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A B S T R A C T   

Environmental pollution from plastic bags is a significant issue in the global environment. Plastic bags can be 
transferred by the wind and ocean currents everywhere in the three dimensions and be fragmented into small 
particles, termed film-shaped microplastics. The purpose of this study is to provide insights on the degradation of 
beached plastic bags. Monitoring and sampling were performed to determine plastic bag fragmentation and the 
possible mechanisms. On selected samples, various spectroscopic techniques and microscopy were used. Before 
the imposition of the "green" plastic bag fee in Greece, field monitoring suggested that the majority of the coastal 
plastic bags were fragmented whereas after the "green" fee, less fragmented bags were observed. Evidence of 
three degradation mechanisms were observed in this study. For oxodegradable plastic bags, degradation takes 
place for the starch additives and the polymer part stays in the environment as microplastic particles. For thin 
light density polyethylene plastic bags, mechanical fragmentation takes place in the environment creating 
microplastics before significant chemical alterations in functional groups were observed and once chemical 
alteration (oxidation) is observed, fragmentation (of H–C or C–C bonds) is also taking place. Thus, regulating 
thin plastic bags usage removes problems related to plastic bags but also to film-shaped microplastics.   

1. Introduction 

Shopping bags are strong, cheap, and lightweight plastic items, 
hence, are used widely in global scale (Saidan et al., 2017). They were 
introduced in 1970s, but currently ~500 billion [which can reach up to 
5 trillion (Knoblauch et al., 2018)] plastic bags are used per year 
internationally (Moharam and Almaqtari, 2014). Non-renewable re-
sources, such as petroleum and natural gas, are used as raw materials 
(Saidan et al., 2017) from which only 5% or less are recycled worldwide 
(Knoblauch et al., 2018). Measures against plastic bag use could play a 
more effective role than recycling in the battle against marine plastic 
bag pollution. Maes et al. (2018) suggested that such measures could be 
the reasons for downward trends in plastic bag accumulations on the 
seafloor around the UK's coastline. 

To date, marine pollution by single use plastic bags is poorly inves-
tigated. Polyethylene [e.g., Low Density Polyethylene (LDPE)] is a 
common material of shopping bags (Balestri et al., 2017), which is 
usually observed in different environments (e.g., coastal zones, global 
ocean, terrestrial ecosystems) with various ecological consequences. 

Plastic bags, i.e., macroplastics (>5 mm) (Rummel et al., 2017), are 
commonly found marine debris (Clemente et al., 2018) and targeted 
environmental studies must be conducted, due to threatening marine 
and non-marine (e.g., human) species (Green et al., 2015; Clemente 
et al., 2018). Plastic pollution is known to travel throughout the world's 
oceans by winds and surface currents (Eriksen et al., 2014). Disposable 
plastic bags have recently been detected at 10,898 m depth; the deepest 
point of our planet (Mariana Trench, Western North Pacific) (Chiba 
et al., 2018), an important indication of plastic bags abundance in 
aquatic ecosystems. 

Nevertheless, carrier bags were reported to degrade under environ-
mental conditions including pressures such as solar radiation, oxidation 
(Nauendorf et al., 2016), microbial activity (biofilm) (Rummel et al., 
2017), physical forces (e.g., sea waves) and also to fragment into smaller 
particles, so-called microplastics (<5 mm) (Rummel et al., 2017; Zhang, 
2017). According to Kalogerakis et al. (2017), macroplastic debris 
should be collected on a regular basis from coastal zones before they are 
affected by weather conditions and thus, return to the marine environ-
ment as microplastics which travel everywhere with the wind since we 
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are unable to collect them. 
Existing sampling protocols for microplastics include a separate 

category of microplastics defined as films (Viršek et al., 2016; Masura 
et al., 2015; JRC, 2013). Some of these film-shaped microplastics 
possibly originate from plastic bags (northern Gulf of Mexico, Wessel 
et al., 2016; Corfu, Greece, Digka et al., 2018). Finally, microplastics can 
be detected in freshwater environments, such as Atoyac River basin 
(Mexico), where the film-shaped microplastics have been found in 
relatively significant abundance (Shruti et al., 2019). 

