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h i g h l i g h t s
� Degradation of seven polymers in aquatic medium results in an increased formation of microscopic plastic particles.
� Weathering of polystyrene and polylactic acid generated the highest number of particles, especially in the nanometer range.
� Surface erosion of all seven materials produced particles from 30 nm up to 60 mm.
� Particle concentration increased with decreasing particle diameter.
� Degradation processes start with chain scission at the polymer surface releasing many very small particles.
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a b s t r a c t

This study investigated the formation and size distribution of microscopic plastic particles during the
degradation of different plastic materials. Particle number concentrations in the size range 30 nme60 mm
were measured by nanoparticle tracking analysis (NTA) and Coulter Counter techniques. Each of the
plastics used exhibited a measureable increase in the release of particles into the surrounding solution,
with polystyrene (PS) and polylactic acid (PLA) generating the highest particle concentrations. After
112 d, particle concentrations ranged from 2147 particles ml�1 in the control (C) to 92,465 particles ml�1

for PS in the 2e60 mm size class; 1.2 � 105 particles ml�1 (C) to 11.6 � 106 for PLA in the 0.6e18 mm size
class; and 0.2 � 108 particles ml�1 (C) to 6.4 � 108 particles ml�1 for PS in the 30e2000 nm size class
(84 d). A classification of samples based on principal component analysis showed a separation between
the different plastic types, with PLA clustering individually in each of the three size classes. In addition,
particle size distribution models were used to examine more closely the size distribution data generated
by NTA. Overall, the results indicate that at the beginning of plastic weathering processes chain scission
at the polymer surface causes many very small particles to be released into the surrounding solution and
those concentrations may vary between plastic types.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

It has recently been shown that indicators of anthropogenic
activity in lake sediments include a complex combination of ma-
terials, including plastics, and that these indicators differ greatly
from Holocene signatures (Waters et al., 2016). As such, the envi-
ronmental degradation of different plastic materials is of great in-
terest. Conventional understanding regarding plastic degradation
processes is derived from laboratory studies that often investigate a
lambert@em.uni-frankfurt.de
single mechanism of degradation such as photo-, thermal-, or bio-
degradation (Lambert et al., 2013b). These studies have tended to
focus on thin films and characterise degradation in terms of weight
loss, changes in tensile strength, breakdown of molecular structure,
and the identification of specific microbial strains to utilize specific
polymer types. Presently, little is known about the formation of
microscopic particles during the degradation of different plastic
materials. This is an important issue given the current interest in
the environmental occurrence and effects of microplastics that are
generally classified as having a diameter less than 5 mm (GESAMP,
2015). In addition, the formation of particles below the threshold of
visible detection, such as those at the nanoscale, during plastic
degradation is also considered highly likely (Andrady, 2011;
Lambert et al., 2014; Mattsson et al., 2015).

mailto:scottl210@hotmail.co.uk
mailto:lambert@em.uni-frankfurt.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2016.07.042&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
http://dx.doi.org/10.1016/j.chemosphere.2016.07.042
http://dx.doi.org/10.1016/j.chemosphere.2016.07.042
http://dx.doi.org/10.1016/j.chemosphere.2016.07.042


S. Lambert, M. Wagner / Chemosphere 161 (2016) 510e517 511
Analytical methods for particle characterisation include Coulter
Counter and nanoparticle tracking analysis (NTA). Coulter Counter
is a conductivity based technique that is able to measure particles
ranging from 0.4 to 1200 mm diameter depending on the size of
aperture used (Rhyner, 2011). The sample of interest is diluted in a
weak electrolyte solution and is then passed through the aperture
concurrent with an electrical current. The voltage applied across
the aperture is known as the sensing area and as particles pass
through the aperture they displace their own volume of electrolyte
and alter the impedance (Demeule et al., 2010; Narhi et al., 2009).
This change in impedance produces a pulse that is directly pro-
portional to the volume of the particle and this converted signal
enables the instrument to calculate particle size and size distribu-
tion (Demeule et al., 2010; Narhi et al., 2009).

