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s and rising velocities of pristine
and weathered plastic pellets†
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This study compared the surface properties and rising velocities of pristine and weathered plastic

production pellets, to evaluate impacts of environmental conditions. Rising velocities were measured for

140 weathered pellets collected from a Spanish beach and compared with pristine low-density

polyethylene, high-density polyethylene and polypropylene pellets. A subset of 49 weathered pellets

were analysed by Fourier-transform infrared spectroscopy (FTIR), with all found to be polyethylene.

Experimental rising velocities for the weathered pellets varied widely, from (2.36 � 0.01) cm s�1 to (10.56

� 0.26) cm s�1, with a mean value of (5.79 � 0.06) cm s�1. Theoretical rising velocities were consistently

higher than experimental velocities for all pellet types: on average 136% of experimental values for

weathered pellets. This discrepancy was more distinct for less spherical pellets, which were often more

weathered. Flatter pellets often oscillated as they rose, which explains at least some of this finding.

Atomic force microscopy (AFM) analysis revealed that the roughness of the pristine and weathered

pellets was (59 � 11) nm, and (74 � 26) nm respectively. X-ray photoelectron spectroscopy (XPS) analysis

showed that the proportion of surface oxidised carbon species were 2.3% and 4.0% of the total carbon

signal for a pristine and a weathered pellet, respectively; consistent with photochemical reactions

changing the surface chemistry of weathered pellets. As determined by density column, weathered

pellets had slightly lower experimental densities than pristine pellets. Overall, this study illustrates why it

is important that modelling studies on the environmental fate and/or movements of microplastics

validate or correct predictions using experimental data.
Environmental signicance

The environmental fate of plastic litter is impacted by how environmental processing affects characteristics such as size, shape, surface roughness and density.
Plastic production pellets, or nurdles, are an abundant type of plastic litter on shorelines worldwide. They make a good choice for studying how weathering
affects the environmental behaviour of plastic litter. Weathered plastic pellets collected from a Spanish beach were compared with pristine pellets. Theoretical
rising velocities were consistently higher than experimental velocities, particularly for atter pellets. Weathered pellets had rougher surfaces, lower densities and
a higher proportion of oxidised carbon species on their surface than pristine pellets. This study illustrates why theoretical studies on the environmental fate of
microplastics should validate predictions using experimental data.
1. Introduction

The global challenge posed by plastic litter is now well recog-
nised. Production of plastic resins and bres was 380 million
metric tons per annum in 2015, with a compound annual
growth rate of 8% since 1950.1 Globally, only 18% of plastics
waste is recycled, with 24% incinerated and the remaining 58%
either landlled or entering the natural environment as litter.1
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Much plastic litter occurs in the form of microplastics,
typically dened as particles <5 mm in diameter.2,3 They can
have been manufactured in that size range (primary micro-
plastics) or result from the degradation and fragmentation of
larger macroplastics (secondary microplastics). Plastic debris in
the ocean has been the focus of much research attention,4 with
around half of the oating marine plastic litter found in
subtropical gyres.5 It has been calculated that 96–98% of
buoyant macroplastic is stranded on shorelines within one year
of release into the marine environment.6 Plastic debris has also
been recorded in some of the remotest places on Earth, such as
Arctic sea ice,7 around Antarctica,8 as well as in a variety of
freshwater environments.9

Nearly 700 marine species, including molluscs, crustaceans,
sh and seabirds, are known to interact with plastic litter
This journal is © The Royal Society of Chemistry 2022
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through ingestion, entanglement, and/or smothering.10 Micro-
plastics can sorb persistent organic micropollutants, including
pesticides and ame retardants.2,11 In turn, there is concern that
they may act as vectors for transferring hazardous chemicals to
other organisms12 including humans.13

Plastics are an attractive choice for a multitude of applica-
tions, including food and drink packaging, medicine and
construction. This is related to their durability, impermeability
and inertness to a range of biological, physical, and chemical
degradation pathways. Nonetheless, they do degrade, with
much uncertainty surrounding how rapidly this happens in the
environment. One recent study estimated that the half-live
(conversion of the rst 50% of the polymer mass) for high-
density polyethylene in the marine environment ranged from
58 years for bottles to 1200 years for pipes.14

Most forms of plastics weathering occur at the polymer
surface. An oxidised and embrittled surface layer develops,
sometimes accompanied by discolouration. Mechanically
degraded sites are susceptible to additional weathering.
Photochemical reactions are oen important, for example,
oxidation by ultraviolet radiation is considered the initial and
rate-determining step during the environmental degradation of
polyethylene.15 Chemical and physical degradation can even-
tually lead to the loss of material properties and total disinte-
gration. Abiotic degradation generally precedes
biodegradation.14,15 Weathering of submerged or oating
plastic is oen much slower than plastic on beaches or other
terrestrial environments, as the presence of water suppresses
photochemical oxidative degradation.16,17 Larger pieces of
plastic debris exposed to repeated swell/dry cycles, such as on
shorelines, are prone to disintegrate into microplastics.18

