that the copolymer composition
of PHBV remained constant during degradation in sterile water, whereas
the copolymer composition of PEA increased. The values obtained were,
however, concequently higher than those obtained by 1H-NMR. The
inconsistency was explained by different thermal stability of the ester-
and amide units or by insufficient separation of pyrolysis products
originating from hydroxybutyrate and hydroxyvalerate units.
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