NTA visualizes, measures, and characterises particles in the
30e2000 nm size range through the use of a laser beam to illu-
minate particles (Filipe et al., 2010). The NTA technique is based on
the tracking of single particles and the software relates the rate of
Brownian motion to particle size. The scattered light is captured
using a digital camera and the motion of each particle is tracked
from frame to frame by the NTA software (Kramberger et al., 2012).
The rate of particle movement is related to a sphere equivalent
hydrodynamic radius as calculated through the Stokes-Einstein
equation and particle size is observed on a particle-by-particle
basis (La Rocca et al., 2014). The principles of NTA are further
described in Hole et al. (2013), Gillespie et al. (2011), and Gallego-
Urrea et al. (2010). The NTA platform has previously been used to
investigate the particle formation during the degradation of natural
rubber latex (Lambert et al., 2013a) and polystyrene (Lambert and
Wagner, 2016).

The size distribution of particles in aquatic environments is an
important property that influences many natural processes, such as
the scattering and absorption of light in the water column, the
exchange of substances between solid and liquid phases, and the
transportation of substances to sediments, as well as their in-
teractions with biological processes (Jonasz, 1983; Reynolds et al.,
2010). A particle size distribution (PSD) can be defined as the
average number of particles within a given size classification
(Reynolds et al., 2010). In addition, modelling the size distribution
of particles is often useful when highly variable particle pop-
ulations are expected as they can provide a more complete
description of PSD properties (Hwang et al., 2002). Therefore, an
investigation of PSD of plastic particles formed during degradation
processes is of particular interest, and representing the particle
concentration data as a mathematical function may provide an
opportunity to search for materials with similar degradation
profiles.

In this study, we aimed to investigate the formation of micro-
scopic particles during the degradation of different plastic mate-
rials, under aqueous conditions. To do this, a weathering chamber
was used to accelerate the degradation process, and seven plastic
materials were compared that represented five different polymer
types. The materials selected consisted of two plastic pellets
(polyethylene (PE) and polypropylene (PP)), and five consumer
plastics including two types of PP packaging materials, a poly-
styrene (PS) coffee-to-go lid, a polyethylene terephthalate (PET)
water bottle, and a polylactic acid (PLA) beverage cup. The main
objective was to characterise the formation of particles from 30 nm
to 60 mm in diameter and to explore the effects of polymer type on
particle formation. A second objective was to further examine the
particle distribution data generated by NTA within the context of
commonly used PSD modelling approaches.
2. Methods

2.1. Test materials and their preparation

The plastic pellets used in this work were purchased from a
commercial source and the consumer plastics were sourced from
commercial retailors in Darmstadt, Germany (supporting infor-
mation (SI) Table S1). The polymer type of the consumer plastics
were identified through their recycling code, and the identification
of all materials was further confirmed using ATR-FTIR spectroscopy
(Attenuated Total Reflection-Fourier Transform Infra-Red, Perki-
nElmer UATR Two; the individual spectra are available in the SI
Fig. S1). The plastics used were durable materials and not those
associated with thin film materials.

The consumer plastics were emptied and plastic material
covered by labelling was cut away and not used to exclude any glue
residues. The remaining plastic material was then gently washed
under a running demineralised water tap, with care taken to pre-
vent artificial disturbance of the material surfaces. After drying the
consumer plastics were then cut into 1 � 1 cm squares using
stainless steel scissors. The plastic materials were then placed in
glass vials, immersed in 20 ml demineralised water, and placed in a
weathering chamber (Binder GmbH). The exposure conditions
were kept static with the temperature set to 30 �C and continuous
exposure to light in both the visible and ultra-violet (UV;
320e400 nm) range. Samples were taken after 0, 7, 14, 28, 56, 84,
and 112 days, for each time point individual samples were estab-
lished in triplicate alongside control samples (i.e. water only).
Evaporation was dealt with by regularly replacing lost water. For
the consumer plastics each individual replicate contained one,1� 1
cm square of material, and for the plastic pellets each individual
replicate contained five pellets. The average surface area was as
follows; 1.96 cm2 for the five pellets (0.4 cm2 per pellet), 2.03 cm2

for the PP film, 2.12 cm2 for the PP sheet, and 2.06 cm2 for the three
remaining materials. A laboratory blank of 20 ml demineralised
waterwas prepared in a fresh glass vessel on the day of each sample
collection to document any contamination that may result from the
analytical process.

