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ABSTRACT

The accumulation of plastic wastes in the marine environment represents a steadily increasing global environ-
mental threat. The replacement of conventional plastics with bio-based biodegradable materials may contribute
to alleviating the problem in the long run. This work studies the disintegration behaviour of three bio-based plas-
tic materials, namely Polyhydroxybutyrate (PHB), Polybutylene sebacate (PBSe), Polybutylene sebacate-co-
terephthalate (PBSeT), in three different coastal zone marine environments under natural conditions. The
three studied environments were: 1) the seashore zone which is periodically covered by the seawater due to
waves or tide, called eulittoral or intertidal zone; 2) the water column zone of small depth (about 10 m), called
pelagic zone; and 3) the interface zone between the water column and the seabed sediment at small depth
(about 20 m), called sublittoral or benthic zone. The experiments took place in the Aegean Sea at the SW coast
of Salamis Island. The results showed that disintegration, as an indicative measure of biodegradation, occurs in
all three tested environments, even though the rate depends on the material, the habitat, and the prevailing dur-
ing the testing period environmental conditions. The degrees of disintegration of all materials in the three envi-
ronments exhibited significant differences: Benthic > Intertidal > Pelagic. The observed disintegration can be
attributed to biodegradation since the negative reference Low-density Polyethylene (LLDPE) material did not
disintegrate.
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1. Introduction

Pollution due to plastics is a major problem of the marine environ-
ment. Since most plastics do not biodegrade, they accumulate over
time (Acampora et al., 2014). Plastic items or fragments are found on
the seafloor, floating in surface waters (Law et al., 2011) or buried in
the sediment (Van Cauwenberghe et al., 2013). The plastic debris accu-
mulation in the ocean, including a growing amount of micro-plastics
(particles <5 mm), has been identified as an environmental hazard of
global scale and importance.

Micro-plastics are found in various marine habitats such as the
water column, the sediments, even the deep sea (Galgani et al., 2015).
It is characteristic that the amount of micro-plastic beads litter in 2012
only in the EU was estimated at 4360 t (UNEA, 2016). UN Environment
launched in February 2017 an unprecedented global campaign aimed at
the elimination of “major sources of marine litter: micro-plastics in cos-
metics and the excessive, wasteful usage of single-use plastics by the year
2022” (UN Environment, 2017). According to (Koulouvaris et al.,
2015), the main component of the marine floating litter is plastic, com-
prising up to 95% of the total marine litter accumulated on the shore-
lines, floating on the ocean waters and sunk on the seabed.

Important steps have been taken by the EU to reduce plastic waste
(e.g. Plastic Bags Directive: Directive (EU) 2015/720 (2015), banning
single-use plastics). A European strategy for plastics was adopted in
2018 to ensure that all plastic packaging is reusable or recyclable in
a cost-effective manner by 2030 (European Commission, 2018a).
This circular approach allows for setting criteria for the feedstock se-
lection, manufacturing, product use, and End-of-Life (EoL) recovery
options.

Besides the need to reduce the use of plastics and its uncontrolled
disposal to the environment and to implement a holistic design ap-
proach for sustainable plastic products, the development of alternatives,
such as the substitution of conventional plastics by biodegradable mate-
rials could be helpful (UNEP-NOAA, 2011). Biodegradable products are
materials completely degrading under the action of micro-organisms
in a specific environment and within a given time frame. Biodegradable
plastics may also be bio-based, namely wholly or partly derived from
biomass (EN 16575, 2014). High biomass content does not necessarily
imply biodegradability. Some bio-based plastics are biodegradable in
specific environments (e.g. polylactic acid (PLA) is compostable under
industrial composting conditions but does not biodegrade under natural
soil conditions) (European Bioplastics, 2018). Other bio-based plastics
are non-biodegradable (e.g. bio-polyethylene (Bio-PE)).

Although littering by any kind of plastics, including biodegradable
plastics, should also be avoided, biodegradation could contribute to
the reduction of the accumulated plastic debris volume with time. For
this reason, determining the biodegradation behaviour of developing
innovative bio-based plastics in the marine environment is important
for characterizing the new materials and designing the relevant prod-
ucts in support of the emerging Bio-economy and the recirculation prin-
ciple of the Circular Economy. It is stressed that apart from the inherent
biodegradability of a material, the ability of microorganisms to biode-
grade this material can vary widely depending on the environmental
and biological conditions of the natural ecosystem the material is ex-
posed to.

There is a large diversity with respect to marine habitats (e.g. coastal
and open ocean habitats) and the corresponding environmental, biolog-
ical and physicochemical conditions. The terminology for marine habi-
tats is not defined and classified in a standardized way yet, but
usually, habitats are defined non-systematically, or on a subjective ad
hoc basis (Fraschetti, 2012). For the purpose of the present work the fol-
lowing definitions were adopted:

Coastal zone: A strip of varying width at the interface between sea
and land, on both the land and sea sides, that depends on the nature
of the environment, bio-geographical conditions and management
needs (Lavalle et al,, 2011).

Littoral zone: Operationally defined as the part of the coastal zone ex-
tending from the rarely submerged high water mark to the permanently
submerged shoreline areas at a depth where a minimum of 0.1% of the
incident irradiance penetrates the surface water, allowing for the
growth of benthic (macro or micro) plants (Duarte, 2008).

Eulittoral zone: The intertidal zone (or foreshore or tidal), extending
from the rarely submerged spring high tide line to the usually sub-
merged neap low tide line. It represents the benthic zone falling be-
tween the sea water fluctuation level limits (Merriam-Webster, 2018).

Sublittoral zone: The sublittoral zone (approximately equivalent to
neritic zone), is the benthic zone that starts immediately below the
eulittoral zone and extends to depths covered permanently with seawa-
ter (photic zone approx. up to 200 m depth). Marine life is very rich in
the sublittoral zone. Tidal flows, wave's energy dissipation, internal
waves and flows, dominate the sublittoral zone's environment. How-
ever, the benthic zone in the sublittoral is much more stable as com-
pared to the intertidal zone in terms of temperature, water pressure,
sunlight (Salomon and Markus, 2018).

Pelagic zone: The water column of the open sea above the sublittoral
zone. This is defined as the epipelagic subzone within the limits of the
neritic zone (deep waters and sea waters beyond the littoral zone are
not considered in the present work). This pelagic zone is an illuminated
zone, like the sublittoral zone below, photosynthetically very active
with high concentrations of plankton and floating seaweed and fish
(Halstead and Basham, 2013).

Biodegradation in marine environments is studied by both field and
laboratory experiments. Standard Methods for testing the biodegrada-
tion of plastic materials in the marine environment are still in an early
stage of development (Marine sediment: ISO 18830 (2016), ISO 19679
(2016) and ISO/FDIS 220404 (2019); Marine field tests: ISO/DIS 22766
(2019) ; Seawater or sandy sediment: ASTM D6691 (2017) and ASTM
D7991 (2015)). Laboratory tests are used to measure the biological de-
composition of the tested materials since the respiration activity of the
microorganisms, which aerobically decompose and assimilate the poly-
mers, can be monitored (Pauli et al., 2017; Weber et al,, 2018). Field ex-
periments demonstrate the relevance of the laboratory results to the
natural bio-assimilation of the tested materials. The comparison be-
tween field and lab results cannot be straightforward since in field ex-
periments only the disintegration rate and degree of the materials are
measured. Disintegration can be considered as an indication of biodeg-
radation in combination with other complementary methods and tak-
ing also into account the abiotic degradation effects. Because of the
large diversity of marine habitats, the production of reliable field data
that could be used for the validation of new laboratory testing methods
is very difficult. In many cases, abiotic factors such as solar radiation,
waves, sea currents, abrasion by sea sediments, etc., contribute to phys-
ical degradation and disintegration of the samples. Therefore, the effect
of biodegradation cannot be isolated, measured and monitored easily.
Experiments performed in diverse natural marine zones have been re-
ported recently in the literature. Field experiments attempt to detect
biodegradation by measuring the disintegration of samples (i.e. frag-
mentation and/or deterioration of mechanical properties) as an indica-
tion of the materials biodegradation.

