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Abstract

The growing interest in environmental issues and increasing demands to develop
materials that do not burden the natural environment significantly are currently
observed. In this connection many studies on polymer degradation in different
environments are carried out. It is important to consider the influence of synergistic
action of various factors in order to understand the environmental degradation of
synthetic polymers. This requires understanding of interactions between polymer and
living organisms.

This paper reviews current authors research on environmental degradation of
polyurethanes.

The comparison of environmental degradability of polyurethanes in the Baltic Sea
water and compost under natural weather depending conditions is presented. The
environmental degradation of poly(ester-urethane) based on poly(ethylene-butylene-
adipate) and poly(ester-urethane) based on poly (ε -caprolactone) was evaluated.

The characteristic parameters of sea water (temperature, pH, salt, and oxygen
contents) and of compost (temperature, pH, moisture content, and activity of
dehydrogenases) were monitored and their influence on degradation of polyur‐
ethanes was discussed.

The environmental degradability of polyurethanes was investigated by changes of
weight, tensile strength, morphology, and crystallinity of polyurethanes after
incubation in environment. The investigated polyurethanes were degradable in both
natural environments and their environmental degradability depends on the chemical
structure and the kind and conditions of environment.

Keywords: Poly(ester-urethane), environmental degradation, sea water, compost
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1. Introduction

Polyurethanes are an important and versatile class of synthetic polymers that can be synthe‐
sized on a large scale and can be processed in a variety of different ways. For these reasons,
polyurethanes are widely used in many aspects of modern life. They have found a widespread
use in the industrial fields, for example as furniture coatings, adhesives, construction materials,
flame retardants, fibers, paddings, paints, elastomeric parts, and synthetic skins [1-5]. More‐
over, over the past 40 years polyurethanes have also been used in various biomedical appli‐
cations such as vascular prostheses, artificial skin, pericardial patches, soft-tissue adhesive,
drug delivery devices, and scaffolds for tissue engineering [6-15].

Polyurethane is a general term used for a class of polymers that are synthesized from three
basic components: a diisocyanate, a polyol, and a chain extender. The terminal hydroxyl group
allows for alternating blocks, called “segments”, to be inserted into polyurethane chain. Soft
segments are derived from polyols such as polyester, while the hard segments are formed from
the combination of diisocyanate and a chain extender component. The chain extender is usually
a small molecule with either hydroxyl or amine groups.

On the one hand, hard segments contribute to hardness, tensile strength, impact resistance,
stiffness, and modulus. On the other hand, soft segments contribute to water absorption,
elongation, elasticity, softness, and degradability. Hence, from the point of view of applica‐
tions, it is possible to produce various polyurethanes, which properties can be easily modified
by varying structures of soft and hard segments [16].

The nature of polyurethanes chemistry is the central point for understanding why some
polyurethanes are non-degradable and other undergo fast degradation. Both non-degradable
and degradable polyurethanes can be designed through a proper selection of building
segments. Non-degradable polyurethanes are characterized by their excellent chemical
stability, abrasion resistance, and mechanical properties. Now despite the xenobiotic origins
of polyurethanes, they have been found to be susceptible to degradation by naturally occurring
microorganisms.

Degradable polyurethanes are generally achieved by incorporating labile and hydrolysable
moieties into polymer chain. It is well known that the biodegradation of polyurethanes
depends on their structure, which is conditioned by several factors such as the nature of the
used polyol. It has been reported that poly(ester-urethanes) are prone to microbial degradation
due to the presence of ester bonds that are known to be enzymatic hydrolysable.

Incorporation of biodegradable fillers or biodegradable aliphatic isocyanates can also enhance
biodegradability of polyurethanes and then reduce negative influence on the environment.
For example, using a lignin-based polyols in the polyurethanes was observed higher fungal
degradation level [17].