In this study, an interdisciplinary approach is employed including 
field monitoring and laboratory analytical techniques to analyze and 
examine beached plastic bags, collected from Syros Island coastal zone, 
Greece. The objectives of the present study are the use of monitoring, 
spectroscopic techniques, and microphotographs to understand the 
degradation behaviour of the plastic bags in the coastal environment. 

The goal is to better understand and provide insights to prevent the 
formation of microplastics from plastic bags. 

2. Materials and methods 

2.1. Sampling 

In this study, the results of shredded versus intact plastic bags from 3 
selected coastal sites (2 beaches and 1 harbour) of Syros Island, Aegean, 
Greece will be presented. The data was collected in 8 beach litter surveys 
spread over a 21-month period (May 2017–January 2019) in the 
framework of LIFE DEBAG project. The surveys included removal and 
classification of all beach stranded litter according to the MSFD protocol 
for marine litter monitoring in the European seas (Galgani et al., 2013). 
The protocol was modified so as to ensure the detailed monitoring of 

Table 1 
Samples with their codes. 
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beach stranded plastic bags in two points. Firstly, littered plastic bags 
were classified in 11 different categories based on their type and pur-
pose, such as super-market/grocery shop bags, retail shop bags, garbage 
bags, polybags, oxo-degradable bags, etc. Secondly, the whole beach 
area was surveyed rather than a 50 or 100 m section that is proposed by 
the MSFD protocol. In this way, it is ensured that plastic bags, which 
have particular properties, and hence specific deposition sites on the 
beach depending on the hydro-dynamic regime and different meteoro-
logical conditions, were included in each survey if present in the total 
site area. What is more, it was distinguished in the records whether the 
beach stranded bag was shredded or not. In this study, the percentages of 
shredded supermarket/grocery shop (15–50 μm thick) and retail shop 
(thicker than 50 μm) plastic bags were considered, since these were the 
types of the collected samples. 

During a sampling episode in May 2017 several plastic bags (35) 
were collected from Ladopoulos Beach. Based on their variable degra-
dation state, six carrier bags (S1–6) were chosen by visual macroscopic 
observation for further characterization, were encoded i.e., non- 
degraded (S1 and S2), slightly degraded (S3 and S6), and highly 
degraded (S4 and S5), and were photographed (Table 1). No tempera-
ture effects such as air and water temperature are taken into consider-
ation in this study. Additionally, an oxo-degradable plastic bag (P.B.) 
was placed in a dark box for a 3-year period to fragment into micro-
plastics and a virgin low density polyethylene bag was used as blank 
sample. 

2.2. Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (model JEOL 6300 of JEOL Company) 
was used to visually observe the surface topography and possible mi-
crobial colonization. The samples were spattered with Au using the MED 
020 model of the BALTEC Company with being washed with deionized 
water. 

2.3. Raman and Attenuated Total Reflectance - Fourier Transform 
Infrared Spectroscopy (ATR-FTIR) analysis 

To identify the type and quality of chemical bonds, confocal Raman 
spectroscopy was used to analyze pieces of the plastic bags that their 
surface was not washed. A LabRAM HR800 (Horiba Jobin Yvon) spec-
trometer, equipped with a 488 nm laser and a 600 grooves/mm 
diffraction grating were used. The detector entrance slit was opened to 
100 μm width. Samples were excited over 3 integration cycles of 10 s 
duration each. The incident beams were focused onto the samples 
through a 100× magnification objective. Multiple points were analyzed 
of each sample to check for spatial heterogeneity. Sample alteration was 
determined based on inter-comparison of Raman shifts and full width at 
half maximum intensities (FWHM) of characteristic Raman peaks. The 
profile parameters were determined by applying a profile fitting routine 
using LabSpec 6.0 (Horiba Jobin Yvon). The measurement range was 
200–4000 cm− 1 Raman shifts. 