Pauli et al. (2017) examined the degradation of conventional poly-
ethylene plastic (PE) and of biodegradable polymer blend (MaterBi®)
carrier bags under field conditions (exposed to sublittoral and pelagic
coastal habitats) over a period of 1 year. The mechanical properties of
the samples were measured as an indicator of degradation and also of
the change in the polymers molecular structure. The disintegration
(%) of the films was determined photogrammetrically. Only MaterBi
was found to disintegrate. The biodegradation of MaterBi® samples
was confirmed by laboratory tests.

In another experimental study, the disintegration of polymer sam-
ples made of blended starch-poly(p-hydroxybutyrate-co-p-
hydroxyvalerate) (PHBV) formulations under marine conditions was
monitored for one year at four stations in three different coastal water
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Table 1
Materials used in the experiments.
Code name Material (film) Thickness (pm) Type Producer
LDPE Low-density polyethylene 25 Fossil-based hydrocarbon Grade: LUPOLEN 2420 K Lyondel base 1l
PHB-80 Polyhydroxybutyrate 80 Bio-based (100%), biodegradable Metabolix
Grade: Mirel™ P5001
PBSe-25 Polybutylene sebacate 25 Aliphatic polyester Bio-based (>70%) Novamont
PBSe-100 Polybutylene sebacate 100 Aliphatic polyester Bio-based (>70%) Novamont
PBSeT-25 Polybutylene sebacate-co-terephthalate 25 Aliphatic-Aromatic co-polyester Bio-based (> 30%) Novamont
PBSeT-100 Polybutylene sebacate-co-terephthalate 100 Aliphatic-Aromatic polyester Bio-based Novamont

(>30%)

environments (coastline, reef, deep water) SW of Puerto Rico (Imam
et al, 1999). The disintegration of the bioplastic was estimated by mea-
suring the weight loss and the deterioration of mechanical properties.
The correlation to biodegradation was analysed indirectly (but not mea-
sured) by studying the microbial growth by standard spread plate
methodology using three different media. Imam et al. (1999) reported
that the disintegration of polyhydroxyalkanoates (PHAs) occurs rela-
tively rapidly in coastal marine mud, where the microbial population
is dense and metabolic activity is intense.

Tsuji and Suzuyoshi (2002a) tested poly(e-caprolactone) (PCL), poly
[(R)-3-hydroxybutyrate] (R-PHB) and poly(L-lactide) (PLLA) in large
onshore tanks where natural static seawater and sediment were kept
under controlled conditions (mesocosm test). The degradation of the al-
iphatic polyesters, monitored by measuring the molecular weight, the
crystallinity, the melting temperature, and the tensile properties of the
plastic material (no disintegration measurements reported ), decreased
in the order: PCL > R-PHB > PLLA. The same polymers were also tested
in a mesocosm experiment involving mechanically driven water flow
(Tsuji and Suzuyoshi, 2002b). The stresses due to the moving seawater
caused additional mechanical damage or abiotic degradation of the
films, accelerating the degradation process measured under static con-
ditions. Another mesocosm experiment was performed by immersing
fibres of three aliphatic polyesters, namely PCL, PHB/V, and poly(-butyl-
ene succinate) (PBS) in tanks containing deep-sea water collected from
three different locations in Japan (Sekiguchi et al., 2011). The materials
degradation was studied by means of mechanical properties measure-
ments and surface morphology analysis. No information about disinte-
gration is provided. Also, PCL-degrading bacteria were screened and
isolated. The obtained results indicated that PCL and PHB/V were

degraded in deep-sea water, despite the low temperatures, and five
PCL-degrading bacteria were isolated and characterized.

This work presents the analysis of the disintegration behaviour of
three bio-based biodegradable plastic films in various natural marine
environments of the coastal marine zone. The field experiments were
planned and performed in the framework of the OpenBio (2016) pro-
ject. In parallel laboratory tests were performed for measuring the bio-
degradation of the same plastics in inocula obtained from the
corresponding marine environments (Tosin et al., 2016). The lab results
will be presented separately due to space limitations. The parallel field
and laboratory tests aimed at developing new laboratory testing
methods for assessing the biodegradation of plastics in various marine
environments. The disintegration results of the field experiments pre-
sented in this work are considered as an indication, but not as a mea-
sure, of the biodegradation rates of the three materials under natural
conditions, taking also into account the accelerating abiotic degradation
effects. The field disintegration/biodegradation test results were used
for validating and calibrating the corresponding laboratory tests
(Tosin et al., 2012).

2. Materials and methods
2.1. Materials

Four plastic films were exposed to three different natural coastal
zone marine environments. Two materials were the bio-based plastic
films with different degrees of bio-based content: Polybutylene
sebacate (PBSe) (Siotto et al., 2013) and Polybutylene sebacate-co-
terephthalate (PBSeT). In addition, the bio-based biodegradable

Fig. 1. Geographic details of the field test site at Salamis Island (location: 37° 53’ 33" N, 23° 24’ 30" E).
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Table 2
Overview of the performed experiments.

Zone of exposure Start date End date Materials Frequency of sampling (months)
Eulittoral (S1) 8/7/2014 8/10/2015 PHB-80, PBSe-25, PBSeT-25, LDPE 3
Benthic 8/7/2014 8/10/2015 PHB-80, PBSe-25, PBSeT-25, LDPE 3
Benthic 22/12/2014 22/5/2015 PHB-80, PBSe-25 1
Pelagic 8/7/2014 8/10/2015 PHB-80, PBSe-25, PBSeT-25, LDPE 3
Pelagic 22/12/2014 22/5/2015 PHB-80, PBSe-25 1
Eulittoral (S1, S2) 15/10/2015 8/2/2017 PHB-80, PBSe-25, PBSeT-25, LDPE 3
Eulittoral (S2) 3/11/2015 3/11/2016 PBSe-100, PBSeT-100 3
Benthic 10/11/2015 23/11/2016 PHB-80, PBSe-25, PBSeT-25, LDPE, PBSe-100, PBSeT-100 3
Pelagic 10/11/2015 23/11/2016 PHB-80, PBSe-25, PBSeT-25, LDPE, PBSe-100, PBSeT-100 3

Polyhydroxybutyrate (PHB) film was used as the positive control
(Emadian et al., 2017) and the fossil oil based Linear Low-Density Poly-
ethylene (LDPE) film as the negative control. The technical characteris-
tics of the materials are described in Table 1.

The expected disintegration of these materials in marine environ-
ment follows the order: LDPE <« PBSeT < PBSe < PHB (Tosin et al.,
2016; Siotto et al., 2013), where LDPE is considered as non-
biodegradable.

2.2. Location

The field experiments took place at the southern coast of the Salamis
Island (Fig. 1) near Athens, Greece (location: 37° 53’ 33" N, 23° 24’ 30”
E). This location near the facilities of an aquaculture unit was selected
for conducting the field tests. In this way, the installation of the experi-
mental set-up, the monitoring of the testing installations, the condition
of the environment and the sampling were facilitated as the experi-
ments were carried out in a relatively controlled and safe area.

Samples of the materials described in Table 1 were placed in three
different marine environments: the benthic (sublittoral), the pelagic
and the intertidal (eulittoral). These three habitats are described as
following:

1) Eulittoral orintertidal zone (Tosin et al.,2012): The sandy sediment in
this zone usually has high levels of moisture content although it fre-
quently remains above the sea level. Two nearby beaches marked in
Fig. 1 as site S1 and site S2, were used for the exposure of the
samples.

Pelagic zone (Tosin et al., 2012): In the present study the epipelagic
subzone within the limits of the neritic zone, a well-aerated zone
of the coastal seawater near the coastline at a depth range of
10-50 m below sea level was used as the broader field test location.
The samples were installed at 10 m depth.