One important type of plastic litter is plastic production
pellets (also known as nurdles or resin pellets), which are the
base materials for most commercial plastics.19 They have been
reported from beaches as far apart as in Japan, Hawaii, Malta
and Lake Ontario, Canada.9,20–22 and are the most numerous
item of plastic litter on many Mediterranean beaches.21 Trace
metals are known to sorb to their surface.23 Due to their abun-
dance, production pellets make a good choice to investigate
how microplastics are affected by weathering.

This is an important research area as the environmental
movements and fate of microplastics, as well as their interac-
tions with other pollutants, are linked to polymer physico-
chemical characteristics, such as size, density and surface
chemical functionality and topography.9,14,18 While these char-
acteristics are potentially affected by weathering, for example,
alteration of the surface properties of plastic pellets may affect
the sorption of other pollutants to their surface,19 the extent of
biofouling and particle aggregation, relatively limited research
has been undertaken to address this topic. Therefore, the
objectives of this study were to compare the rising velocities,
surface properties and densities of weathered and pristine
plastic production pellets, in order to evaluate how the former
were impacted by environmental conditions. This included
assessing how well theoretical predictions of rising velocity
matched experimental values. While the authors cannot be
certain that the pristine and weathered pellets were of the same
This journal is © The Royal Society of Chemistry 2022
type (e.g. manufacturer and size), it was anticipated this
comparison would illuminate some generally applicable
differences between pristine and weathered pellets.

2. Materials and methods
2.1 Pellets tested

The weathered pellets were collected from the high tideline of
the beach (Platja del Vivers) at Guardamar del Segura, Alicante,
Spain on the morning of 20th June 2019. Pristine low-density
polyethylene, high-density polyethylene and polypropylene
pellets were supplied by Poli Plastic Pellets Ltd (Hawarden, UK).
A representative selection of pellets is shown in Fig. 1. Pellets
were rinsed in Milli-Q water and stored at room temperature
before being tested. A digital micrometer screw gauge (Oxford
Precision, Oxford, UK, Part No. OXD-331-501OK) was used to
measure the dimensions of each pellet in three distinct axes: the
longest, intermediate, and shortest. Selected pellets were cryo-
genically milled using a SPEX 6875 freezer/mill (SPEX, Metu-
chen, NJ), as the chemical composition of milled pellets, as
determined by X-ray photoelectron spectroscopy (XPS), were
compared with pristine and weathered pellets. In order to
identify their polymer-type, a random sample of 49 weathered
pellets was analysed using Fourier-Transform Infrared spec-
troscopy (FTIR) (with a Spectrum 2 FTIR Spectrophotometer by
PerkinElmer, Waltham, MA). The spectra were compared to
those for pristine polyethene and polypropylene pellets. All 49
weathered pellets analysed by FTIR were found to be
polyethylene.

2.2 Experimental density measurements

The density of a subset of pellets was measured using two
complementary techniques, gas pyknometry and density
column measurements, in order to provide an indication of the
agreement between experimental and literature density values.
Gas pyknometry measures the volume of gas displaced by the
tested object. This study used a Micromeritic AccuPyc 1340
(Micromeritic, Norcross, GA), which contains two gas cham-
bers, the sample chamber, and the expansion (reference)
chamber. The test gas, in this case helium, is admitted into the
sample chamber which contains the sample under test. The
pressure is measured, and the valve between the sample
chamber and the expansion chamber is opened, allowing gas to
ll both chambers, before the pressure is measured again. The
ratio between the two measured pressures is used to calculate
the volume of the sample in the test chamber:

VS ¼ VC þ VR

1� P1

P2

(1)

where VS is the sample volume, VC is the volume of the empty
sample chamber, VR is the volume of the reference volume, P1 is
the rst pressure (of the sample chamber only) and P2 is the
second (lower) pressure aer expansion of the gas into the
combined volumes of the sample chamber and the reference
chamber. The volumes of the reference and sample chambers
were calibrated using a reference sample of known volume
Environ. Sci.: Processes Impacts, 2022, 24, 794–804 | 795
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Fig. 1 A sample of the weathered (left) and pristine (right) pellets tested.

Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
22

.

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(density), in this case pure silicon were used to calibrate the
chamber volumes. The densities of three weathered poly-
ethylene and one pristine low-density polyethylene pellets were
measured by gas pyknometry. The uncertainty for density
measurements by gas pyknometry was estimated to be ��10 kg
m�3, depending on the (total) size of the sample(s) tested.