Considering the variety of possible applications very often the degradability of polyurethanes
has become an important or even a deciding factor. For example, polyurethanes used for
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insulation of under-water cables should have high resistance to environmental degradation.
In contrast to this, biodegradable polyurethane wastes could be place for utilisation or
accumulation in natural environment.

Degradation of polymers is determined by different factors; apart from polymer type the
nature of the environment is also important.

The initial breakdown of a polymer, which is the first step of the biological degradation process,
can result from physical and biological forces. Physical forces such as heating/cooling, freezing/
thawing, or wetting/drying can cause mechanical damage such as cracking of polymeric
materials. The growth of many microorganisms can also cause small-scale swelling and
bursting of polymeric materials. Most polymers are too large to pass through cellular mem‐
branes, so they must be depolymerized to smaller monomers before they can be adsorbed and
degraded within microbial cells. The monomers, dimers, and oligomers of a polymer's
repeating units are much easily degraded and mineralized because they can be assimilated
through the cellular membrane and then further degraded by cellular enzymes. Two categories
of enzymes are involved in the biological degradation of polymers: extracellular and intracel‐
lular depolymerases. During degradation, exoenzymes from microorganisms break down
complex polymers, yielding smaller molecules of short chains that are small enough to pass
semi-permeable outer bacterial membranes and then to be utilized as carbon energy sources.
Under oxygen conditions, aerobic microorganisms are mostly responsible for the degradation
of polymer. Biomass, carbon dioxide, and water are the final products of deterioration. As
opposite to this, under anoxic conditions, anaerobic microorganisms play the main role in
polymer destruction. The primary products are methane, water, and biomass [18].

Figure 1 represents the general mechanism of polymer biological degradation under aerobic
conditions in a natural environment such as sea water and compost, which are studied by
authors.

According to the literature microorganisms such as fungi and bacteria are involved in the
degradation process of polyurethanes [18].

Generally, three types of polyurethane degradations have been identified: fungal degradation,
bacterial degradation, and degradation by polyurethanase enzymes. However, polyurethanes
are especially susceptible to fungal attack. Soil fungal communities are involved in polyur‐
ethanes degradation. For example, four species of fungi, namely, Curvularia senegalensis,
Fusrium solani, Aureobasidium pullulans and Cladosporium, were obtained from soil and found
to degrade ester-based polyurethanes [2, 19]. Bacteria known to degrade poly(ester-urethanes)
also produce polyurethanes degrading enzymes, such as polyurethane-esterases. Two kinds
of polyurethane-esterase enzymes, such as an intracellular polyurethane-esterase and an
extracellular polyurethane-esterase, play predominant and various roles in polyurethane
biodegradation process. The intracellular enzyme provides access to the hydrophobic poly‐
urethane surface. Then the extracellular enzyme sticks on the surface of the polyurethane.
During these enzymatic actions, the ability of bacteria to adhere to the polyurethanes surface
and to hydrolyse polyurethane substrates to metabolites is observed [18].
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According to the literature, the degradation of polyurethanes is mostly studied in laboratories,
in many cases under stable and favourable temperature conditions, providing additional
nutrients to microorganisms and using highly concentrated enzymes to promote degradation
[2, 4, 6, 8, 17, 20-24].

In the case of degradation in natural environment, very often the synergistic action of various
factors leads to polymers degradation. Each natural environment contains different macroor‐
ganisms, microorganisms, and enzymes (in terms of species diversity and population).
Different physical and chemical parameters, which have influence on rates of microbial
activity, affect the rate of the degradation process. Thus, it is very interesting to estimate
degradability of polyurethanes under natural weather - depending conditions.

The sea is a very complicated natural environment for degradation because microorganisms,
animals, salt, sunlight, fluctuation of water, rain, etc., all play a part in degradation in nature.
But it is known that a wide population of living organisms can also exist in the compost.
Therefore, sea water and compost under natural weather depending conditions could be used
for accumulation and utilization of polyurethane wastes.