Sublittoral or benthic zone (Tosin et al., 2012): In the present study
the benthic zone that starts immediately below the eulittoral zone
within the limits of the neritic zone, near the coastline at a depth
range of 10-50 m below sea level was used as the broader field

2

—
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—

test location (i.e. the sublittoral zone below the pelagic zone). This
is a biologically active zone, with very rich biodiversity (based on vi-
sual observations and measurements of TOC and N). During the
present experiment, the samples were installed on the seabed at
20 m depth. The pelagic and benthic field test sites with the sample
installations were at the same location in different depths (Fig. 1).

2.3. Experimental setup

Two main series of one-year experiments were performed in all
three studied environments. However, certain materials were found to
disintegrate faster than expected in specific marine habitats, so the sam-
pling frequency was found to be too low to determine accurately their
disintegration behaviour with time. For these cases, additional experi-
mental series were organized with shorter sampling times in order to
further clarify the disintegration process of each material in all studied
environments. The complete overview of the performed experiments
is presented in Table 2. In order to monitor the experiments more effi-
ciently, samples were inspected more frequently than the originally
planned recalls. During such intermediate inspections, less than three
samples were photographed on site, without removing the samples,
and analysed. The difficulty to photograph all sample repetitions (by re-
covering them and reinstalling back) on the site explains the lack of
standard deviations in the measurements of the disintegration of the
specific recalls.

Each test material sample was placed inside a plastic (PP) net sup-
ported by a plastic frame with internal dimensions 210 x 297 mm.
The net mesh size was 7 x 7 mm and was fixed along its four sides on
the frame so as to keep the test film flat (Fig. 2). For each experiment,
five recalls were planned for each pair material-environment over an
exposure period of one year. Each recall included three samples of
each test material.

The test samples for both, the pelagic (water column) and the ben-
thic (sublittoral) environment were suspended by ropes (Fig. 3). The
three samples of each recall and material were supported as separate
sets for the benthic and the pelagic zones, on a single rope. Thus, for
the five recalls of the four different materials, twenty ropes were
installed. The ropes were stretched in a vertical position by means of a

Fig. 2. Sample supporting system consisting of a rigid frame and plastic net with mesh size 7 x 7 mm.
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(a) intertidal zone

(b) pelagic zone (10 m)

(c) benthic zone (20 m)

Fig. 3. Samples placed in the intertidal zone (a) and sample repetitions placed in the pelagic (b) and the benthic (c) zone.

free-floating pickup buoy and a cement block on the seabed acting as an
anchor. The buoys were connected by ropes to a nearby aquaculture
cage for security reasons (Fig. 4).

The ropes suspending the samples were placed in a row having a dis-
tance of approximately 1 m from each other. The three samples of each
recall exposed to the benthic (sublittoral) zone were tied to the cement
block anchor lying on the seabed at 20 m depth. The three samples of
each recall exposed to the pelagic zone were tied to the vertical rope
at approximately 10 m depth.

During the second year's test, based on the experience gained during
the first year, the three samples per recall and material in the pelagic en-
vironment were covered by geotextile to prevent the growth of bio-
fouling on the plastic film. A fourth sample not covered with geotextile
was also added in each recall set for comparison reasons. In this way, the
effect of bio-fouling on the disintegration could be studied.

The samples for the eulittoral test were placed inside a pit at an av-
erage 20 cm depth (Fig. 5) in two nearby beaches shown in Fig. 1 as Site-
1 (S1) and Site-2 (S2). During the first year's series of experiments, sam-
ples were exposed only at site S1. During the second year of tests, an ad-
ditional series of test materials, namely PBSe, PBSeT, and PHB were also
placed at site S2. Additional recalls of these materials were installed be-
cause during the first trial it was found that they have fully disintegrated
after a period of three months. A complete overview of the tests is given
in Table 5.

2.4. Methods for monitoring the environmental conditions
The sea water and sediment conditions at the field test areas were

measured in random time intervals during the experiment. The quality
of the seawater was characterized by measuring oxygen content,

@

Pelagic samples

20 m

10 m

Benthic samples

Fig. 4. Design of the experimental set-up for the benthic (sublittoral) and the pelagic zone.

turbidity, and salinity. Measurements for heavy metals were performed
for the needs of the OpenBio (2016) project by R.J. Hill laboratories Lim-
ited, New Zealand. No contamination of any kind was detected.

The measurements for the dissolved oxygen were made by an
OPTOD (Optical Dissolved Oxygen technology) luminescent waterproof
sensor (Ponsel Mesure - Aqualabo (FR) OPTOD sensor) that complies
with the ASTM International Method D888-05. The dissolved oxygen
was measured in ppm, with a resolution of 0.01 ppm and an accuracy
of +0.1 ppm. The OPTOD sensor was connected via a Modbus RS485 in-
terface to a data-logger and it collected data every 10 s.

The turbidity was measured with an NTU (Nephelometric Turbidity)
waterproof sensor (Ponsel Mesure - Aqualabo (FR) NTU sensor) com-
plying with the ISO 7027 standards. The sensor was calibrated with a
standard solution before being used. The turbidity was measured in
NTU(=1 mg/1) with a resolution of 0.01 mg/l and accuracy below 5%.

A C4E Digital waterproof sensor (Ponsel Mesure - Aqualabo (FR) C43
model) was used to measure salinity. The resolution fluctuated from
0.01 to 1 ppm with an accuracy of +1%.

All three sensors were integrated into one measurement device.
Measurements were made at 2 m above seabed (18 m) to obtain a
more realistic measurement of turbidity.

A CAMPBELL CR800 portable edition with 3 digital inputs and a reg-
ulated 12 V power supply via NiMH battery was used as a data-logger.
All the sensors were connected via a Modbus RS485 interface which
measured every 10 s. Silicon protected; zero-ohm cables were used to
connect the sensors to the data-logger. The final stored data were col-
lected on average every 3 min.

The sediments in both the coastal (intertidal) and the benthic sites
were characterized by measuring soil quality characteristics. These in-
cluded organic carbon and nitrogen content and texture. The total or-
ganic matter and organic carbon were measured by the Walkley-Black
method (Walkley and Black, 1934). The nitrogen content was measured
by the Kjeldahl Method (Bremner and Mulvaney, 1982). The pH of the
sediment pore-water was measured by using an InoLab pH-meter ac-
cording to ISO 10390 (2005). The seawater analysis was performed by
the Laboratory of Agricultural Hydraulics of the Agricultural University
of Athens according to the following methods (APHA, 2005): Nitrite: Di-
azotization Method; Nitrate: Cadmium Reduction Method; Phosphate:
Ascorbic Acid Method; Ammonium: Nessler Method.

2.5. Methods for the analysis of recovered samples

Measurement of the disintegration of the recovered samples was the
only way to evaluate the evolution of their biodegradation in the natural
environment, taking also into account the contributing abiotic degrada-
tion effects. The disintegration rate of the samples with the exposure
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(a) Intertidal site S1

(b) Intertidal site S2

Fig. 5. Samples placed in the intertidal (eulittoral) environment (sites S1 (a) and S2 (b)).

time was used as an indication (but not as a measure) of the biodegra-
dation rate. The abiotic degradation factors accelerating disintegration
were evaluated by monitoring the abiotic degradation of the negative
reference samples of LDPE. Biodegradation of the samples in the same
inocula of the three marine environments (seawater and sediment)
was measured in the laboratory by means of the developed testing
methods (OpenBio, 2016). The field disintegration/biodegradation test
results were compared and verified against the laboratory test results
(Tosin et al., 2016).

The physical condition of all the samples was inspected in-situ dur-
ing the planned time intervals for recovery of samples. Images of the
samples were taken by using a camera GoPro Hero3 HD. Thereafter,
the targeted samples were recovered for laboratory analysis.

The degree of disintegration of the recovered samples was analysed
in the laboratory by several physical and chemical methods:

1) Image analysis: An easy to use, efficient technique for studying sam-
ples even at high disintegration levels is the use of digital images for
measuring the remaining surface of the film specimens. Digital pho-
tographs of 12Mp resolution were analysed with the help of Adobe
Photoshop CS5 software. In this way, the disintegrated area of each
sample was measured.