The densities of three weathered and ve pristine low-
density polyethylene pellets were also measured using
a density column, by immersion in an aqueous solution of
propan-2-ol, at 23 �C. The density of the solution was adjusted
by adding small amounts of either water or propan-2-ol and
mixing until samples were neutrally buoyant. Liquid density
was then determined by taking samples from the solution and
measuring in a laboratory density meter (DMA 5000, Anton
Paar, Graz, Austria). The meter was calibrated using liquid
density standards produced by hydrostatic weighing with
a typical uncertainty of 1 part in 105. Since this method requires
samples to be immersed in liquid, two pellets were weighed,
immersed in a water/propan-2-ol solution for 90 minutes, dried
and reweighed to check for (permanent) absorption. These two
pellets absorbed 10 mg and 20 mg (0.04% and 0.06% of dry
sample weight), indicating errors from liquid adsorption during
immersion were negligible. The uncertainty for the measure-
ment of the density of the plastic pellets by density column was
(conservatively) estimated to be ��1.5 kg m�3.
2.3 X-ray photoelectron spectroscopy (XPS) analysis

XPS is a method for analysing a material's surface chemistry,
including its elemental composition. XPS was carried out using
a Axis Ultra spectrometer (Kratos, Manchester, UK) under ultra-
high-vacuum conditions. Measurements were performed using
a monochromated aluminium X-ray source, operating at 15 kV,
with a 5 mA emission current. The analysis area used was
approximately 700 mm � 300 mm, with the maximum depth of
analysis 10 nm. Survey spectra were obtained using a pass
energy of 160 eV, and high-resolution spectra were acquired at
a pass energy of 20 eV or 40 eV. Charge compensation was
performed using a low-energy electron source and optimised on
the C 1s peak. All spectra were referenced to the position of the
796 | Environ. Sci.: Processes Impacts, 2022, 24, 794–804
C 1s C–C component at 285 eV on the binding energy scale.
Spectra were quantied using the soware CasaXPS version
2.3.22, aer applying the National Physical Laboratory (NPL)
calculated transmission function using previously performed
calibrations. Elemental concentrations were determined using
NPL's average-matrix relative sensitivity factors (AMRSF's). Prior
to XPS analysis, the pristine sample was treated by rinsing three
times in Milli-Q water.
2.4 Atomic force microscopy (AFM) analysis

AFM is a method for the high-resolution imaging of surfaces.
AFMmeasurements were performed using the Asylum Research
Cypher S AFM (Asylum Research, an Oxford Instruments
company, Santa Barbara, California). This instrument is regu-
larly calibrated using a traceably calibrated blaze grating for x,y
calibration and traceably calibrated step height standards for z
height calibration. The AFM is equipped with top view optics
and operated in a temperature-controlled laboratory, in a sepa-
rate enclosed system at (27.0 � 1.0) �C. Utilizing intermittent
contact, the height, amplitude and phase images were recorded
for all the samples at a rate of 0.5 Hz. Scout 350 silicon nitride
cantilevers (NuNano, Bristol, UK) were used, with a spring
constant of approximately 42 N m�1, resonant frequency of 350
kHz and a hemispherical probe apex of <10 nm. The height
images representative of the topography of the surfaces were
post-processed attened using a rst-order plane t which
excluded any artefacts s in the images. Both the root mean
square (RMS) roughness (Sq) and mean roughness (Sa) of
surface were measured for all images.
2.5 Rising velocity measurement in seawater

A test rig was built to measure rising velocity (Fig. 2). This
involved a large, upended measuring cylinder suspended over
a large tank, lled with articial seawater. Synthetic seawater
was prepared to 35 g L�1 sea salts in Milli-Q water.24 Tomeasure
the terminal experimental rising velocity, the time taken for
a particle to travel between two lines 39 cm apart in the upper
portion of a 2 L measuring cylinder (71 mm diameter and 51 cm
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The test rig for measuring rising velocity.
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height) was recorded at room temperature (20 � 2 �C) using
a digital timer, with each pellet released from the same position
below the cylinder, with care taken not to introduce turbulence.
Velocities were measured aer pellets had travelled an accel-
erating distance of >15 cm,25 previously considered sufficient
for microplastics to reach terminal velocity. The rising velocity
of each pellet was measured at least three times, data in the
graphs below are the mean values for the three closest values.
The movement of pellets along the column was monitored, with
outlying values being discounted where abnormal lateral
movement caused the pellets to collide with the sides of the
column. The standard deviation of the variability between
triplicate experimental tests was generally <0.12 s. Across all
rising velocity experiments, this equates to a mean standard
deviation of �0.06 cm s�1 (or 1.1% of the rising velocity). The
rising velocity of 140 weathered pellets, and 20 of each of the
three types of pristine pellets, was measured in this way.