The aim of this paper is to summarize and compare the results of environmental degradation
of poly(ester-urethanes) in the Baltic Sea water [25] and in compost under natural weather
depending conditions [26].

Figure 1. General mechanism of polymer biodegradation under aerobic conditions.
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2. Experimental

2.1. Materials

Two kinds of poly(ester-urethanes) were used in this work: poly(ester-urethane)A and
poly(ester-urethane)B designated as PU-A and PU-B respectively. The polyurethanes were
obtained by a two-step condensation reaction [27, 28].

In the first step, the prepolymers were prepared from 4,4’diphenylmethane diisocyanate /MDI/
and different polydiols. The poly(ethylene-buthylene-adipate) /PEBA/, MW=2000 was used
for poly(ester-urethane)A. Poly(caprolactone)diol /PCLD/, MW=2000 was used for poly(ester-
urethane)B. The molar ratio of NCO:OH was 4:1 in all cases in the first step reaction. The
synthesis was carried out at 80°C. Both prepolymers were further extended by 1,4-butanediol /
BD/. A chain extender was added to the prepolymer in an appropriate quantity to maintain a
steady NCO:OH ratio of 1.1:1. The content of hard segments (the reaction product of MDI and
low molecular weight chain extender) in obtained PU-A and PU-B was 38% [25, 26].

After synthesis, the polymers obtained in a form of a sheet (thickness of 2 mm), were cut into
dumbbell-shaped samples and were used for the incubation in the environments.

Before incubation in the environments, the swelling test of polyurethane samples [25] was
carried out in acetone and tetrahydrofuran (THF) to estimate the partial solubility and swelling
degree, which can inform us about the extent of crosslinking.

Looking at the results of swelling degree and mass loss presented in Table 1, we can notice
that PU-A is soluble in THF, PU-B is partially soluble. Thus, both the studied poly(ester-
urethanes) differ not only in their chemical structure but in their network as well. PU-B can be
partially crosslinked by allophanate bonds while PU-A is uncrosslinked.

Polymer Equilibrium swelling degree (q)* Mass loss [%]

Acetone THF Acetone THF

PU-A 2.2 Soluble 40 Soluble

PU-B 2.0 6.1 8.0 80

(*) Was calculated from the mass-ratio before and after swelling.

Table 1. Results of swelling test for the blind samples of polyurethanes in acetone and tetrahydrofuran.

2.2. Degradation environments

The incubation of poly(ester-urethanes) took place in two natural environments:

• the Baltic Sea water in Gdynia Harbour

• compost pile under natural weather depending conditions.

The environmental degradation of PU-A and PU-B was carried out for up to 24 months.
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During the environmental degradation in the Baltic Sea water, the samples were located in a
special basket at 2 m depth under the surface of the sea, near the ship of the Polish Ship Salvage
Company. The place of environmental degradation of polyurethane samples in the harbour
area of the Baltic Sea is shown on Figure 2.

Figure 2. Place of environmental degradation of polyurethane samples in the Baltic Sea.

Degradation of polyurethane samples was also performed in the laboratory in a liquid medium
containing sea water with NaN3 (0.195 g NaN3/1000cm3). The polyurethane samples were
located in the glass aquarium, with dimensions of 40 × 40 × 20 cm, equipped with an aeration
pump. The sodium azide was added to the sea water to exclude the activity of microorganisms
and to evaluate the resistance of the polymers to hydrolysis.

The characteristic parameters of sea water according to the Gdynia Water Management and
Meteorology Institute and of liquid medium containing sea water with NaN3 are shown in
Table 2.