Measurement of thickness: The thickness of the samples was mea-
sured with the help of a Byko-test 4500 Fe/NFe coating thickness
gauge (digital thickness meter) range 0-999 um (accuracy =42
um). Before measurements, the surface of the samples was cleaned
with ethanol.

3) FTIR-ATR: The IR transmission spectrum of the remaining fragments
of the samples was studied to analyse chemical alterations of the
polymer. The analysis was performed by FTIR Bruker Tensor 27 in-
strument with the help of OPUS 5.5 60 software. Before running
the measurements, the instrument and the samples were cleaned
with ethanol and left to dry.

Tensile properties: During the first recalls, when the condition of the
recovered samples allowed, tensile properties were tested by using
an INSTRON 4004 dynamometer.

\S)
—

4

s

2.6. Method for the statistical analysis of the disintegration results

For each of the three environments, a factorial ANOVA was per-
formed (StatSoft, 2013) using the angularly transformed value (%) of

the disintegrated area as the dependent variable and the time, polymer
type, experiment (year) and thickness as explanatory factors, analysed
in various combinations as presented in the next section and the Sup-
plementary information (SI), section C. Additional factors investigated
are the sites for the intertidal trials, geotextile protection for the pelagic
trials, and the comparison of the three environments. The appropriate
angular transformation of the values (%) of the degree of disintegration
was applied by the formula: transformed value = arc sine (Vvalue(%)).
Following the ANOVA analysis, Duncan's test was used for post-hoc
comparisons of the angularly transformed means (Steel and Torrie,
1980).

3. Results and discussion
3.1. Characterization of the environmental conditions

The measured seawater parameters describing the conditions in the
field test site (pelagic and benthic site shown in Fig. 1) during the exper-
iment are presented in Table 3. The dissolved oxygen (DO) concentra-
tion, measured at 2 m above seabed (18 m), was close to saturation
(at least 90%) and its value depended on the water temperature. Other
weather conditions such as wind and wave size may also influence DO
concentration. Turbidity was measured low in most observations and
the results showed no sensitivity to this quantity. Salinity was found
lower than the typical values in the Saronic Bay (3.7-3.9%). This was a
result of the small distance of the experimental site from the coast, so
it was influenced by the flow of nearby gullies draining rainwater to
the sea and underground fresh water particularly during winter and
spring.

The properties of the sediments of the sand beach as well as of the
seabed were determined and are summarized in Table 4. The particle
size distributions of the sediments from the two intertidal sites (S1
and S2) and the benthic sediment are presented in Fig. 6. The most rel-
evant measured parameters regarding the performed disintegration
tests were the concentrations of organic carbon (TOC) and nitrogen. Ni-
trogen and TOC levels were particularly low in the two intertidal
(beach) sites. The lowest values were measured in Site-1. On the other
hand, the concentrations measured in the benthic (seabed) sediment
were the highest as expected in general for the benthic zone, possibly
indicating a small influence also from the nearby aquaculture unit. The
porosity (and permeability) was not measured as the sand sediment

Table 3

Conditions of the seawater in the field test site during the experiment at 18 m depth.
Date Dissolved oxygen (DO) Water temperature Turbidity Salinity

(mg/1) (%) of DO saturation concentration °Q) mg/l ppt

8/10/2014 6.7 £ 0.1 100 248 +£ 0.1 0.0 36.0 + 0.1
23/1/2015 6.8 £0.1 90 179 £ 0.1 40404 320+ 0.1
2/4/2015 6.7 £ 0.1 96 21.0+ 0.1 1.8+ 03 319+ 0.1
16/2/2016 6.8 +0.1 90 169 + 0.1 40+ 04 30.1+0.1
10/5/2017 6.7 + 0.1 93 209 £ 0.1 28+03 309 £ 0.1
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Table 4
Properties of sediments of the sand beach and the sea bed.

Properties Intertidal S1 Intertidal S2 Benthic Testing method

Soil textural class Sand Sand Sand USDA (2017)?

Particle size distribution (%), (Clay, Silt, Sand) 24;22;954 3.6;2.0;94.4 3.6;7.2;89.3 Sieving® and sedimentation®
pH 7.7 7.5 I1SO 10390 (2005)

Total N (%) wt/dry wt 0.018 4 0.004 0.025+ 0.001 0.05 £ 0.02 Kjeldahl®

Total Organic Mater (% wt/dry wt) 0.10 + 0.02 0.15 £+ 0.01 09+03 Walkley-Black®

Total Organic C (% wt/dry wt) 0.052 £ 0.009 0.076 + 0.002 04 +0.2 Walkley-Black

C/N 3 3 8

Water holding capacity (% water wt/dry wt) 19 22 29 Den Biggelaar (2004)
Porosity 23.07 £ 2.63 20.21 £+ 2.46 Gravimetric method"
Permeability N/A N/A Free flow of water through the samples

2 Based on Soil Texture Triangle.

b ASTM D6913/D6913M (2017).

¢ ASTM D7928 (2017).

4150 11261 (1995).

€ Schumacher (2002).

' Danielson and Sutherland (1986).
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Fig. 6. Particle size distribution of the sediments from the two intertidal sites (S1 and S2)
and the benthic sediment.

was under a continuous change of the grain arrangements (density)
under the action of the strong sea water currents (benthic zone) or
the waves and the wind action along the beach (S1, S2 intertidal loca-
tions) and so it was not possible to get undisturbed samples representa-
tive of typical porosities of the sites.

The pH of the seawater was measured at 7.4. The seawater in the pe-
lagic zone was measured by the Laboratory of Agricultural Hydraulics of
the Agricultural University of Athens to be poor in nutrients. Specifically,
the concentrations of ammonia and nitrate were determined to equal to
0.32 mg/l, and 2.37 mg/I respectively, while the concentrations of nitrite
and orthophosphate were below the detection level. The concentrations

of ammonia, nitrate, and orthophosphate in the pore-water of the inter-
tidal zone were measured equal to 0.05 mg/l, 3.97 mg/l, and 0.087 mg/1
respectively, while the concentration of nitrite was below the detection
level. The results for nitrates may be compared for illustrative purposes
against the measurements reported in (European Commission, 2018b):
In saline waters, average annual values of nitrate concentrations are
lower than 2 mg/l in 76% of the measurement stations and higher
than 25 mg/1 in 0.7% of the stations. The value of 2.37 mg/I of the seawa-
ter in the pelagic experimental site is slightly higher but within the stan-
dard deviation.

No antibiotics or pesticides were used by the aquaculture unit (cer-
tified by an independent agency through the fish quality control).

3.2. Image analysis

3.2.1. Intertidal (eulittoral) environment

Fig. 7 presents three recovered samples after six months of exposure
in the intertidal environment at site S1. The thin (25 um) samples PBSe-
25 and PBSeT-25 showed strong signs of disintegration, while the 80 um
PHB-80 samples remained intact.

In Fig. 8 the degree of disintegration versus time of exposure for the
materials exposed to the two different intertidal (eulittoral) environ-
ments (Site-S1 and Site-S2) are presented and compared. Average
values and standard deviations of the recalls are shown in all figures
of this work. It is noted that photographs were taken also on site on
one sample of each group at selected intermediate intervals between re-
calls in order to monitor the evolution of the disintegration process
without however removing the sample. This was the only possible ap-
proach after 7 months of exposure when the remaining samples

Fig. 7. Samples recovered after 6 months from site S1 (intertidal environment) - 1st year series.
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(repetitions of some materials) were lost during a storm. In these cases,
no standard deviations are presented. Thus, only one sample of PBSe-25
and PBSeT-25 was photographed and analysed in month 7 at Site-S1.
These results, which have been obtained through the second exper-
imental series (Table 2), indicated that the environmental conditions
(Table 4) have a strong impact on the disintegration rate. The PHB sam-
ples exposed at the first location (Site-S1) had not substantially
disintegrated even after 13.5 months of exposure. On the other hand,
PHB-80 samples of the same 80 pm thickness exposed in the second en-
vironment (Site-S2) started disintegrating after 8 months of exposure
and completely disintegrated after month 13. Faster disintegration
rates at the site S2 were also observed for the other two materials
(PBSe-25 and PBSeT-25 of 25 um thickness) although the differences
are smaller. The slower disintegration of PHB-80 compared to PBSe-25
and PBSeT-25 in both sites S1 and S2 is also indicated by the statistical
analysis shown in Table 5. The significantly faster disintegration ob-
served in site S2 (Table 5) probably correlates to its increased content
of nutrients as it is shown in Table 4. The sediment at site S2 is richer
in TOC and more importantly in nitrogen (+40%), so its additional

Statistical analysis results for the degree of disintegration of the tested materials in various marine environments.