2.2. Analytical methods

To characterise the formation of plastic particles during the
degradation of different plastic materials two methods were uti-
lised: (i) Coulter Counter was used to determine the particle con-
centrations in the 0.6e60 mm size range, and (ii) NTA was used to
determine particle size concentrations in the size range of
30e2000 nm. Coulter Counter measurements were performed
using a Multisizer 3 equipped with a 30 mm and 100 mm aperture
(Beckman Coulter, Fullerton, CA, USA). The 100 mm aperture allows
particles with a diameter of 2e60 mm to be counted, and the 30 mm
aperture allows for the counting of 0.6e18 mm particles. Liquid
samples were diluted between 20 and 50 fold with Isoton II elec-
trolyte (ISO; 0.9% NaCl electrolyte from Beckman Coulter) solution
to provide adequate ionic strength for the analysis. To adequately
characterise particle concentration each individual sample, control,
and blank were analysed in triplicate with each aperture.

NTA analysis was performed using NanoSight LM 10 (NanoSight
Ltd, Wiltshire, UK). Only samples generated from days 0e84 were
analysed by NTA because of unexpected instrument down time. To
characterise each individual replicate sample, control, and blank in
a representativemanner three video images of eachwere taken and
designated as a single measurement. Video image length was set at
30 s and imaging was performed at room temperature. The video
images were then processed using NTA 2.3 software with the
following parameters; detention threshold set to auto; blur set to
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5 � 5; minimum track length and minimum expected particle size
were both set to auto. During the particle tracking analysis two
output files for each image are generated. The first is the summary
output file that contains data such as the particle concentration and
the x, y data points from which the particle concentration distri-
bution can be recreated. The second file is the intensity output file
and that contains data on the particle diameter of each individual
particle tracked during the analysis, and whether the particle is
considered a true particle and included in the data that makes up
the summary file or a false particle and excluded.

2.3. Data analysis

The datasets generated for the three size classes investigated
were identified as non-normally distributed using the Shapiro-
Wilk test. Therefore, overall differences in particle concentrations
between the treatment groups and control were evaluated using
Kruskal-Wallis on ranks. Statistical tests were followed by post-hoc
Dunn's test for multiple comparisons, and were conducted using
GraphPad Prism version 5.0 and a significance level of 0.05. The
particle concentration data were then normalized to surface area
and further characterized using principal component analysis
(PCA), which reduces the complexity of a multivariable dataset, and
Spearman rank correlation. The goal of this approach was to pro-
vide an overview of the generated particle concentration data to
identify similarities or differences between the treatment groups.
PCAwas performed using XLSTAT (Addinsoft, Inc, NY, USA), and the
correlation analysis was performed using GraphPad Prism (version
5.0).