2.6 Theoretical rising velocities

Theoretical rising velocities of the pellets were calculated using
two methods. The rst was the approach of Dietrich26 as
previously applied to calculate theoretical settling/rising veloc-
ities for microplastics in water.27–29 Initially the Equivalent
Spherical Diameter (Dn) of the pellets was calculated, dened by
Kowalski and co-workers27 as:

Equivalent spherical diameter ðDnÞ ¼ ðabcÞ
1
3 (2)

where, a is the longest, b the intermediate and c the shortest
dimension. Subsequently this was used as an input (Dn) to
calculate the dimensionless particle size (D*):

D* ¼
�
rs � rf

�
gDn

3

rf v
2

(3)
This journal is © The Royal Society of Chemistry 2022
where rs is the solid density (variable, depending on pellet type);
rf the uid density (1028 kg m�3); g the gravitational acceleration
(9.81m s�2) and v the kinematic viscosity of uid (1.06� 10�6 m2

s�1). The density of the synthetic seawater was measured exper-
imentally. Pellet density values used were mean values of a range
of literature values:9 905 kg m�3, 920 kg m�3 and 955 kg m�3 for
polypropylene, low-density polyethylene and high-density poly-
ethylene, respectively. All the weathered pellets were treated as
low-density polyethylene when calculating theoretical rising
velocities, since experimental density values for the three
weathered pellets tested by density column were closest to this
polymer type. Next, the dimensionless settling velocity (u*) was
calculated using one of the two following equations:

u* ¼ 1.74 � 10�4D*
2 for D* < 0.05 (4)

log(u*) ¼ �3.7615 + 1.92944 log(D*) � 0.09815(log(D*))
2 �

0.00575(log(D*))
3 + 0.00056(log(D*))

4 for 0.05 # D* # 5 � 109(5)

Finally, the rising velocity was calculated using

Vr ¼ �
��

rs � rf

rf

�
gvu*

�1=3

(6)

The Corey Shape Factor used to quantify the shape of each
pellet was calculated from the three pellet dimension
measurements taken during initial pellet classication:

Corey Shape Factor ¼ cffiffiffiffiffi
ab

p (7)

A particle with a Corey Shape Factor of 0 is a 2-dimensional
disc and a particle with a Corey Shape Factor of 1 is a sphere.
The Corey Shape Factor has previously been used to evaluate the
sphericity of natural particles and how this affects their settling
velocities.26 For comparison, rising velocity was also calculated
using the recently developed method of Waldschlager and
Sch€uttrumpf,30,31 which itself is a modied version of Stokes'
Law. Following this method, the rst-step is to calculate the
Reynold's number (Re):

Re ¼ VrDn

v
(8)

Followed by the drag coefficient (Cd) for rising particles:

Cd ¼
�
20

Re
þ 10

Re
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:195� CSF

p ��
6

P

�1�CSF

(9)

where P is the Powers roundness, a scale which ranges from
0 (very angular) to 6 (well rounded). Finally, the theoretical
rising velocity was calculated using:

Vr ¼
ffiffiffi
4

3

r
Dn

Cd

�
rs � rf

rf

�
g (10)

In this approach, the experimental rising velocity was used
as the initial assumed velocity (Vr) in eqn (8) and the values
Environ. Sci.: Processes Impacts, 2022, 24, 794–804 | 797

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1em00495f


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
22

.

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
obtained from eqn (8)–(10) were iteratively adjusted until values
for the assumed velocity (in eqn (8)) and calculated velocity (in
eqn (10)) converged.
3. Results
3.1 Experimental rising velocities of weathered and pristine
pellets

Experimental rising velocities for the 140 weathered pellets
varied from (2.36 � 0.01) cm s�1 to (10.56 � 0.26) cm s�1, with
a mean value of (5.79 � 0.06) cm s�1 (Fig. 3). Mean rising
velocities for pristine low-density polyethylene, high-density
Fig. 3 Relationships between the experimental rising velocity and
Equivalent Spherical Diameter (Dn, top) dimensionless particle size (D*,
middle), and Corey Shape Factor (bottom). Each data point represents
the mean of three replicate measurements.