Case tested Figure® Variables

Statistics” Degree and rates of Disintegration: significant

differences™”

Materials
Sites vs. materials

Intertidal environment: Sites S1 1
and S2 (experiment 2) 2

3 Site S1 vs. S2
4 Materials vs. Time

Intertidal environment: Site S2 5 Thickness
(experiment 2)
Intertidal environment: Site S1 6 Materials vs. experiments

(experiments 1-2)
7 Materials vs. Time for both experiments

8 Experiments vs. Time for all Materials
Pelagic environment: 9 Materials (geotextiles, thin)
(Experiment 2)" 10 Materials (geotextiles, thin) vs. Time

11 Thickness (geotextiles)

Pelagic environment: 12 Materials (no geotextiles)
(Experiment 1)
Pelagic environment: 13 Geotextile or not (thin)

(Experiment 1-2)°
14 Geotextile or not (thin) for both
experiments

15 Geotextile vs. Time for all materials and

experiments
Benthic environment: 16 Materials
(Experiment 2) 17 Materials vs. Time
Benthic environment: 18 Thickness
(Experiment 2)
Benthic environment: 19 Materials vs. experiments

(Experiments 1-2)
20  Materials vs. Time for both experiments

21 Experiments vs. Time for all Materials

All environments (Experiment 2) 22 All materials vs. Environment
23 Materials vs. Environment

24 Environment vs. time (all materials)
25 Materials vs. time (all environments)

P = 0.0000
P = 0.0000

PHB-80 « PBSeT-25 < PBSe-25

Differences of materials between sites S1, S2:
PHB-80 > PBSe-25 > PBSeT-25

S1<8S2

PHB-80 < PBSeT-25 < PBSe-25

Last 5 months PBSe = PBSeT = full disintegration:
PBSe-25, PBSeT-25 > PBSe-100, PBSeT-100

F(2,123) = 620.18
F(2,123) = 25.228

F(1,123) = 90.615
F(14,123) = 9.080

P = 0.0000
P = 0.0000

F(1,79) = 175.62 P = 0.0000

F(2,233) =29.145 P = 0.4773 PHB-80, PBSe-25,PBSeT-25: no significant
differences between the two experiments

PHB-80 < PBSe-25 ~ PBSeT-25

Last 5 months PBSe = PBSeT = full disintegration:
Experiments: 2nd year = 1st year

PBSe-25 ~ PBSeT-25

PBSe-25 # PBSeT-25: increase with time in an
inconclusive manner

PBSe-25, PBSeT-25 ~ PBSe-100, PBSeT-100
PHB-80 < PBSeT-25 < PBSe-25

Last 3 months PBSe = PBSeT = full disintegration
PBSe-25, PBSeT-25 without geotextile =~ PBSe-25,
PBSeT-25 with geotextile

PBSe-25, PBSeT-25 without geotextile =~ PBSe-25,
PBSeT-25 with geotextile; also for PHB for recorded
values no significant differences

No significant difference with or without geotextile

F(20,206) = 44.26 P = 0.0000
P =0.8732
P =0.7384
P =0.0043

F(10,217) = 0.523
F(1,7) = 0.12076
F(2,7) = 13.124

P =0.0798
P = 0.0000

F(1,18) = 3.4463
F(10,21) = 15.947
F(1,15) = 0.0421 P = 0.8402

F(2,150) = 0.5501 P = 0.5780

F(7,140) = 0.7287 P = 0.6479

F(2/42) = 0.31975
F(12,42) = 5.9865

P =0.7281
P = 0.0001

PHB-80 ~ PBSeT-25 ~ PBSe-25

PHB-80 # PBSeT-25 # PBSe-25; all reach full
disintegration after the 7th month; disintegration
of PBSe, PBSeT starts after 2 months of exposure
PBSe-25, PBSeT-25 > PBSe-100, PBSeT-100

F(1,80) = 4281.5 P = 0.0000

F(2,107) = 0.2651 P = 0.7676 PHB-80, PBSe-25, PBSeT-25: no significant
differences between the two experiments

PHB-80, PBSe-25 > PBSeT-25 during the first 3
months of exposure

Experiments: 1st year > 2nd year; full
disintegration is reached after 7.5 months of
exposure in both experiments

Benthic > Intertidal > Pelagic

Intertidal: PHB-80 < PBSe-25 = PBSeT-25; Benthic:
PHB-80 ~ PBSe-25 ~ PBSeT-25;

PBSe-25 ~ PBSeT-25: benthic ~ Intertidal > pelagic
Benthic > Intertidal > Pelagic consistently with time
PBSe-25 ~ PBSeT-25 consistently with time

F(12,92) = 1.8886 P = 0.0458

F(6,99) = 7.9995 P = 0.0000

P = 0.0000
P = 0.0001

F(2,320) = 154.04
F(3,360) = 8.7521

P =0.0070
P =0.2438

F(30,320) = 2.138
F(14,242) = 1.245

* Precision of p-values to four digits.

** Highlights of the statistically different groups based on the ANOVA (p-values <0.05) and the Duncan post-hoc test results; the behaviour is shown in the corresponding Figures and

Tables of the ANOVA results (refer to SI).
¢ Supplementary information, section C.
b Missing data for PHB after 6 months for the second experiment (lost samples).
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Fig. 9. Effect of sample thickness on the degree of disintegration (%) in the intertidal
environment (site S2 - 2nd year series).

nutrients enhance biodegradation resulting in faster disintegration of
the samples. Moreover, the samples at site S2 were kept wet for longer
and more frequent periods since they were buried closer to the seashore
line. The higher moisture content of the sediment combined with higher
nutrients concentration facilitates biodegradation and disintegration of
the samples.

The slower disintegration of PHB-80 compared to PBSe-25 and
PBSeT-25 in both experimental sites (S1 and S2), which is confirmed
by the statistical analysis shown in Table 5, is attributed to the larger
thickness of the PHB-80 samples (approximately 80 um). As Fig. 8
shows, the effect of thickness of a given material becomes important
when the main biodegradation/disintegration factors (nutrients and
water) are limited. As confirmed by the analysis shown in Table 5, thick-
ness appears to influence significantly the disintegration of the thick (80
um) PHB-80 samples at site S1, which was poor in nutrients in contrast
to the fast disintegration of the thin PBSe-25 and PBSeT-25 samples.

The effect of the thickness was further investigated by testing PBSe
and PBSeT samples of different thickness (25 um vs. 100 pm) at the
same intertidal environment (site S2) during the second experimental
series. The results are presented in Fig. 9. Only one sample of PBSeT-
100 was photographed without removing it in month 7. The increase
of the thickness affects adversely the time to reach complete disintegra-
tion/biodegradation by delaying the initiation of disintegration, as ex-
pected (Table 6). This conclusion is statistically confirmed by the data
shown in Table 5. Thickness does not affect however the final degree
of disintegration.

In Fig. 10, the reproducibility of the test is assessed. The degrees of
disintegration measured during the 1st and the 2nd year experiments
for all three materials exposed at site S1 were compared. The disintegra-
tion behaviour of all materials was found to be approximately the same
despite the fact that the exposure took place during different seasons
(Table 2). Specifically, the 1st year test began in the summer of 2014
and the second in late autumn 2015. Fig. 10 shows that disintegration
progresses faster during the summer period. However, the seasonal in-
fluence on the disintegration of the tested samples was found weak
(Fig. 10). The statistical analysis results (Table 5, SI section C) indicate
no significant difference between the two experimental series of years
1st and 2nd. Intense disintegration appeared for the thin (25 pm)

Table 6
Time of exposure (months) for the complete disintegration of three samples exposed in
the intertidal environment (Site S2).