Attenuated Total Reflectance - Fourier Transform Infrared Spec-
troscopy (ATR – FTIR) was used to identify functional groups onto the 
samples. The spectra were obtained by “Bruker Optics' Alpha-P Diamond 
ATR Spectrometer of Bruker Optics GmbH” in 4000–400 cm− 1 mea-
surement range (resolution: 4 cm− 1, scans: 24). Before measurements all 
samples were wiped with a wet paper towel. 

2.4. Diffuse Reflectance Spectroscopy (DRS) 

The purpose of this technique was to identify electron transition in 
UV region and probable characterization of the samples in the visible 

region of the DR spectra. Following a similar procedure as Tziourrou 
et al. (2020), UV–Vis spectrophotometer Varian Cary 3 was used. The 
blank of the instrument (PTFE reference disc) was used to calibrate and 
record spectra against the plastic bag samples in 200–800 nm region. 

3. Results 

3.1. Monitoring results on degraded beached plastic bags 

In the 3 surveyed coastal sites of Syros Island, 327 plastic bags from 
super-markets and other retail shops were recorded and removed, of 
which 282 were shredded (86%). Most of the beach-stranded plastic 
bags were super-market/grocery shop bags (256 items; 78% of total 
plastic bags). The vast majority of the super-market/grocery shop plastic 
bags were shredded (89%). The thicker (>50 μm) retail-shop plastic 
bags were less abundant in the coastal sites (71 items; 22% of total 
plastic bags). Most of the retail shop bags were shredded (77%) as well, 
but not as much as the thinner (15–50 μm) supermarket bags. Oxo- 
degradable bags were scarce (5 items; 1.5%), and all of them were 
heavily shredded. 

The biggest fluctuation in shredded plastic bag percentage, was 
observed in Ladopoulos Beach, especially after May 2018 (Fig. 1). 
Ladopoulos is an urban beach located within the premises of capital of 
the island, Ermoupolis. It is a heavily polluted beach, where litter is 
deposited by both wind-driven currents and on-site disposal. Litter in 
Ladopoulos Beach originates both from urban activities, due to the 
proximity to a densely populated area, but also from marine-based ac-
tivities (i.e., navigation, fishery, etc.). It is the far most polluted site from 
the three that are included in this work; 195 (60%) of the plastic bags of 
this data set, were recorded in this beach. In Ladopoulos Beach, in 
August 2018, a much lower percentage of shredded super-market bags 
(47%), almost similar to the percentage of retail bags (39%) was 
recorded, resulting in a total 43% of shredded plastic bags. This may be 
attributed to the fact that since January 1st, 2018, thin (15–50 μm) 
plastic bag charges ("green" fee) were introduced by the Greek legisla-
tion in an effort to minimize their impact on the environment. Plastic 
bag thickness of 15–50 μm was the thickness traditionally used for 
super-market/grocery shop bags until then. As a result most Greek 
super-markets shifted to selling thicker plastic bags rather than giving 
away for free thin plastic bags to their customers, which was no longer 
an option. Hence, gradually the super-market/ bags found in the marine 
environment after the several months of the "green" plastic bag fee 
imposition, could be more resistant to degradation, since they have been 
produced to be thicker. Nevertheless, more plastic bag monitoring in the 
marine environment and comparison to earlier data is required to 
confirm this hypothesis. 
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Fig. 1. Temporal variation of shredded plastic bag percentage in the most 
heavily polluted site: Ladopoulos Beach. 
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3.2. Surface characterization 