Months

PARAMETERS

Baltic Sea water sea water with NaN3

Temperature
[°C]

pH
Oxygen
contents

[cm3/dm3]

Salt contents
[ppt]

Temperature
[°C]

pH

January 2.5 8.2 9.7 6.9 18.0 8.1

February 1.6 8.2 10.3 6.4 18.5 8.0

March 3.5 8.2 10.3 6.5 19.0 8.0

April 5.1 8.4 10.0 6.8 20.0 8.0

May 13.1 8.5 8.5 6.2 21.5 8.0

June 16.5 8.3 8,0 6.3 23.0 8.0
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Months

PARAMETERS

Baltic Sea water sea water with NaN3

Temperature
[°C]

pH
Oxygen
contents

[cm3/dm3]

Salt contents
[ppt]

Temperature
[°C]

pH

July 19.4 8.1 7.6 6.1 22.0 8.1

August 20.1 8.2 6.5 6.1 23.0 8.0

September 16.2 8.2 6.7 6.5 20.0 8.1

October 13.1 8.1 6.7 7.1 19.0 8.1

November 6.7 8.2 7.8 6.7 18.0 8.1

December 3.4 8.2 8.0 6.7 18.0 8.0

Table 2. The characteristic parameters of the Baltic Sea water and sea water with NaN3.

Figure 3. The cross-section of the compost pile prepared in natural environment [26].

The compost used in this work was formed with the dehydrated sewage sludge taken from a
municipal waste treatment plant in Gdynia. The compost pile was prepared under natural
conditions of sewage farm. It consisted of the sewage sludge, burnt lime, and straw. Burnt lime
(0.45 kgCaO/1kg dry mass of compost) was added to ravage phatogenic bacterium and eggs
parasites, to deacidificate sewage sludge, and to convert sludge to compost. The straw was
added to maintain the higher temperature of the compost pile and to loosen the structure of
the compost pile. The compost pile prepared under natural conditions was not adequately
aerated, so it is expected that a combination of conditions from aerobic at the upper part of
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pile, microaerophilic in the middle part, and facultative anaerobic at the bottom of the pile
could occur for microorganism growth [26]. Figure 3 represents cross-section of the compost
pile in natural environment.

The characteristic parameters of the compost, such as, temperature, pH, moisture content, and
activity of dehydrogenases, were measured during the degradation process and are shown in
Table 3.

Months

PARAMETERS

Temperature
[oC]

pH
Moisture content

[%]
Activity of dehydrogenases

[mol mg-1 d.m.]

January 6.0 5.3 49 0.0281

February 4.0 5.6 50 0.0286

May 15.0 5.7 55 0.0297

July 19.0 5.5 53 0.0328

August 22.0 5.4 56 0.0431

November 8.0 5.8 60 0.0318

December 7.0 5.9 55 0.0192

Table 3. The characteristic parameters of compost.

2.3. Measurements

2.3.1. Characterization of the compost pile under natural conditions

The characteristic parameters of the compost such as temperature, pH, moisture content, and
activity of dehydrogenases were measured during degradation process.

2.3.1.1. The humidity of compost

The moisture content of the compost was determined by drying at 105°C until constant weight
was obtained.

2.3.1.2. The pH of the compost

The pH of the compost was determined with a Teleko N 5172 pH-meter [26].

2.3.1.3. The biochemical activity of compost

To estimate the biochemical activity of microorganisms in sludge, the activity of the dehydro‐
genases was measured by a spectrophotometric method using triphenyltetrazolium chloride
(TTC). The method is based on the dehydrogenation of glucose added to the compost with a
subsequent transfer of hydrogen to the colourless, biologically active compound of TTC, which
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undergoes a reduction to triphenyloformazan (TF). The intensity of red colour compound TF
was measured using a Specol colorimeter at 490 nm [26].

2.3.2. Investigations of polyurethanes samples

After incubation time, the samples were taken out from the environment, washed with distilled
water, and dried at room temperature until constant weight.

The environmental degradability of polyurethanes was investigated by changes of weight,
tensile strength, morphology, and crystallinity of polyurethane samples after incubation in the
environment.