To further interpret the NTA data PSD modelling approaches
were adopted. The NTA intensity files were exported to Microsoft
Excel, where the pivot table function was used to exclude all
measurements classified as false particles, so that only those par-
ticles classified as true particles were retained for PSD modelling.
As three separate measurements of each replicate sample were
analysed, particles classified as true from each were combined to
create the particle distribution for that replicate sample. Generally,
PSDs are reported as cumulative distributions frequencies (CDF)
with different models proposed to fit the experimental data
(Hwang. 2002). Therefore, a CDF of the particle size data obtained
from the NTA intensity files was created in GraphPad Prism using a
bin width of 10 nm. To characterise the CDF profiles four models
were selected for regression analysis: Weibull distribution, expo-
nential distribution, gamma distribution, and the van Genuchten
power law distribution. These models each have two fitting pa-
rameters and are commonly used models for characterising parti-
cles distributions. Each of these models and their applications are
further described in Bayat et al. (2015), Weipeng et al. (2015), and
Yang et al. (2012). Model parameters were fitted using Microsoft
Excel solver configured adopting recommendations of Brown et al.
(2001) and recently employed by Prata et al. (2016). In addition,
interpolation functions were also fitted to the measured data in the
form of a second and third order polynomial models (Roberson and
Weltje, 2014). To assess the models goodness-of-fit, R2 value, root
mean squared error (RMSE), and Akaike's information criterion
(AIC) were used. In general, a given model is deemed to have a
better goodness-of-fit when compared to other models if it has a
higher R2, and a lower RMSE and AIC. Equations are available in the
supporting information.

3. Results

3.1. Analysis of laboratory blank samples

A laboratory blank consisting of demineralised water was
created on the day of each sample collection to document any
contamination that may result from sample handling and analytical
processes (SI Fig. S2). In the largest size class (2e60 mm) mean
particle concentrations ranged from a low of 425 particles ml�1 on
day zero to a high of 10,164 particles ml�1 on day 14. In the
0.6e18 mm size class mean particle concentrations ranged from
5907 particles ml�1 on day 28e43,107 particles ml�1 on day 7, and
in the smallest size class (30e2000 nm) particle concentrations
ranged from 0 particles ml�1 on day 0 and day 84e86,670 particles
ml�1 on day 7.

3.2. Effects of plastic type on particle formation

The Coulter Counter technique was used to characterise the
formation of particles in two size classes (i.e. 2e60 mm and
0.6e18 mm). In the largest size class, based on the particle con-
centration data measured on day 112 the different plastic types can
be ranked in order from highest to lowest particle generation as
follows: PS (92,465 particles ml�1) > PLA (61,750) > PP sheet
(46,270) > PE pellet (39,619) > PP pellet (26,380) > PET
(25,046) > PP film (24,323) > control (2,147). The plastic material
with the largest surface area (PP sheet) is placed third in the
ranking, while the PP film with the smallest surface area is shown
to produce the lowest number of particles of the plastic materials
investigated at the end of the study. The PE and PP pellets are
ranked fourth and fifth, respectively. It is only for PLA (Fig. 1) that a
maximum concentration is measured at the end of the study,
though this is still lower than concentrations observed for PS (SI
Fig. S3). Maximum concentrations were determined in the PE pellet
sample at day 56 (152,668 particles ml�1) and in the PP film sample
at day 28 (78,564 particles ml�1; Fig. S3), after which particle
concentrations steadily declined. Prominent peaks can be seen for
PS at day 28 (132,058 particles ml�1) and for the PP sheet at day 84
(38,672 particles ml�1; SI Fig. 3). The particle number distributions
show that the majority of particles measured in the 2e60 mm size
class occur at the lower end of the distribution (Fig. 1; day 90 values
for PLA and PET are 4.8 and 4.3 mm, respectively, further details in
the SI). The particle abundance increases exponentially with
decreasing particle size and the PVD can be used to represent the
presence of larger particles in the sample.

To further investigate the particle distributions a smaller aper-
ture was used. The increase in particle concentrations over the
study duration is clearer to visualize in the 0.6e18 mm size class
(Fig. 2; day 90 values for PLA and the PP film are 1.16 and 1.18 mm,
respectively, further details in the SI), with the exception of the PP
film material, the particle concentrations are all greatest on day 112
(Fig. S4). At the end of the study the different plastic materials can
be ranked highest to lowest based on the particle concentration
data as follows: PLA (11.6 � 106 particles ml�1) > PP pellet
(10.3 � 106) > PS (9.9 � 106) > PP film (9.8 � 106) > PET
(9.4 � 106) > PP sheet (8.9 � 106) > PE pellet (8.0 � 106) > control
(1.2 � 105). In this size class, the PP sheet is placed sixth in the
ranking and the PP film is ranked fourth, while the PP pellet is
ranked above the PE pellet and PS is ranked third and PLA first.