Surface topographies obtained via SEM of all the plastic samples are 
illustrated in Fig. 2. Surface topography of a virgin LDPE was presented 
(smooth-glossy surface) at 100 (scale bar: 500 μm) and 5000× (scale 
bar: 10 μm). For oxo-degradable P.B., cracked areas in both magnifica-
tions were observed. For S1 plastic bag, smooth surface topography was 
observed in both magnifications (200 and 4000×) while for S2 (200 and 
4000×) a rough (~abrasively) surface was determined. The surface 
topography of the S3 in both magnifications (200 and 6000×) (scale bar: 
200 and 9 μm) was also smooth. Holes are observed throughout the 
smooth surface of S4 sample at 200× (scale bar: 200 μm) and were also 
observed in the 3000× (scale bar: 10 μm) image. Degradation of the 
surface (rough surface) was also observed in both magnifications (200 
and 4000×) in the S5 sample. Cracked area is observed on the S6 surface 
in magnification 60× (scale bar: 900 μm) and smooth surface in 
magnification at 4000× (scale bar: 10 μm). 

3.3. Identification of chemical bonds 

Fig. 3 shows the Raman spectra for all the samples. According to the 
virgin LDPE spectrum the peaks observed at 1060 (C–C stretching) 
(Nauendorf et al., 2016), 1127 (C–C stretching) (Nauendorf et al., 
2016), 1293 (CH2 twisting) (Nauendorf et al., 2016), 1438 (CH2 
bending) (Nauendorf et al., 2016), 1747 (C = O ester carbonyl stretch 
mode) (Telle and Ureña, 2018), 2847 (symmetric CH2 stretching mode) 

(Ibrahim et al., 2017) and 2880 cm− 1 (asymmetric CH2 stretching mode) 
(Ibrahim et al., 2017) are native to the polymer. These peaks disappear 
in the spectra S3 to S6 except the 1293, 2847, and 2880 cm− 1 in the S6 
spectrum. On the other hand (the red arrows in S2 spectrum) 842 
(symmetric of the SiO4 group) (Paques-Ledent and Tarte, 1973), 2540 
(SH stretching vibration) (Colthup et al., 1990), 2847 (symmetric CH2 
stretching mode) (Ibrahim et al., 2017) and 2881 cm− 1 (asymmetric CH2 
stretching mode) (Ibrahim et al., 2017) exist in the S1 spectrum and not 
in the oxo-degradable P.B. spectrum. The peaks at low wavenumbers 
suggest that the beached plastic bags retain sand/sediment on their 
surface even after they are well-wiped with a wet paper towel. 

3.4. Identification of functional groups 

According to the IR spectra (Figs. 4 and 5), two plastic groups were 
observed. Both S1 and S2 plastic bag samples were oxo-degradable 
plastic bags similar with (P.B.) (1st group) (Table 2) while S3, S4, S5, 
and S6 samples are similar with LDPE virgin sample (2nd group) 
(Table 3). 

Five similar peaks at 2915, 2847, 1460, 875, and 718 cm− 1 were 
observed in the 1st group (Table 2). The peak at 1377 cm− 1 (1379 cm− 1 

for the S2), did not exist at the oxo-degradable P.B. which correspond to 
methyl group based on literature (Jung et al., 2018). On the other hand, 
additional peaks due to degradation appeared in the oxo-degradable P. 
B. spectrum [2184, 2048, 1711 and 1413 cm− 1 which correspond to 
-N≡C stretch (Pillai, 2007), Berreman effect (Nalwa, 2001; Harbecke 

Oxo-degradable p.b.

S1 S1

Oxo-degradable p.b.

Fig. 2. SEM images of the plastic bags surfaces and a virgin LDPE (in two magnifications up to down): the oxo-degradable plastic bag (up), S1, S2, S3, S4, S5, S6 
sample and a virgin LDPE (down). 
Note that images S6 and Virgin LDPE on the left are in different magnification than the images on the left for the rest of the samples. 
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Fig. 2. (continued). 
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et al., 1985), keto carbonyl bond (Musioł et al., 2017) and (possible) CH2 
symmetrical scissoring in Si-CH2 (Fonceca et al., 1998), respectively]. 
Peaks at 428 (in S1), 514 and 418 cm− 1 (in oxo-degradable P.B.) 
correspond to feldspar (microcline), quartz and feldspar (albite) (Siva-
kumar et al., 2012), respectively; some of these peaks correspond to 
starch degradation 1413 cm− 1, (or/and 875 cm− 1) (Kizil et al., 2002), 

1377 (S1), 1379 (S2) cm− 1 (Ashok et al., 2018) and 2184 cm− 1 (Orhan 
et al., 2004). 