2.3.2.1. The changes in the polymer surface

The changes of polyurethanes surface were evaluated at macro- and micro scale. The views of
polyurethane samples surface before and after degradation were compared. The pictures were
taken before and after incubation in the environment. Microscopic observations of samples
surface were done at magnification of 1:300 using the optical microscope ALPHAPHOT-2YS2-
H Nikon linked to the photo camera Casio QV-2900UX. The samples were observed with and
without polarizer.

2.3.2.2. The changes of weight

Weight changes were determined using an electronic balance Gibertini E 42s. The weight of
clean and dried samples of polyurethanes after incubation in the compost was compared with
those before incubation. The percentage weight changes [%] were calculated from the weight
data.

2.3.2.3. The changes of tensile strength

Tensile strength [MPa] was measured at room temperature using a Tensile Testing Machine
ZMGi-250 according to PN-EN ISO Standard [29].

2.3.2.4. The changes of thermal properties

Thermal analysis was carried out using Perkin-Elmer Pyris 1 Differential Scanning Calorimeter
equipped with Intracooler 2P. The heating scans at the rate of 5 K/min in the temperature range
-65-230oC in nitrogen atmosphere were recorded [26].

3. Results and discussion

3.1. Characteristics of the degradation environments of polyurethanes samples

The characteristic parameters of the Baltic Sea water and compost pile under natural conditions
were monitored during the environmental degradation process of polyurethanes and their
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influence on degradation of polyurethanes was discussed. As both biotic and abiotic param‐
eters of sea water (temperature, pH, salinity, and oxygen content) and compost (temperature,
pH, moisture content, and activity of dehydrogenases) have a significant influence on the
development of living microorganisms in natural environment.

Looking at the parameters presented in Tables 2 and 3, we can state, that the average temper‐
ature in the Baltic Sea was about 10°C and about 12°C in the compost pile. The temperature of
both environments, depending on the weather conditions (season), had been fluctuating a lot
during the experiment (from 1 to 20°C in sea water and 1°C-22°C in compost). Only the average
temperature of sea water and compost during summer months (July, August) was on the
similar level to the preferred for enzymatic degradation (20°C-60°C) [30].

There were significant differences in the pH values of both natural environments. The average
pH in the Baltic Sea was 8.2 and 5.5 in compost pile.

The very low temperature and the alkaline pH (~8) of the Baltic Sea caused that the psychro‐
trophic bacteria could play the main role in the degradation in this environment [25].

During the winter months, we could observe the very low temperature and the highest oxygen
content (February 10, 3 cm3/dm3). These conditions could have an influence on the activity of
oxidizing enzymes, which are responsible for oxidation. It could be expected that these
conditions had an influence on the development of aerobic epilithic bacteria. The metabolism
of these microorganisms probably caused the decrease of oxygen content in the summer
months (August 6.5 cm3/dm3) and changed the concentration of carbon dioxide in sea water.
However, it was not able to change significantly the pH of sea water.

It is known that the activity of dehydrogenases depends on the degree growth of microorgan‐
ism populations, which are producing enzymes involved in degradation process. During the
degradation time, the activity of dehydrogenases had been changing and depending on both
biotic and abiotic conditions in this environment.

The weather, as well as respiration of microorganisms, had an influence on fluctuation of
moisture content in the compost. With decreasing moisture content, lower absolute value of
the activity of dehydrogenases was observed.

The rather low temperatures (below 20°C) and slightly acid pH (~6) of compost under natural
weather - depending conditions caused that psychrotrophic acidophilic microorganisms
(fungi) could play the main role in the degradation process [26].

Considering the characteristic abiotic parameters of sea water and compost presented in Tables
1 and 2 and the different microbial communities (fungi in compost and bacteria in sea water),
we could expect the different rate of degradation of polyurethanes in these two natural
environments.