798 | Environ. Sci.: Processes Impacts, 2022, 24, 794–804
polyethylene and polypropylene pellets were respectively (5.31
� 0.06) cm s�1, (6.14 � 0.07) cm s�1 and (7.42 � 0.08) cm s�1

(Fig. 3). For comparison, data reported in the literature show
experimental rising velocities for various types of weathered
microplastics collected from environmental samples ranged
from 0.18 cm s�1 to 19.85 cm s�1, while experimental sinking
velocities for differently shaped microplastics sized from
0.3 mm to 3.6 mm varied from 0.6 cm s�1 to 9.1 cm s�1.27,31 Both
these datasets agree well with the current study. As can be seen
from Fig. 3, rising velocities were more variable for the weath-
ered pellets than the other pellet types tested. This pattern is at
least partially explained by the weathered pellets having more
variable sizes and shapes than the pristine pellets. To illustrate,
Corey Shape Factors for the weathered pellets ranged from 0.31–
0.97 and for all types of pristine pellets from 0.40–0.82 (Fig. 3). It
is interesting that a minor proportion of the weathered pellets
were actually more spherical than the pristine pellets (Fig. 3).
The respective comparison for Equivalent Spherical Diameter
was from 0.0024 m to 0.0046 m (weathered pellets) and 0.0033
m to 0.0040 m (all pristine pellets) and for the log of the
dimensionless particle size from 4.13–4.94 (weathered pellets)
and 4.45–4.82 (all pristine pellets). These differences reect
variability in the manufacturing process, and perhaps the
environmental processing, of the weathered pellets. Another
likely contributor to the variable rising velocities of weathered
pellets is that their density values varied more widely than
amongst the pristine pellets.

Meanwhile, Karkanorachaki et al.32 measured the rising
velocity of 12 weathered and 12 virgin plastic pellets exposed to
the marine environment for 300 days. The rising velocities of
virgin and weathered low-density polyethylene, high-density
polyethylene and polypropylene pellets varied from 2.25 cm
s�1 to 3.22 cm s�1, from 3.11 cm s�1 to 6.25 cm s�1 and from
2.94 cm s�1 to 3.67 cm s�1 respectively.32 Thus, the rising
velocities reported were overall somewhat lower than in the
current study and were likely impacted by the presence of holes
inserted in the pellets to pass a wire through.

As expected, there was a general trend for rising velocity to
increase with increasing dimensionless particle size (D*),
Equivalent Spherical Diameter and Corey Shape Factor (Fig. 3).
The dimensionless particle size is the ratio of the gravitational
force acting on a particle to the viscous resistance exerted by the
uid, and has been previously deployed to investigate the
inuence of particle size and density on the settling velocity of
natural particles.26 All the relationships in Fig. 3 are explicable
from the fundamental mathematical equations used to calcu-
late theoretical rising velocities described above. More spherical
particles will rise or settle more quickly than angular, at or
irregularly shaped particles of similar mass due to the
decreased drag or resistance they experience and because they
experience less secondary movements. Furthermore, in Fig. 1, it
can be seen that the more heavily weathered pellets (which
tended to be more discoloured or yellower) were also less
spherical. Nonetheless, there were multiple pellets which were
exceptions to this pattern (Fig. 3). The yellow colour of weath-
ered pellets such as shown in Fig. 1 is due to weathering,
specically the presence of increased ketone groups as
This journal is © The Royal Society of Chemistry 2022
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determined by FT-IR, rather than use of dyes or other additives,
with pale yellow indicating less exposure to the marine envi-
ronment than dark yellow.19,33
3.2 Theoretical rising velocities

Theoretical rising velocities were calculated using two methods:
those of Dietrich26 and Waldschl€ager and Schüttrumpf.30 The
latter was found to be more accurate (Fig. 4 and SM-1†). To
illustrate, across the total dataset, theoretical rising velocities
on average were 151% and 133% of experimental values by the
two methods, respectively. As shown by these values, theoretical
rising velocities were consistently higher than experimental
rising velocities, for all pellet types except the pristine high-
density polyethylene pellets calculated by the Waldschl€ager
and Schu ̈ttrumpf method (Fig. 4 and SM-1†). For pristine high-
density polyethylene pellets, theoretical rising velocities on
Fig. 4 Relationships between experimental and Waldschläger theoretic
Waldschläger theoretical rising velocity as a % of experimental rising vel

This journal is © The Royal Society of Chemistry 2022
average were 107% of experimental values by the Waldschl€ager
and Schüttrumpf method. For weathered pellets, low-density
polyethylene pellets and polypropylene pellets, equivalent
values were 136%, 140% and 117% (Fig. 4).