In the 2nd group, peak at 718 cm− 1 (CH2 rock) in the LDPE virgin 
spectrum was observed to displaced in S3, S4, S5 and S6 spectra 
(Table 3). Additional peaks due to environmental exposure were found 
in S3 to S6 samples. Peak at 1377 cm− 1 was observed in S3 (1379 cm− 1), 
S4 and S6 spectra that related with methyl group (Jung et al., 2018). 
Based on Fotopoulou and Karapanagioti (2015), the peak at 1034 cm− 1 

was related on C-O-C (ester linkage) was detected on S4 (1036 cm− 1), 
S5, and S6. The peaks at 1470, 1409 (also in S4 at 1411 cm− 1) and 883 
cm− 1 were found on S3 and correspond to CH2 bend (Mitchell et al., 
2013), CH2 symmetrical scissoring in Si-CH2 (Fonceca et al., 1998) and 
boron oxide (Beyli et al., 2008), respectively. The peak at 465 cm− 1 in S4 
spectrum was detected also in S5 at 467 cm− 1 and corresponds to Si–O 
asymmetrical bending vibration (Sivakumar et al., 2012). 2162, 1368 
and 528 cm− 1 were detected in S5 spectrum corresponding to Si–H 
stretching vibration (Jarosz et al., 2019), CH2 wagging and/or sym-
metrical CH3 movements (Fonceca et al., 1998) and feldspar (Sivakumar 
et al., 2012), respectively. 

The carbonyl and vinyl indices of plastic bags can be calculated from 
FTIR results. Table 4 presents the ester, keto, and vinyl indices values of 
each sample (Kaberi et al., 2013; Fotopoulou and Karapanagioti, 2015). 
The virgin LDPE was used as a blank sample. The S6 had the lowest 
indices values of all samples, while the oxo-degradable P.B. the highest 
one. S5 ester, keto, and vinyl indices were estimated to be 0.11, 0.12, 
and 0.16 respectively, while S4 indices were at 0.19, 0.20, and 0.26, 
respectively. Finally, S1, S2, and S3 indices had similar values. In 
summary, from the lowest to the highest values the samples are as 
follows: 

Fig. 3. Raman spectra of the plastic bag samples and a virgin LDPE.  

 

  

S6 S6 

Virgin LDPE Virgin LDPE 

Fig. 2. (continued). 
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a) Ester carbonyl index (I1715/I1465): oxo-degradable P.B. > S1, S2.  
b) Keto carbonyl index (I1740/I1465): oxo-degradable P.B. > S1, S2.  
c) Vinyl index (I1640/I1465): oxo-degradable P.B. > S2 > S1.  
d) Ester carbonyl index: S4 > S3, S5 > S6 > virgin LDPE.  
e) Keto carbonyl index: S4 > S5 > S3 > S6 > virgin LDPE.  
f) Vinyl index: S4 > S5 > S3 > S6 > virgin LDPE. 

where I is the IR intensity at 1715, 1740, 1640, and 1465 cm− 1 that 
corresponds to ketone, ester carbonyl, vinyl bond, and methylene bands, 
respectively (Albertsson et al., 1987). 

According to DR normalized spectra (Fig. 6), a shoulder in visible 
region (400–700 nm) was observed in all the LDPE plastic bags (S3–S6). 
Similar slightly offset wavelength values were recorded in 300–400 nm 
(e.g., peaks at 307, 347 and 361 nm for S5) in all the samples. Finally, 
differences of the peaks in 200–300 nm seemed to be present (~247 nm 
for S3, S4 and S5/~230 nm for S4 and S5/~218 nm for S4 and S5/~214 
nm for S6). This agrees with Rtimi et al. (2015) that observed the shift of 
the spectra towards smaller wavelengths due to degradation and the 
formation of oxygen functional groups. It was observed that C–O type 
functional groups, break H–C and C–C bonds and segment the PE film. 