Incubation of polyurethane samples in the laboratory in a liquid medium containing sea water
with NaN3 (Table 2) was performed in a stable temperature (about 20°C) and under alkaline
conditions (pH about 8).
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3.2. Evaluation of the changes of polyurethane samples during environmental degradation

The environmental degradation of polyurethanes in sea water and compost was evaluated
visually at first. Figure 4 represents the surface view at macro scale of investigated poly(ester-
urethanes) before and after degradation in the Baltic Sea water and compost under natural
weather depending conditions.

Figure 4. Macroscopic images of poly(ester-urethanes) after environmental degradation.

The blind samples of PU-A and PU-B are beige or white and opaque. The both poly(ester-
urethane) samples incubated in natural environments are characterized by the flaws at the
surface that gradually grew into microcracks, eventually breaking the samples. At the end of
the experiment in natural environments, the surface of poly(ester-urethanes) samples is rough
and cracked with visible black areas after incubation in sea water. While after incubation in
sea water with NaN3 the surface is only matt.

The environmental degradation of poly(ester-urethane) samples in the Baltic Sea water and
the compost under natural weather-depending conditions was also evaluated on the basis of
changes of surface morphology. After incubation in both natural environments, the poly(ester-
urethane) samples were not homogeneously destroyed over the whole polymer surface and
there were different images depending on the place. The photomicrographs repeated images
observed under the reflected microscope equipped with polarizer were done.
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Microscopic observations after incubation in the natural environments have shown vulnera‐
bility of PU-A and PU-B to the microbiological attack. The changes of surfaces of both
poly(ester-urethanes) are comparable. After incubation of poly(ester-urethanes) in natural
environments the deterioration of the surfaces has been observed. The photomicrographs of
PU-B are presented in Figure 5.

Figure 5. Microscopic images of PU-B observed under optical microscope with polarizer before and after environmen‐
tal degradation.

The changes in birefringence of PU-B observed under a polarized optical microscope are
noticeable (Figure 5). The blind sample of PU-B is slightly crystalline (the bright elements on
the surface before degradation). It is known that the degradation process of polyesters
proceeds in two stages [31]. During the first stage of the environmental degradation of PU-B,
the gradually increase of bright elements on the surface was observed. This increase of bright
elements might be an evidence of increase in crystallinity as a result of the degradation
amorphous phase (random hydrolytic scission of ester bonds) [25, 26]. The second stage started
after degradation of the major part of the amorphous phase. At the end of incubation in the
compost, we could see distinct loss of bright elements due to the degradation of the crystalline
phase (Figure 5).

Comparing microscopic observations of PU-B after environmental degradation in the Baltic
Sea water and in compost we can state that PU-B based on poly(ε-caprolactone) is more
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vulnerable to degradation in compost than in sea water. Thus, the higher deterioration of the
PU-B surface have been observed. It is because of the fragment of poly(ε-caprolactone) in the
main chain of PU-B, which is susceptible to microbial degradation. Moreover, in this natural
environment there were conditions favourable for growth of fungi. It is well known that fungal
communities are involved in poly(ester-urethanes) biodegradation [2, 6, 17, 23, 24, 32].

Susceptibility of poly(ester-urethanes) to environmental degradation was evaluated based on
weight changes [%] of polymer samples after incubation. The results of the weight changes of
the PU-A and PU-B after incubation in natural environments are presented in Figure 6.

Figure 6. The weight losses [%] of PU-A and PU-B after environmental degradation.

The obtained results indicate that both poly(ester-urethanes) degrade in natural environments
such as the Baltic Sea water and compost. It confirms susceptibility of poly(esters-urethane) to
biological degradation.

Generally, the results presented in Figure 6 indicate that the degradability of poly(ester-
urethanes) depends on their chemical structure and the kind of environment.