Literature density values were used as input values when
calculating theoretical rising velocities. Since pellet density
was experimentally measured for only a small number of
pellets, it is possible that the literature values introduced
systematic error into when calculating theoretical rising
velocities. However, this does not appear to be the only
explanation, since the lower part of Fig. 4 shows that it was
mainly pellets with lower Corey Shape Factors which had the
highest theoretical rising velocities (Fig. 4). For example, for
weathered pellets with a Corey Shape Factor#0.45, on average
theoretical rising velocities were 160% of experimental values,
whereas for the remaining pellets, with Corey Shape Factor
al rising velocities (top) and between the Corey sphericity factor and
ocity.
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>0.45, the equivalent value was 130%. Flatter pellets, with
lower Corey Shape Factors, were observed to oscillate more
frequently, in largely horizontal directions, as they rose
through the column. While repeats were performed where
pellets collided with the column sides, such movements were
generally more widespread in atter particles. This oscillation
led to experimental rising velocities being oen slower for
atter pellets. Indeed, a greater number of spherical pellets
were observed to move more directly, most likely since they
were more streamlined. The small number of weathered
pellets with theoretical rising velocities which were lower than
experimental values were all relatively spherical pellets (Fig. 4).
3.3 Surface properties of weathered and pristine pellets

Comparative analysis by AFM demonstrated that the roughness
of the different pellet types increased in the order pristine #

weathered (Table SM-1†). This applied to both mean roughness
(Sa) and root mean square roughness (Sq). To illustrate, based
on Sa values from seven different locations in each sample, the
roughness of the pristine, and weathered pellets was (59 �
11) nm and (74 � 26) nm respectively (Table SM-1†). However,
while the average roughness of weathered pellets was higher
than pristine pellets, differences were within experimental error
and there were no observed signicant differences in either Sa
and Sq between these two types of pellets, dened as P < 0.05, as
determined using a Student's t-test.

These data conrmed what can be seen from visual inspec-
tion of the AFM images: that the pristine-milled and weathered
samples had rougher surfaces than the pristine pellet sample
(Fig. SI-2†). Previously, using scanning electron microscopy
(SEM) revealed that virgin pellets had smooth, uniform
surfaces, whereas those of weathered pellets were rough and
uneven, with higher surface areas.19 A corresponding pattern
was noted with virgin and articially-weathered polyvinyl chlo-
ride (PVC) pellets.34 Such differences are important, as they may
inuence the behaviour of the pristine and weathered pellets,
e.g. as manifested in distinct rising velocities. As noted above,
less spherical (andmore heavily weathered/rougher) pellets rose
more slowly than expected on the basis of theoretical rising
velocities. Differences in the overall pellet shape are accounted
for in various ways depending on the method used to calculate
theoretical rising velocities. In the current study, the Equivalent
Spherical Diameter, Corey Shape Factor and Powers roundness
were used to quantify this. However, surface roughness is not
included in the relevant equations (see Methods section) and
this may be a limitation when they are applied to weathered
plastic samples. Given the minor differences in surface rough-
ness between pristine and weathered pellets, this is unlikely to
be a major factor driving rising/settling velocities though it
perhaps had a minor impact. Interestingly, the rising velocities
of low-density polyethylene, high-density polyethylene and
polypropylene pellets were essentially unchanged by 300 days'
environmental exposure to seawater.32 This indicates that
profound changes to the shape and surface morphology of
pellets did not occur under these conditions; such alterations
are expected to occur far more quickly to pellets on beaches or
800 | Environ. Sci.: Processes Impacts, 2022, 24, 794–804
other terrestrial environments rather than submerged or
oating plastic.16

XPS analysis was used to determine the supercial elemental
composition of the different samples (Fig. 5 and Tables SI-1, SI-
2†). The pristine-milled sample exhibited a very clean spectrum
with only the C 1s peak referenced to a binding energy of
285.0 eV (Fig. 5 and Table SM-3†) which is characteristic for
polyethylene; high resolution C 1s spectra were used to quantify
the amount of oxidised versus non-oxidised carbon in the other
samples. Note that previously, polyethylene has been used as
a reference material during the intensity calibration of XPS
analysis.35 Higher binding energy ‘shoulders’ in other samples
indicate the presence of trace amounts of oxidised carbon
species in the range from �286 eV to �289 eV binding energy
(Fig. 5). The functional groups responsible for these shoulders
include C–O, C]O and COOH. In the pristine pellets, the
proportion of oxidised carbon species, as determined by peak-
tting of the C 1s high-resolution spectrum, was 2.3% of the
total carbon signal, or 2.1% of the sampled volume. Corre-
sponding numbers for the weathered pellet were 4.0% and
3.4%, respectively, which are consistent with increase in the O
1s signal in this sample, relative to the other sample types. This
pattern can be explained by the surface of the weathered pellets
containing more carbonyl and carboxylic acid groups, the
presence of which was initiated via photochemical oxidation
reactions.9,15 In a previous study based on beached plastic
production pellets in Malta it was reported that the degree of
yellowing or darkening of pellets was associated with an
increase in the carbonyl index (as quantied by FTIR), itself
linked to the amount of photochemical oxidation.21 Darkened
or discoloured pellets are evident in Fig. 1 of the current study,
many atter and/or smaller than the pristine pellets, though
there are also weathered pellets which are atter but not
noticeably discoloured. Since weathering can occur via different
pathways, it can be hypothesised that the amount of oxidised
carbon species (e.g. as monitored by FTIR or XPS) or yellowing/
darkening are proxies for the amount of photochemical oxida-
tion, whereas surface roughness and shape changes, including
the production of atter pellets, relate to physical abrasion.
These two weathering processes will oen correlate with each
other, as beached pellets can be expected to experience both
greater photochemical oxidation and physical abrasion,
enhanced by repeated swell/dry cycles, relative to those in
water.9