4. Discussion 

Based on ATR-FTIR and Raman spectra, samples were grouped into 
two groups: a) oxo-degradable and b) LDPE. Macro- and micro- obser-
vations were correlated with the spectra. In both groups, additional 
peaks were observed in the beached samples due to environmental 
exposure, compared to the virgin samples which were not exposed to 
environmental conditions. 

Oxo-degradable plastic bags use starch as adhesive of the synthetic 
polymer pieces (e.g., polyethylene) (Sandhu and Shakya, 2019); starch 
was characterized by ATR-FTIR spectra (Ashok et al., 2018). No signif-
icant differences in peaks can be observed in the S1 and S2 in contrast 
with the oxo-degradable plastic bag which was three years in a dark 
place in the air. This can also be observed macro- and microscopically, 
while in specific S2 seems to suffer from mechanical degradation (e.g., 
abrasion). Working in soil conditions with oxo-degradable plastic bags, 
Orhan et al. (2004) did not detect degradation of the synthetic polymer, 
while degradation of the starch added to the plastic was observed. A 
different study reported that oxo-biodegradable and conventional plas-
tics degrade relatively slower than compostable plastics (O'Brine and 
Thompson, 2010). 

Fig. 5. ATR-IR spectra of the S3 (up), S4, S5, S6 and a virgin LDPE 
(down) plastics. 

Fig. 4. ATR-IR spectra of the S1 (up), S2 (middle) and the oxo-degradable (P. 
B.) (down) plastic bags. 
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In the 2nd group (LDPE bags), S4 and S5 bags were presented to have 
more ATR-FTIR peaks than the S3 and S6, which agree macroscopically. 
At this point SEM images illustrated significant changes in the surfaces 
topography (S4 and S5). Different smaller holes and cracks were also 
observed by Napper and Thompson (2019) in a conventional bag (High 
Density Polyethylene). In addition, a cracked area on S6 with no sig-
nificant additional peaks in its spectra was detected. This agrees with 
experiments performed with seawater by Alvarez-Zeferino et al. (2015) 
who found that plastic bags tend to fragment before significant chemical 
degradation was identified. Likewise, studying different types of plastic 
bags, exposed for 9 months in the open-air, Napper and Thompson 
(2019) observed that all bags were fragmented into particles; therein-
after, the loss of tensile stress in conventional polyethylene, calculating 
31% in open-air and 2% in the marine environment (Napper and 
Thompson, 2019). Experimenting with a number of plastics, Pegram and 
Andrady (1989) reported similar contrast in the rate of deterioration 
from the changes in tensile elongation at break between open-air (95%) 
and marine environment (2%). Finally, exposing polyethylene in the 
Baltic Sea in 2 m depth for 20 months, Rutkowska et al. (2002) did not 
observed any biodegradation. 

Another interesting point is the formation of polar groups on the 
surface of these plastic bags. This makes the surface more hydrophillic 
and allows the interaction of the plastic surface with suspended solids, 
ions, and microbes (Fotopoulou and Karapanagioti, 2012, 2015; Holmes 
et al., 2012, 2014; Ashton et al., 2010). DRS technique was also used by 

Tziourrou et al. (2020) who have studied the interactions of LDPE – 
marine microbes; they observed also peaks in UV region at 200–220 nm 
(n–σ* and/or π–π*) and 260–280 nm (π–π*) electron transitions indi-
cating organic functional groups and aromatic - polyaromatic com-
pounds, respectively. Finally, there are n–π* electron transitions 
(260–280 nm) in most conjugated molecules (e.g., proteins and nucleic 
acids) (Bikova and Treimanis, 2004; Jia et al., 2007; Trabelsi et al., 
2009; Rtimi et al., 2015). These interactions can cause the plastic bags to 
sink and this can explain their higher abundance in the bottom of the sea 
than on the beach where they tend to degrade and form microplastics. 