In the Baltic Sea water, where the low temperature and the alkaline pH were favourable for
the development of aerobic bacteria, uncrosslinked PU-A based on poly(ethylene-butylene-
adipate) was more prone to degradation than PU-B based on poly(ε-caprolactone). At the end
of incubation in the Baltic Sea water (12 months) the changes of weight of PU-A were much
higher (19%) than of PU-B (4%). It could be explained by the different networks of those
polyurethanes. Unexpectedly, the introduction of a fragment of poly (ε -caprolactone) to the
main chain of PU-B did not lead to the increase of its environmental degradability [25].
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In contrary, to this there are results of the degradation of poly(ester-urethanes) in compost
under natural weather-depending condition. The strongest effect of environmental degrada‐
tion in compost was observed for slightly crosslinked PU-B based on poly (ε -caprolactone)
than not crosslinked PU-A based on poly(ethylene-butylene-adipate). It could be mainly
explained by degradation of poly (ε -caprolactone) in this biotic environment as a result of
enzymatic hydrolysis of ester bonds susceptible to fungal degradation [26]. Considering the
parameters of compost pile under natural weather-depending conditions (temperature and
pH) it could be stated that the psychrotrophic acidofilic microorganisms (fungi) were respon‐
sible for the level of degradability of poly (ester-urethanes).

According to the literature polyester degradation occurs primarily by chain scission in main
chain of polymer and can be induced by enzymatic hydrolysis. Enzymes can attack on the
surface poly(ε-caprolactone) segments of polyurethane, degrading them to smaller molecular
units via hydrolytic attack. Then surface erosion takes place with farther hydrolysis process
erosion. At the end, hydrolysis rate decreases after the consumption of the amorphous
materials by microorganisms [6, 33, 34].

This is why the higher weight losses and deterioration of the surface have been observed
during environmental degradation in compost [26].

During incubation in the sea water with NaN3 in the laboratory, the weight changes of
poly(ester-urethane)s are insignificant even though the temperature was higher than in the
natural environment. This was due to the absence of microorganisms in sea water with sodium
azide [25].

Changes of mechanical properties of both poly(ester-urethanes) were checked by the meas‐
urement of the tensile strength before and after environmental degradation. The results are
presented in Figure 7.

It is interesting to note that for blind samples, the higher tensile strength is observed for PU-
B sample, which is due to its partial crosslinking. The rates of the changes in the mechanical
properties (Figure 7) resemble the rate of the mass loss (Figure 6) and the changes of surface
poly(ester-urethanes) (Figures 4 and 5). The data in Figure 7 show that the tensile strength of
poly(ester-urethanes) had been decreased during the incubation time in sea water and compost
[25, 26]. After 6 months of environmental degradation, only the samples of PU-A incubated in
sea water were torn up into pieces, whereas the tensile strength of the other samples degraded
in both environments could still be estimated. Probably, microorganisms existed in sea water,
such as psychrotrophic bacteria, caused the breaking of polymer samples resulting in the
fragmentation. After 12 months of environmental degradation all poly(ester-urethanes) lost
the tensile strength.

The loss of tensile strength, discoloration, and cracking observed for environmental degraded
poly(ester-urethanes) are typical for the effects of degradation of poly(ester-urethanes) as a
result of microorganisms activity.

The results of thermal analysis of poly(ester-urethane) samples are shown in Table 4 and Figure
8a and b and they are in the agreement with microscopic observations (Figure 5).
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Polymer Incubation time [months]
TmSS

[°C]
∆HSS
[J/g]

TmHS

[°C]
∆H HS

[J/g]

PU-A

0 - - 140/184 3/3

6 48 8 146 39

12 51 9 136 2.3

24 55 8 151 22

PU-B

0 77 2.6 - -

6 49 5.5 188 3

12 50 3 143/196 2/1

24 52 7.6 189 2

Table 4. Melting temperature (Tm) and melting enthalpy (∆H) of crystallites made of soft (SS) and hard segment (HS)
determined from DSC scans for PU-A and -B samples before and after incubation in compost.