The characterisation of the particle concentration datasets can
be further explored by visualization in principal component space
and correlation analysis after normalization based on surface area.
The resulting two-component model (Fig. 3) of the different
treatment groups reveal a division between the different plastic
treatment groups, while the pair-wise correlation analyses (SI
Table S2) describes the correlation between the plastic types in
terms of their correlation coefficients. The similarities and differ-
ences between the different plastic treatments are clearest in the
2e60 mm size class. Here, four groups can be identified: group one
consists of the PP sheet and PET with negative PC 1 scores and



Fig. 1. Particle concentrations measured in the PLA and PET samples in the 2e60 mm size range, with accompanying number and volume distributions for day 112. Details for all
other plastic materials and control data are presented in the supporting information.

Fig. 2. Particle concentrations measured in the PLA and PP film samples in the 0.6e18 mm size range, with accompanying number and volume distributions for day 112. Details for
all other plastic materials and control data are presented in the supporting information.
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highly positive PC 2 scores (correlation coefficient of 0.69), group
two consists of PS, the PE pellet and the PP film with positive PC 1
and PC 2 scores (correlation coefficient of 0.465e0.679), while PLA
(negative PC 1 and PC 2 scores) and the PP pellet (positive PC 1 and
negative PC 2 scores) form their own groups. The 2e60 mm size
class is also the most complex dataset, because of the lower vari-
ance accounted for by the first two components (57.4%; Fig. 3) as
compared to the 0.6e18 mm (78.2%) and the 30e2000 nm (79.4%)



Fig. 3. Projection of the particle concentrations after normalization for surface area in
principal component space for the different size classes investigated.
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datasets. In the 0.6e18 mm size class the four groups can again be
identified. The PE and PP pellets with PET cluster together with
highly positive PC 1 and negative PC 2 scores (correlation coeffi-
cient of 0.744e0.752), the PP sheet and PS cluster together with
highly positive PC 1 and positive PC 2 scores (correlation coefficient
of 0.83), while the PP film and PLA form their own individual
groups.

3.3. Characterisation of particle distributions at the nanoscale

NTA was used to investigate the formation of particles in the
30e2000 nm size range. Fig. 4 shows the particle volume distri-
butions (PVD) generated in the PLA, PET, PS and control samples.
The PVDs for all other plastics are presented as part of the sup-
porting information. The concentration of particles measured in the
solutions increased over the study duration and became increas-
ingly influenced by particles at the lower end of the size distribu-
tion. This is best shown in the PS and PE pellet samples where the
PVD is more influenced by larger particles at day 28, but after 84
days of weathering the PVD becomes more heavily influenced by
particles at the lower end. This is possibly due to a number of
factors such as the fragmentation of larger particles, and the
ongoing weathering processes favoring the formation of smaller
particles. When comparing plastics of similar densities an inter-
esting comparison can be made between PET (1.34e1.39 g cm�3)
and PLA (1.21e1.43 g cm�3). In the PLA samples the PVDs for days 7
and 28 are very similar and the concentration of particles is rela-
tively low, whereas for the PET samples there is a notable difference
in the PVD over this time period. However, after 84 days the PVD in
the PLA samplesmarkedly increases whereas in the PET it remained
relatively stable.