The presence of small amounts of nitrogen, sodium and
calcium in the weathered and pristine pellets with salt can be
explained by their exposure to synthetic seawater, as negligible
amounts of these elements were present in the pellets which
were not exposed to synthetic seawater (Table SM-2†).
3.4 Experimental densities of weathered and pristine pellets

In order to verify the theoretical density values used during
rising velocity calculations, experimental density values were
measured for a subset of pellets (Fig. 6). Pellets tested were
either pristine polyethylene pellets or weathered pellets which
had been identied as polyethylene using FTIR. In this study
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Differences in the XPS signal related to the presence of oxidised carbon species. CPS ¼ counts per second.
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theoretical density values of 920 kg m�3 and 955 kg m�3 were
used when calculating theoretical rising velocities for low-
density and high-density polyethylene pellets, respectively. In
Fig. 6, dashed lines at 910 kg m�3 and 960 kg m�3 delineate the
range of literature values given for low-density and high-density
Fig. 6 Experimental verification of pellet density values using helium py
dashed lines in the graph represent limits of literature density values for p
9)). The photo shows the density gradient column in use (courtesy of H

This journal is © The Royal Society of Chemistry 2022
polyethylene.9 Given the small sample size, the data in Fig. 6
should be viewed with some caution. Compared to helium
pyknometry, density column measurement is a more suitable
analytical method for measuring the densities of these pellet
samples. It provides density measurements with relatively high
cnometer (n ¼ 4) and density gradient column (n ¼ 8). The horizontal
olyethylene (both low density and high density) (Bond et al., 2018 (ref.
&D Fitzgerald).
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precision for both the pristine and the weather samples, e.g.
the relative standard deviations of all samples are within 5%
(Fig. 6). The density gradient column performed better in this
respect, and this technique appears to be a relatively quick
method for measuring the density of plastic particles. Its
accuracy was estimated conservatively as being ��1.5 kg m�3.
Notably, the density of the weathered pellets was slightly less
than the pristine pellets, the respective range of values being
918–939 kg m�3 and 943–950 kg m�3 (Fig. 6). Since the initial
density of the weathered pellets (i.e., before weathering) is
unknown, it is possible that environmental processing did not
change pellet density values in this case. Conversely, a more
intriguing explanation is that initial density values were
similar to those of the pristine pellets in Fig. 6 and became
reduced by weathering. There is a precedent for polymer
density changing upon degradation in literature; as in a study
under controlled laboratory conditions, as degradation pro-
ceeded increases in polymer density were observed, presum-
ably associated with changes in chemical composition of the
surface layer; subsequently formation of voids reduced
density.36

4. Discussion

One important nding from this study was that weathered
pellets had far more variable experimental rising velocities than
pristine pellets (Fig. 3). Moreover, with less spherical (i.e. typi-
cally more heavily weathered pellets) there was a bigger
discrepancy between theoretical and experimental rising
velocity (the former being lower), so the settling/rising behav-
iour of atter (and typically more heavily weathered plastics)
were less accurately predicted than more spherical (and typi-
cally less weathered samples). All pellets with a Corey Shape
Factor <0.4 were weathered, rather than pristine, pellets.
Meanwhile, all pellets with a Corey Shape Factor >0.82 were
weathered pellets, which indicates that beached pellets come in
a diverse range of shapes. At least three explanations are plau-
sible for the differences between experimental and theoretical
rising velocities. Weathered pellets had slightly lower experi-
mental density than pristine pellets, as measured by density
column, which indicates that environmental processing may
change plastic density and introduce a systematic bias to
theoretical calculations for rising/settling velocities. It is also
possible that weathered pellets hadmore variable density values
than the pristine pellets. This emphasises the importance of
validating theoretical predictions for the movement and/or fate
of microplastic, in this case for rising/settling velocities, with
direct experimental measurements. With respect to the current
study, having a complete set of experimental density measure-
ments would have allowed reasons for the discrepancy between
experimental and theoretical rising velocities to have been
explained with more condence. Another limitation of the
current study is that the impact of biolms was not investigated,
as pellets were rinsed in Milli-Q water and stored at room
temperature before being tested. Previous work suggests that
while biofouling can increase the density of larger plastic
objects in particular, causing them to sink,25 spherical
802 | Environ. Sci.: Processes Impacts, 2022, 24, 794–804
microplastics above 600 mm diameter with a density of 925 kg
m�3, for example, low density polyethylene pellets, are unlikely
to reach the density of seawater due to marine biofouling.37