The DSC analysis of PU-A and PU-B revealed the differences in their phase composition
(Figure 8). Both poly(ester-urethanes) before degradation showed the little presence of crystal
phases. The blind sample of PU-A contains mainly crystals made of hard segments, which is
indicated by the small melting peaks at high temperatures (140°C and 184°C in Figure 8a). In
the case of the blind sample of PU-B, only small melting peak at low temperatures (77°C in
Figure 8b) was noticed. It is corresponding to the melting of soft segments crystals.

Figure 7. The tensile strength [MPa] of PU-A and PU-B before and after environmental degradation.
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Due to incubation in the compost, the evident increase in crystallinity in both poly(ester-
urethanes) was observed. However, in the case of PU-A, crystal phases made of both hard and
soft segments appeared, but in the case of PU-B, mainly crystal phase made of soft segments
(compare Figure 8a and b and Table 4) appeared. The observation that higher crystallinity
develops in PU-A may be explained by its uncrosslinked structure. In the case of PU-B, the
partial crosslinking constraints at some point of crystallization are especially of hard segments.
Differences in crystallinity in both poly (ester-urethanes) seem to correspond with mechanical
properties. The smaller decrease of mechanical properties of PU-A is due to the reinforcing
effect of higher crystallinity [26].

4. Conclusions

Currently, the information concerning microbial degradation of polyurethanes in the natural
environment is still limited. In this study, the ability of the Baltic Sea water and compost to
degrade poly(ester-urethanes) were accessed. The achieved results pointed out that the
poly(ester-urethane) based on poly(ethylene-butylene-adipate) and poly(ester-urethane)
based on poly (ε -caprolactone) are susceptible to environmental degradation under natural
weather-depending conditions.

Generally the stronger effect of environments degradation—the higher weight losses and
deterioration of the surface of poly(ester-urethanes)—has been observed during environmen‐
tal degradation in compost, than in sea water where the conditions were favourable for the
development of aerobic bacteria.

In the Baltic Sea water uncrosslinked poly(ester-urethane) based on poly(ethylene-butylene-
adipate) was very prone to degradation. Whereas slightly crosslinked poly(ester-urethane)
was moderately resistant to degradation in sea water, even though it has a fragment of poly
(ε -caprolactone) in the main chain. In contrary to this, there are results of the degradation of

 

 
(a) 

 
(b) 

 
Figure 8. The DSC curves for poly(ester-urethanes): a) PU-A and b) PU -B before and after incubation in the compost
for 6, 12, and 24 months [26]
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poly(ester-urethanes) in compost. In this environment, slightly crosslinked poly(ester-
urethane)B, based on poly(ε-caprolactone) was more degradable, than not being crosslinked
poly(ester-urethane)A, based on poly(ethylene-buthylene adipate). Finally, the higher weight
losses and deterioration of surface have been observed. It could be mainly explained by
degradation of poly (ε -caprolactone) in this biotic environment as a result of enzymatic
hydrolysis of ester bonds susceptible to fungal degradation. The psychrotrophic acidofilic
microorganisms (fungi) were responsible for the level of degradability of poly(ester-urethanes)
in compost.

Due to incubation in the compost, there is the evident increase in crystallinity in both poly(es‐
ter-urethanes). Differences in crystallinity are corresponding with mechanical properties as
reinforcing effect of crystal phase in poly(ester-urethanes). The smaller decrease in mechanical
properties of poly(ester-urethane)A, than poly(ester-urethane)B may be due to its higher
crystallinity. The loss of tensile strength, discoloration, and cracking observed for environ‐
mental degraded poly(ester-urethanes) are typical for the effects of degradation of poly(ester-
urethanes) as a result of microorganisms activity.

The environmental degradation process of poly(ester-urethanes) indicates that the degrada‐
tion in natural environment such as the Baltic Sea water and compost is the result primarily
of enzymatic hydrolysis of ester bonds, then crystallinity and network structure of poly (ester-
urethanes). The rate of environmental degradation process of poly(ester-urethanes) also is
depended on the kind and conditions of natural environment.
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