At the end of the study the different plastic materials can be
ranked in order from highest to lowest particle generation as fol-
lows: PS (6.4 � 108 particles ml�1) > PLA (5.3 � 108) > PE pellet
(3.4 � 108) > PP film (1.8 � 108) > PET (1.7 � 108) > PP pellet
(1.7 � 108) > PP sheet (1.5 � 108) > control (0.2 � 108). In this size
class the PP sheet with the largest surface area is ranked lowest out
of the plastic materials, while PS and PLA are ranked first and
second respectively. Overall, the results show a clear difference in
particle concentrations between the control samples as compared
to the plastic treatment groups. The clustering of different plastic
treatments is not so obvious in this size class (Fig. 3). PET and PLA
clearly cluster individually, while there is a steady separation be-
tween the remaining treatments starting with the PE pellet (highly
positive PC 1 and positive PC 2 scores) through to the PP sheet
(positive PC 1 and negative PC 2 scores). The results from the pair-
wise correlation analyses shows that the correlation between the
plastics ranged from 0.2 (PET vs PP pellet) to 0.798 (PP sheet vs PP
pellet).

The selected CDF models were fitted to the NTA data from the
day 84 samples. The model that best described the measured CDF
profiles for all seven plastics was the gamma distribution with R2

values of 0.98e0.99 and RMSE vales of 0.023e0.029, whereas the
third order polynomial had R2 values of 0.93e0.97 and RMSE of
0.041e0.061. The least favourable models were the second order
polynomial model (R2 values of 0.77e0.90) and the Weibull dis-
tribution (R2 values of 0.82e0.87; Table S3). The best-fitting model
parameters are also provided in SI (Table S4). The CDF curves
generated by the different models can also be discussed in terms of
how well they predict PSD properties, such as mean particle
diameter. Here, the gamma distribution was shown to provide the
best prediction of the measured CDF mean particle diameter
(Table S5). The CDF curves provided by the gamma and power law
models are both fairly similar in their geometry for all plastic types;
although the power law model tends to predict a lower mean
particle size compared to the gamma model and measured data
(Table S5). The exponential model over predicts the mean particle



Fig. 4. Particle volume distributions measured by NTA for PET, PLA, PS, and the control samples. The particle volume distributions of the remaining plastics can be found in the
supporting information.
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size for all plastics except PET, and the geometry of the Weibull
model means that it predicts the lowest mean particle size for all
plastic types. Comparing the CDF curves of the two plastic pellets
the PP pellet is shown to have a larger portion of particles below
100 nm contributing to its PSD compared to the PE pellet and
therefore has an overall lower mean particle size (Fig. 5). For plastic
with similar densities the CDF curves for PET and PLA show that a
larger portion of particles below 100 nm contribute to the PET
particle distribution than for PLA (Fig. S8). This means that PET has
an overall lower mean particle size compared to PLA (Table S5). In
addition, PLA produced higher particle concentrations in all three
size classes compared to PET.

4. Discussion

The present study aimed to investigate the formation of
microscopic particles during the degradation of different plastic
materials under accelerated weathering conditions in the labora-
tory. All plastics generated increasing numbers of particles over
Fig. 5. Comparative fit of the gamma model and the 3rd order polynomial function used to
measured after 84 days of artificial weathering.
time, with PS and PLA often generating higher particle concentra-
tions than other polymers. In addition, the replicate measurements
become increasingly variable as time progressed. However, as
evidenced by PCA, PLA clusters individually particularly in the
2e60 mm size class (Fig. 3). The variability between replicate
measurements may be due in part to the specific structural features
of the individual replicate samples used, such as an uneven dis-
tribution of pore spaces at the polymer surface, which cause
different patterns of degradation within plastic type. In this case,
the light absorbed by particles in the water column may enhance
their further disintegration and degradation, while decreasing the
irradiance for degrading the parent samples. The extent to which
suspended particles influence these processes depends strongly on
their size distribution (Jonasz, 1983). The increasing presence and
distributional differences of particles and other chemical degra-
dation products was also noted as influencing the degradation
processes of replicate rubber latex samples (Lambert et al., 2013b).