Material Disintegration time (mo)

25 um 100 pm 80 um
PHB-80 133
PBSe-25 55 12.0
PBSeT-25 7.0 9.0
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Fig. 10. Comparison between 1st and 2nd year experiments in the intertidal environment
(site S1).

PBSe-25 and PBSeT-25 samples after 6 months of exposure, when the
degree of disintegration exceeded 50% for both series of experiments.
After month 9, the disintegration had reached almost 100% in both 1st
and 2nd year's tests. Therefore, it was concluded that the disintegration
of thin PBSe-25 and PBSeT-25 films started before month 3 and was ac-
complished approximately after 9 months of exposure in the intertidal
(eulittoral) environment. The PHB-80 samples did not exhibit detect-
able disintegration up to 12 months of exposure in both one-year tests
which took place at site S1. No disintegration was observed in any
LDPE sample in the intertidal environment during the two years of ex-
periments. The statistical analysis results confirm a significant differ-
ence between the materials PHB vs. PBSe and PBSeT (Table 5, SI
section C).

3.2.2. Benthic (sublittoral) environment

All tested materials (PHB-80, PBSe-25, PBSeT-25) with the exception
of the negative reference (LDPE) disintegrated fully in the benthic envi-
ronment (Fig. 11). The disintegration results in the benthic environ-
ment of the 1st and the 2nd year of field tests are compared in Fig. 12.
As in the case of the intertidal test, seasonal weather effects are limited
and the disintegration of the materials progressed in a similar pattern as
during the first year. This fact was also confirmed statistically as shown
in Table 5 (and SI section C). The recall of the PHB-80 corresponding to
two months of exposure exhibited a much higher disintegration rate
during the 2nd year compared to the 1st year. In contrast, the disinte-
gration of the PBSe-25 samples for the same period of exposure (first
2 months) was considerably higher during the 1st year of field tests.
The significant differences in the disintegration rates with the time be-
tween the materials in both experiments or between the two experi-
ments for all materials was also confirmed with the statistical analysis
results (Table 5 and SI section C). These variations are explained by
the fact that the samples on the seabed may or may not be covered by
sediment depending on random seabed conditions, namely currents of
seawater inducing sand transport and deposition at the seabed level.
This uncertainty with respect to the covering conditions of the samples
concerned mainly the first period of exposure since, after a few months
of exposure, a layer of sediment usually covered most of the samples.
The appearance of biofilm (fouling) on the upper surface of some recov-
ered samples indicates that they were not fully covered by the sedi-
ment. After 3 months of exposure, the PHB-80 and PBSe-25 samples
fully disintegrated during the 1st year while the disintegration of the
PBSeT-25 samples was in progress and was found fully disintegrated
in month 6. Similarly, during the 2nd year, all materials were fully
disintegrated after 5 months of exposure. No disintegration was ob-
served in any LDPE sample in the benthic environment during the two
years of experiments.
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Fig. 11. All three bio-based materials disintegrated fully in the benthic environment after 6 months of exposure (1st year series).

The effect of the thickness of the film was investigated during the
2nd year experimental series. Samples of PBSe and PBSeT films of two
different thicknesses, namely 25 pm and 100 um were exposed in the
benthic environment. The results presented in Fig. 13 and Table 5 indi-
cate that the increase of the thickness slows down the disintegration/
biodegradation rates as expected, similarly to the results for the inter-
tidal environment. The thick samples PBSe-100 and PBSeT-100
remained intact in terms of their apparent solid area for >10 months.
On the opposite, the PHB-80 samples disintegrated fast in the benthic
zone, despite their thickness, at a rate similar to the thin PBSe-25 and
PBSeT-25 films. Therefore, the thickness is not the only parameter
influencing the disintegration/biodegradation rate of each polymer in
a given environment. The biodegradation behaviour is mainly an inher-
ent property of the material (OECD, 2006). For example, PHB-80 was
found to biodegrade faster than PBSe-25 and PBSeT-25 provided that
the biodegradation conditions (e.g. nutrients and humidity) are not
inhibiting the process (as in the intertidal zone).

3.2.3. Pelagic environment

In this experiment, the samples were suspended floating between
the sea surface and seabed at about 10 m depth. This is a biologically ac-
tive zone where an ecosystem of many species of marine flora and fauna
develops.

Fig. 14 presents the results of the 1st year's experiment. Disintegra-
tion became detectable after 6 months of exposure and it was faster for
the thinner films (PBSe-25 and PBSeT-25) (Table 5). PHB-80 also
disintegrated in a period of about one year and fully decayed soon
after 12 months of exposure. In the pelagic environment, which is a
well-aerated habitat with high levels of solar radiation the growth of a
biofilm that gradually develops into biofouling is common (Pauli et al,
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Fig. 12. Comparison between 1st and 2nd year experiments in the benthic (sublittoral)
environment.

2017). Samples were usually covered totally by bio-fouling (Fig. 15).
Consequently, the analysis of the results became difficult since the
tested plastic film was not easily accessible. For this reason, less than
three samples were analysed for several recalls. Standard deviation
marks are missing at the corresponding columns of Fig. 14. Moreover,
the effect of bio-fouling on the biodegradation and the related disinte-
gration of the plastics was not clear and required further investigation.

The effect of bio-fouling was studied during the 2nd year by
protecting the samples by permeable covers made of plastic geotextile.
The used geotextile was woven PP material made of tape threads. Its
weight was 100 g/m? and its optical porosity was 0% (mesh size zero).
Its water flow rate was 900 L/min/m? (information provided by the pro-
ducer Thrace Plastics S.A.). In this way, the bio-fouling effect on the sam-
ples was eliminated (Fig. 16).

Three of the samples shown in Fig. 16 had been covered with
geotextile during their exposure. A fourth unprotected sample was
also added for comparison. No bio-fouling could be detected on the
samples that were covered with geotextile, while bio-fouling started
growing on the unprotected one.

In Fig. 17 the disintegration of samples with and without geotextile
covering during the 2nd year is presented. The samples protected with
geotextile covers do not show a significant difference in their degree of
disintegration. During the 2nd year, the samples protected with geotextile
covers exhibited slightly faster disintegration, although this effect was not
found statistically significant (Table 5). The effect of geotextiles in both
experiments of the first and second year also showed no statistically sig-
nificant effect. It should be noted that no samples with geotextile protec-
tion were tested in the first year, while PHB samples in the 2nd year were
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Fig. 13. Effect of the thickness on the degree of disintegration of the bio-based materials in
the benthic environment (2nd year test).



218 D. Briassoulis et al. / Science of the Total Environment 688 (2019) 208-223

= PHB-80

W PBSe-25
W PBSeT-25
WLDPE

Degree of disintegration (%)

1 2 3 6 9 12
Time of exposure (months)

Fig. 14. Degree of disintegration (%) in the pelagic environment during the 1st year's
experimental series.

lost after the 6th month. In any case, the effect of biofouling regarding bio-
degradation needs to be investigated systematically.

During the 2nd year experiments, the effect of the thickness on the
disintegration of the films was studied as with the other two environ-
ments. For this reason, samples of the thick PBSe-100 and PBSeT-100
films, protected by geotextile covers to avoid bio-fouling, were also ex-
posed following the same experimental protocol as for the thin mate-
rials. No disintegration of the thick PBSe-100 and PBSeT-100 and PHB-
80 samples could be detected by Image Analysis at six months of expo-
sure in the pelagic zone. Unfortunately, the PHB samples were lost after
the period of six months due to an unknown event (most possibly by
storm,; Fig. 18). After 10 months of exposure, an average disintegration
degree of 25% for PBSeT-100 and no disintegration for PBSe-100 were
detected. In contrast, the disintegration of the thin films exceeded 70%
in a period of 12 months (Fig. 17). Therefore, thickness influences the
disintegration rate similarly to the eulittoral environment (Table 5).