Future investigations should pay attention to the type and of course 
to the shape (e.g., film) of sampling microplastics for a better description 
of their origin (e.g., plastic bags). The study of plastics in the 

Table 3 
ATR-IR peaks of the S3, S4, S5, S6 and a virgin LDPE plastic.  

Samples Main 
peaks 
(cm− 1) 

Peaks based on literature References 

Native peaks 

LDPE 
(virgin)  

2913 
2915 cm− 1 C-H stretch. Jung et al., 2018 
2900 cm− 1 C-H2 

asymmetrical stretch. 
Fotopoulou and 
Karapanagioti, 2015  

2847 
2845 cm− 1 C-H stretch. Jung et al., 2018 
2850 cm− 1 C-H2 symmetrical 
stretch. 

Fotopoulou and 
Karapanagioti, 2015  

1462 
1462 cm− 1 CH2 bend. Jung et al., 2018 

1464 cm− 1 C-H2 bending. 
Fotopoulou and 
Karapanagioti, 2015  

718 
717 cm− 1 CH2 rock. Jung et al., 2018 

720 cm− 1 C-H2 rocking. 
Fotopoulou and 
Karapanagioti, 2015  

Additional peaks due to environmental exposure 

S3  

1470 1470 cm− 1 CH2 bend. Mitchell et al., 2013  

1409 1408 cm− 1 CH2 symmetrical 
scissoring in Si-CH2. 

Fonceca et al., 1998  

1379 1377 cm− 1 methyl group. Jung et al., 2018  

883 
883 cm− 1. Šeděnková, 2008 
883 cm− 1 (boron oxide). Beyli et al., 2008  

730 729 cm− 1 CH2 rocking. Fonceca et al., 1998 

S4  

1411 1408 cm− 1 CH2 symmetrical 
scissoring in Si-CH2. 

Fonceca et al., 1998  

1377 1377 cm− 1 methyl group. Jung et al., 2018  

1036 
1040 cm− 1 (C-O-C) ester 
linkage. 

Fotopoulou and 
Karapanagioti, 2015  

877 
874 cm− 1 (CH2) rock 
amorphous. 

Finzi-Quintão et al., 
2016  

724 722 cm− 1 CH2 rocking. 
Fotopoulou and 
Karapanagioti, 2012  

465 
459 cm− 1 (Si–O) 
asymmetrical bending 
vibration. 

Sivakumar et al., 2012 

S5  

2162 
2165 cm− 1 Si–H stretching 
vibration. Jarosz et al., 2019  

1368 
1366 cm− 1 CH2 wagging and/ 
or symmetrical CH3 

movements. 
Fonceca et al., 1998  

1034 1040 cm− 1 (C-O-C) ester 
linkage. 

Fotopoulou and 
Karapanagioti, 2015  

877 
874 cm− 1 (CH2) rock 
amorphous. 

Finzi-Quintão et al., 
2016  

728 729 cm− 1 CH2 rocking. Fonceca et al., 1998  
528 535 cm− 1 feldpar. Sivakumar et al., 2012  

467 
459 cm− 1 (Si–O) 
asymmetrical bending 
vibration. 

Sivakumar et al., 2012 

S6  

1411 
1414 cm− 1 asymmetric C–H 
bending. 

González-Rivera et al., 
2018  

1377 1377 cm− 1 methyl group. Jung et al., 2018  

1034 
1040 cm− 1 (C-O-C) ester 
linkage. 

Fotopoulou and 
Karapanagioti, 2012  

877 874 cm− 1 (CH2) rock 
amorphous. 

Finzi-Quintão et al., 
2016  

728 729 cm− 1 (CH2) rocking. Fonceca et al., 1998  

Table 2 
ATR-IR peaks of the S1, S2 and the oxo-degradable P.B. samples.  