This study indicates that at the beginning of weathering pro-
cesses many very small particles fragment from the polymer
describe the cumulative distribution for the PE and PP pellet particle concentrations



Fig. 6. FTIR spectra of the PP film sample at the start (dotted line) and end (day 112,
solid line) of the study.
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surface. The degradation pathways of PE, PLA, PP, PS, and PET were
recently discussed in detail by Gewert et al. (2015) and Pelegrini
et al. (2016). Generally, exposure to sunlight and oxygen are the
most important factors that initiate polymer degradation, with
chain scission at the polymer surface leading to the fragmentation
of smaller polymer particles (Gewert et al., 2015; Lambert et al.,
2014). This will in theory result in the core of the parent plastic
becoming smaller and thinner. The complete fragmentation of the
parent plastic will then occur at a much later point in time when it
is sufficientlyweakened. The FTIR spectra (Fig. 6 and Fig. S6 SI Fig.1)
show that all plastic materials display a weakening of their char-
acteristic absorbance bands the formation of a broad OH peak in the
region 3000e3600 cm�1, and a low intensity peak at 1715 cm�1

that suggests the introduction of a CO band. SEM images are also
available in Lambert and Wagner. (2016) that show a change in the
surface of the PS material used.

Overall, the rate of particle formationwill depend on the specific
nature of the plastic material including the amount and size of pre-
existing surface pore spaces, and surface stability. The number and
size of surface pore spaces depends on the polymer crystallinity
and in turn the polymer density (Rabek, 1975). Chain scission at the
polymer surface during weathering processes will again depend on
the degree of polymer crystallinity as well as the mobility and
stiffness of chain segments (Rabek, 1975). Crystallinity is an
important polymer property because the crystalline region consists
of more ordered and tightly structured polymer chains. Crystal-
linity affects physical properties such as density and water
permeability. This in turn affects their hydration and swelling
Fig. 7. Particle volume distribution of natural nanoparticles in a sample of freshwater
(5.65 � 108 particles ml�1 ± 0.74; n ¼ 3). The sample was collected from a local river
(Urselbach in Frankfurt, Germany) in September 2015.
behaviour. Previous studies have also shown that the chemical di-
versity of plastic materials leads to a complex mixture of degra-
dation products that are difficult to quantify (Bejgarn et al., 2015;
Lambert et al., 2013b).

The particle size distributions generated by all seven plastic
types display an increase in particle concentration with decreasing
particle diameter, and greater variability between the replicate
measurements with increasing particle size. This trend may also be
observed when monitoring PSDs in natural water samples (Peng
et al., 2009; Reynolds et al., 2010). Gordon (1970) showed that
particles are numerically more abundant at smaller sizes (<7 mm)
during a study or organic particles in the North Atlantic Ocean
using periodic acid schiff staining methods. However, Sheldon et al.
(1972) presented data that showed roughly equal concentrations of
particles occur within all size classes using Coulter Counter (1 mm
was the smallest particle size and they studied surface and deep
water samples from the Atlantic and Pacific Oceans). To put the
particle concentrations into a broader context the PVD of natural
nanoparticles in a freshwater sample was analysed (Fig. 7). The
particle concentration measured was 5.65 � 108 particles ml�1. The
particle number concentrations of natural nanoparticles in aquatic
environmental samples has been found to range from 0.5e20� 108

particles ml�1 (Gallego-Urrea et al., 2010).
This study provides a base for further research on particle

fragmentation during plastic weathering and degradation, for
example particle formation may differ under different exposure
conditions. During studies using natural rubber samples Lambert
et al. (2013a) observed higher particle concentrations in fresh-
water as compared to marine water in outdoor microcosms. In
addition, the exclusion of light and season (summer vs. winter) also
affected the particle concentrations. The exposure conditions used
in this study do not mimic actual environmental conditions, in
which environmental plastics will be exposed to differences in
light/dark cycles and temperature gradients. Rabek. (1975) re-
flected that polymer degradation is also influenced by the degree of
thermal expansion. In this case, an interesting extension of this
study would be to investigate temperature gradient and its effect
on particle formation. Other important variables that will influence
particle formation rates are polymer properties such as density and
crystallinity, the type and quantity of chemical additives, and mi-
crobial communities.
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