The benthic environment was found to be the most active of the
three tested habitats (Table 5). This fact is partially explained by the
higher levels of total nitrogen in the benthic zone compared to the inter-
tidal and the pelagic environments (Table 4).

3.2.4. Negative reference - polyethylene films

The sample of thin (25 pm) LDPE film, which was used as a negative
reference, did not exhibit any signs of disintegration in any of the three
tested environments. The LDPE samples showed only a partial loss of
clarity (ASTM D1003, 2013) in the intertidal environment probably
due to abrasion, and were fully covered by bio-fouling in the pelagic
zone (when not protected by geotextile).

Fig. 15. Biofouling developed on pelagic-zone samples.

3.2.5. Comparison with lab tests

A comparison between field disintegration results and laboratory
biodegradation data for the tested materials in the pelagic environment
is presented as Supplementary data for illustrative purposes.

3.2.6. Summary of disintegration results

The results presented analytically in the previous sections and con-
firmed by the statistical analysis shown in Table 5 and the SI section C
are summarized below:

Intertidal: The degree of disintegration of the thick material PHB-80
was much slower than that of the two thin materials PBSe-25 and
PBSeT-25 in both sites S1 and S2, and in general lower in the site S1
than in site S2 (2nd experiment). During the 2nd experiment, the
rates of disintegration of the materials with time were found to differ
significantly following the order PHB-80 < PBSeT-25 < PBSe-25. The
thick materials PBSe-100 and PBSeT-100 exhibited much slower de-
grees of disintegration than their thin counterparts. Concerning the de-
gree of disintegration and the disintegration rates of the materials with
time in the two experiments (1st and 2nd year), it was confirmed that
PHB-80 < PBSe-25 = PBSeT-25 for both experiments with small differ-
ences between the two experiments.

Pelagic: In the 2nd year (experiment 2) the degree of disintegration
of the two materials PBSe-25, PBSeT-25 protected with geotextiles did
not differ while the disintegration rate with time appears to be rela-
tively higher for PBSe-25 (no data were recorded for PHB-80 after the
6th month of exposure as the samples were lost due to a storm). The
thick materials PBSe-100 and PBSeT-100 exhibited much slower de-
grees of disintegration than their thin counterparts as in the intertidal
environment. The influence of bio-fouling on biodegradation was inves-
tigated by comparing the data of 1st year series (no geotextile) with
those of the 2nd year experiment, although some PHB data are missing.
The effect of geotextile protection was not found to be statistically
significant.

Benthic: In the 2nd year (experiment 2) the degree of disintegration
of the materials was found to be similar while the rate of disintegration
was different between PHB-80 and the thin films PBSeT-25, PBSe-25
during the first 3 months of exposure. The thick materials PBSe-100
and PBSeT-100 exhibited much slower degrees of disintegration than
their thin counterparts. Concerning the disintegration rate of the mate-
rials with time in the two experiments (1st and 2nd year) it was con-
firmed that PHB-80 ~ PBSe-25 > PBSeT-25, especially during the first
3 months of exposure. All materials disintegrate after 5 months of expo-
sure. The degree of disintegration of the three materials was not found
to be significantly different between the two experiments. The disinte-
gration rates were found to be higher during the first experiment.

All environments (2nd experiment): The degrees of the disintegra-
tion of all materials in the three environments exhibited significant dif-
ferences: Benthic > Intertidal > Pelagic. The tested materials showed
different degrees of disintegration in each environment: PHB-80
< PBSe-25 = PBSeT-25 in intertidal vs. PHB-80 =~ PBSe-25 ~ PBSeT-
25 in benthic vs. PBSe-25 ~ PBSeT-25 in pelagic. Especially for PBSe-
25, PBSeT-25: benthic =~ intertidal > pelagic. The disintegration rates
with the time of all materials vs. environment showed consistent be-
haviour: Benthic > Intertidal > Pelagic. The disintegration rates of the
materials with time for all environments confirmed PBSe-25 ~ PBSeT-
25 (PHB could not be compared due to missing data in the pelagic
environment).

3.3. FTIR analysis

3.3.1. Disintegrated samples from field tests

FTIR analysis was applied to selected exposed samples in order to
detect chemical changes due to biodegradation at the early stages of ex-
posure. In Fig. 19, the FTIR ATR analysis of PHB-80 exposed to the pelagic
environment for different times is presented, representative of the ben-
thic environment as well (the inset presents the PHB-80 exposed to the
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Fig. 16. a) Three PHB-80 samples protected by geotextile and one not covered (control) exposed in the pelagic environment for 6 months; b) PBSeT samples protected by geotextile and

one unprotected exposed in the pelagic environment for 10 months (2nd year series).

intertidal environment for different times). Similarly, in Fig. 20, the FTIR
ATR analysis of PBSe-100 and PBSeT-100 (of 100 um) which were ex-
posed to the benthic environment is presented.

The spectra show that two additional peaks develop at approxi-
mately 1650 (possibly amides) and 1540 cm~' (possibly nitro com-
pounds) for the PHB-80, PBSe-100, PBSeT-100 samples exposed to the
marine environments predominantly to the benthic and pelagic zone
which were not present in the spectra of the initial materials. Moreover,
abroad peak appeared at approximately 3300 cm ™!, FTIR TR (transmis-
sion) analysis was also performed for all samples and the results were in
accordance with the ATR analysis. The peaks at 1650 and 1540 cm ™!
may have a contingency with groups associated with biological effects.
These groups can be possibly amides (Humbert and Quilés, 2011) pres-
ent in the biofilm formed and grown with the time of exposure on the
samples. The broad peak at 3300 cm™! represents OH™ groups
(broad, strong O—H absorption of alcohols and phenols; O—H Stretch
3550-3200) most probably produced by the hydrolysis of the material
(e.g. by PHB depolymerase enzyme; Roohi, et al, 2018), possibly includ-
ing also amine groups (medium amine N—H Stretch 3500-3300),
(Merlic and Strouse, 2000). No changes were observed by FTIR for the
LDPE films and this is an additional indirect indication of biodegradation
of the bio-based films.

Despite the fact that the LDPE films showed signs of abiotic degrada-
tion of mechanical properties, no carbonyls were detected after several
months of exposure in the three marine environments. Specifically, the
tested LDPE samples were exposed to: a) intertidal environment for a

100
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M PHB-80 with geotextile

& PHB-80 without geotextile
M PBSe-25 with geotextile

® PBSe-25 without geotextile

W PBSeT-25 with geotextile

[ PBSeT-25 without geotextile

PBSe-100 with geotextile
m PBSeT-100 with geotextile

Degree of disintegration (%)

W LDPE with geotextile
& LDPE without geotextile

12,4
Time of exposure (months)

Fig. 17. Effect of the geotextile cover on the degree of disintegration (%) of samples
exposed for 10 and 12.4 months to the pelagic environment (2nd year experiment).

period of 3 months (October 2014 to January 2015) and for
28 months (October 2015 to February 2018: covered by sediment
while they were not subjected to thermal degradation; b) pelagic envi-
ronment for two periods of 6 months (July 2014 to January 2015) and
9 months (July 2014 to April 2015): covered by biofouling and so they
were not subjected to UV radiation (no photo-degradation);
¢) benthic environment for a period of 9 months (July 2014 to April
2015): covered by sand or biofouling and so they were not subjected
to UV radiation (no photo-degradation).

Any carbonyls possibly developed due to photo-oxidation or ther-
mal degradation of the LDPE samples exposed to the three marine envi-
ronments were not detectable. The explanation for this behaviour was
given by Briassoulis et al. (2015). The carbonyl species formed in sam-
ples of two different LDPE films (20 um and 16 um) after their exposure
to UV radiation, were found to decrease during their exposure in soil-
water dilution. After the exposure of the samples in the dilution for
32 days, the Cl was decreased by 69% and 57%, respectively. This behav-
iour is attributed by Hakkarainen and Albertsson (2004 ) to the low mo-
lecular weight carboxylic acids migration into the water phase during
the exposure of the degraded LDPE film for a long period in soil or water.