Samples Main 
Peaks 
(cm− 1) 

Peaks based on literature References 

S1 & S2 2915 (S1), 
2913 (S2) 

2920 cm− 1 stretching 
vibration of CH2 bonds. 

Finzi-Quintão 
et al., 2016 

2847 2852 cm− 1 stretching 
vibration of CH2 bonds. 

Finzi-Quintão 
et al., 2016 

1460 (S1), 
1462 (S2) 

1462 cm− 1 CH2 bending. Fonceca et al., 
1998 

1377 (S1), 
1379 (S2) 

1377 cm− 1 methyl group. Jung et al., 2018 

873 874 cm− 1 amorphous phase of 
CH2 rock. 

Finzi-Quintão 
et al., 2016 

730 726 cm− 1 bending vibration 
absorption of CH-plane of the 
benzene ring bonds. 
727 cm− 1 CH bonds. 

Finzi-Quintão 
et al., 2016 

718 720 cm− 1 crystalline phase of 
CH2 rock. 

Finzi-Quintão 
et al., 2016 

428 (S1) 428 cm− 1 feldspar 
(microcline). 

Sivakumar et al., 
2012 

Oxo- 
degradable 
P.B. 

2913 2920 cm− 1 stretching 
vibration of CH2 bonds. 

Finzi-Quintão 
et al., 2016 

2845 2852 cm− 1 stretching 
vibration of CH2 bonds. 

Finzi-Quintão 
et al., 2016 

2184 2180 cm− 1 -N≡C stretch. Pillai, 2007 
2048 2050 cm− 1 Berreman effect. Nalwa, 2001;  

Harbecke et al., 
1985 

1711 1717 cm− 1 keto carbonyl 
bond. 

Musioł et al., 
2017 

1460 1462 cm− 1 CH2 scissoring 
vibration. 

Musioł et al., 
2017 

1413 1415 cm− 1 starch Kizil et al., 2002 
1408 cm− 1 CH2 symmetrical 
scissoring in Si-CH2. 

Fonceca 
et al.,1998 

875 874 cm− 1 amorphous phase of 
CH2 rock. 

Finzi-Quintão 
et al., 2016 

718 720 cm− 1 crystalline phase of 
CH2 rock. 

Finzi-Quintão 
et al., 2016 

514 519 cm− 1 quartz. Sivakumar et al., 
2012 

418 420 cm-1 feldspar (albite). Sivakumar et al., 
2012  
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environment can be associated with mineralogy, as we encounter 
attached minerals on the plastic surface that could possibly provide in-
sights on the transport and fate of plastics through different marine 
environments. 

5. Conclusions 

The main conclusion of the present study is that plastic bags can 
break into microplastics [see the abrasive surface in S2 (oxo-degradable 
material) and the irregular-cracked area in S6 (LDPE material)]. In the 
present study, three different ways of microplastic formation were 
observed (a) due to the presence of oxo-degradable substances such as 
starch added during the production, which is the adhesive of the syn-
thetic polymer pieces in an oxo-degradable plastic bag; starch degra-
dation was observed; no chemical alteration of the synthetic polymer 
was observed, (b) mechanical alterations take place leading to frag-
mentation, before major chemical modifications can be detected in 
synthetic polymers due to environmental exposure; this was visualized 
using SEM and observing holes and cracks in samples that did not show 
any chemical modification on their surface, and (c) oxidation of the 
surface due to chemical degradation; this was observed through spec-
troscopy techniques that found the formation of C–O type functional 
groups, leading to H–C and C–C bonds breakage and thus, segmenta-
tion of plastic bags. 

Regulating the use of thin plastics bags not only lowers the number of 
plastic bags in the environment but also results in less fragmented bags 
and thus, less film-shaped microplastics. Considering that it is easier to 
manage macroplastics than microplastics the manufacturing process 
should be regulated to produce plastic bags that do not easily deteriorate 
to microplastics. 
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