Results from this study suggest that density columns are a quick
and easy method to measure density values. However, if lower
density values were used for weathered pellets this would lead
to an increase in the theoretical rising velocities and in turn
their discrepancy with experimental velocities, so this cannot
explain the difference in this case. Instead, the tendency for
atter (i.e., typically more weathered) pellets to oscillate hori-
zontally as they rose through the experimental rig can explain at
least some of the discrepancy between experimental and theo-
retical rising velocities. Likewise, the fact that weathered pellets
had slightly rougher surfaces, as quantied by AFM analysis,
may contribute to theoretical rising velocities being higher than
experimental velocities, even if roughness differences were
slight. It is possible that the accuracy of calculated rising/
settling velocities could be improved by modifying existing
equations for heavily weathered pellets, to account for their
surface properties and behaviour being different to pristine
pellets.

Data displayed in Fig. 3 suggests that it is possible to
distinguish between pristine low-density polyethylene and
polypropylene pellets on the basis of their experimental rising
velocities, since there was no overlap between the two datasets.
Rising velocities for pristine low-density polyethylene pellets
ranged from 4.60 cm s�1 to 6.52 cm s�1, with equivalent values
for polyethylene pellets from 6.19 cm s�1 to 8.46 cm s�1. Indeed,
distinguishing between polymers on the basis of their experi-
mental rising/settling velocities (or by use of a density column)
may be more straightforward than identifying specic polymers
on the basis of spectroscopic measurements, especially when
undertaking experimental work away from well-equipped
laboratories, e.g., when conducting eldwork. However, exper-
imental rising velocities for pristine high-density polyethylene
pellets overlapped with values for both low-density polyethylene
and polypropylene pellets, while weathered pellets had far more
variable rising velocities (Fig. 3), so this approach would be
most suited to spherical polymer particles with signicantly
different densities.
5. Conclusions

This study compared the experimental and theoretical rising
velocities of pristine and weathered plastic production pellets
(oen known as nurdles or resin pellets). Surface properties
were analysed using XPS and AFM. Key contributions to
knowledge are as follows:

� XPS analysis revealed that the proportion of oxidised
carbon species were 2.3% and 4.0% of the total carbon signal
for a pristine and a weathered pellet, respectively, which is
consistent with environmental processing, more specically
photochemical reactions, changing the surface chemistry of
weathered pellets.

� The density of a subset of pellets was measured by density
column, which was found to be a suitable analytical method for
This journal is © The Royal Society of Chemistry 2022
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measuring microplastic densities. Weathered pellets had
slightly lower densities than pristine pellets.

� Experimental rising velocities for 140 weathered pellets
varied from (2.36 � 0.01) cm s�1 to (10.56 � 0.26) cm s�1, with
a mean value of (5.79 � 0.06) cm s�1. Mean rising velocities for
pristine low-density polyethylene, high-density polyethylene
and polypropylene pellets were respectively (5.31� 0.06) cm s�1,
(6.14 � 0.07) cm s�1 and (7.42 � 0.08) cm s�1. The shape and
rising velocities of pristine pellets were less variable than for
weathered pellets.

� Theoretical rising velocities were consistently higher than
experimental velocities for all pellet types: on average 107%,
136%, 140% and 117% of experimental values for high-density
polyethylene pellets, weathered pellets, low-density poly-
ethylene pellets and polypropylene pellets. The tendency for
atter, oen more heavily weathered pellets, to oscillate as they
rose explains at least some of the discrepancy between experi-
mental and theoretical rising velocities.

� As analysed by AFM, the roughness of the pristine and
weathered pellets was (59 � 11) nm, and (74 � 26) nm respec-
tively. The slightly higher roughness of heavily weathered
pellets may contribute to their theoretical rising velocities being
less accurately predicted than for less weathered pellets.

� The study illustrates how theoretical rising and settling
velocities of weathered microplastics can be overestimated. It is
recommended that modelling studies which predict the envi-
ronmental fate and/or movements of microplastics validate
ndings using experimental data.
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