According to these results, FTIR ATR analysis comprises a method
that can be used as a complementary tool for the early detection of
on-going biodegradation in field experiments.

3.3.2. FTIR ATR comparative analysis of samples from lab and field tests
disintegrated samples from field tests

The comparison of FTIR ATR analysis results obtained from samples
tested under controlled conditions in the laboratory and samples ex-
posed to natural marine environments during the field tests is pre-
sented in Fig. 21. The spectra of the materials, from the lab tests as
well as those from the field tests, are qualitatively similar. More specif-
ically, in Fig. 21(a), the spectrum of the PBSeT-25 material exposed to
the pelagic lab conditions presents the same peaks with the sample ex-
posed for 6 months to the pelagic field environment. The broad peaks at
approximately 3300 cm ™! in both spectra confirm hydrolysis as they
represent OH™ groups, possibly combined with biological phenomena
as they can also be associated with amine groups. The peaks at approx-
imately 1650 cm ™', which appear in both spectra, are possibly associ-
ated with biological effects. The results of the FTIR ATR analysis for the
PBSeT-100 material (Fig. 21(b)) show a similar qualitative agreement.
The sample exposed to the intertidal lab test presents exactly the
same peaks with the material exposed to the benthic field test for
5 months (no samples were available from lab tests in benthic condi-
tions as they biodegraded quickly). An additional peak in both spectra
of PBSeT-100 material, at approximately 1540 cm™!, appears which is
associated as well with biological effects.
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Fig. 18. Samples exposed to the pelagic environment were destroyed during the 2nd year due to storms (PHB samples were lost). Samples exposed to the benthic environment were
displaced along with their anchor several meters from their initial position by forces applied by the waves through the buoys and water currents.

3.4. Mechanical properties

Testing of the mechanical properties of the exposed materials was
also considered as an alternative method for assessing the progress of
degradation before visual disintegration is observed. In Fig. 22, the elon-
gation at break (&p; %) in the transverse direction of non-disintegrated
samples, recovered at different exposure times from different marine
environments, is presented. Only samples protected with geotextile
were taken into account in the pelagic zone, so their surface was kept
clear of bio-fouling, and their mechanical properties can be measured.

It is shown that the PHB-80 samples exhibited sharp and intense de-
terioration with respect to their mechanical properties (expressed by
epr %) following the order: benthic > intertidal > pelagic. Image analysis
of samples exposed in the intertidal site S2 confirms this order regard-
ing the disintegration rates of PHB-80 in the three tested environments
(Fig. 8). In contrast, the samples exposed in the intertidal site S1 resisted
disintegration for >12 months, indicating that the biodegradation of
PHB-80 was slower in this intertidal zone when compared to the PHB-
80 samples in the pelagic environment (see for example the Figs. 8
and 14). Nevertheless, their mechanical behaviour was already
downgraded after 3 months of exposure probably due to abiotic degra-
dation (Fig. 22).

Although the LDPE film (negative reference) did not disintegrate in
all three studied environments, its mechanical properties deteriorated
as it is indicated in Fig. 22. LDPE material showed a measurable decline
with respect to its mechanical properties even in the short period of

3 months exposure in the intertidal environment. The degradation
followed the order PE intertidal > PE benthic > PE pelagic. However,
LDPE samples resisted disintegration for the full duration of the experi-
ment, with no signs of biodegradation in any environment. The abiotic
degradation of the LDPE samples, as their mechanical performance indi-
cated (Fig. 22), was the result of the combined actions of various
weathering factors, such as the mechanical stress due to waves and
sea currents, and the abrasion caused by the moving coarse and fine
grains of the beach sediment in the intertidal zone, and sentiment fine
grains at the seabed. This confirmed the order of abiotic degradation
measured by the decrease of the elongation at break of the LDPE sam-
ples in the three zones.

Only a few bio-based samples could be tested for mechanical prop-
erties because of brittleness and disintegration. The tested bio-based
materials also suffered abiotic degradation contributing to biodegrada-
tion, which led to the disintegration of the samples. The abiotic factors
were not sufficient to cause disintegration by themselves, as it has
been shown in the case of the negative reference material (LDPE).
Therefore, the disintegration of bio-based materials in a short finite
time frame, determined by image analysis techniques, is considered as
a good indication of biodegradation (Fig. 22).

The thickness of the samples was also measured as a complementary
indication of their disintegration. The results show that the measure-
ment of thickness may be a useful means for characterizing slow
disintegrating thick films (e.g. PHB-80 in the intertidal environment).
In the case of thin films such as PBSe-25 and PBSeT-25, the analysis is
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Fig. 19. FTIR ATR spectra of PHB-80 exposed to the pelagic environment: initial (black) and after being exposed to the pelagic environment for 1 (purple), 6 (brown) and 9 (blue) months.
The inset figure presents PHB-80 exposed to the intertidal environment for 3 (red) and 6 (brown) months.
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Fig. 20. FTIR ATR spectra of PBSe (100 um) and PBSeT (100 pm): initial (blue and black
respectively) and after being exposed to the benthic environment for 5 months (red and
light blue for the two materials respectively).

more difficult since biofilm growth and sediment deposition interfere
with the thickness measurements. The detailed results are shown in
the Supplementary data file.

4. Conclusions

Four plastic films (PHB, PBSe, PBSeT, and LDPE) were tested in three
different marine environments (intertidal, pelagic and benthic zones).
Two of these plastic films, namely the bio-based PBSe and PBSeT films
are known to biodegrade in soil but their behaviour in marine environ-
ments was unknown. The other two materials, namely the bio-based
PHB and the LDPE films were used as positive and negative references
respectively. The field experiment took place at the south coast of Sa-
lamis Island, Greece.

It has been shown by various measuring techniques, namely Image
Analysis, FTIR-ATR spectroscopy and testing of mechanical properties,
that all bio-based materials disintegrated in all three considered marine
environments at different rates and degrees, depending on the marine
environment, the prevailing conditions, the polymer type, and the film
thickness. Only the negative reference material, LDPE film, did not disin-
tegrate in any of these three marine environments, although its me-
chanical properties were degraded due to the combined abrasive
actions of sediments, waves, and seawater currents. The FTIR analysis
has shown changes in the chemical structure of the bio-based materials
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Fig. 22. Evolution of the elongation at break (normalised to initial values, 100%) in the
transverse direction of various samples recovered after exposure in the three tested
environments.

suggesting the possible presence of biofilm and hydrolysis of the mate-
rial. Therefore, it can be assumed that the main cause of the disintegra-
tion of the three tested bio-based materials, PHB, PBSe, and PBSeT was
bio-assimilation by marine microorganisms.

Particular attention was given to the effect of the bio-fouling grow-
ing on the samples in the pelagic environment. However, the present re-
sults were inconclusive and further research is needed to analyse the
effect of bio-fouling on the biodegradation of plastics.

Laboratory tests for biodegradation of the same films under condi-
tions simulating the three marine zones are in progress. The results
will be published soon.

The present work presents strong indications that biodegradation of
polymers is possible in various coastal environments although the rate
varies depending on the material, the marine environment, and the
local conditions. The current study was limited with respect to the geo-
graphical area, the marine zones and the number of samples. A broader
investigation aiming to collect systematically more data over a wider
spatial distribution of samples exposed to various marine environments
and conditions is necessary. This would allow for analyzing in depth the
biodegradation behaviour of specific commercially important bio-based
materials and correlating their behaviour with key environmental and
ecosystem parameters and conditions by statistical analysis. Expanding
this research to other marine zones (e.g. mesopelagic) is another envi-
ronmentally important objective. All field tests should be accompanied
by parallel lab tests to verify the biodegradation behaviour of the tested
materials.
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Fig. 21. FTIR ATR spectra of (a) PBSeT-25 (black: initial, red: pelagic lab test (7 months), blue: pelagic field test (6 months)), (b) PBSeT —100 (black: initial, red: intertidal lab test

(5 months), blue: benthic field test (5 months)).
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