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Appendix A. Microplastics and Tyre Particles

AA. Abstract

Road drainage has been identified as a major pathway for microplastics (MPs) to enter aquatic
environments, and particles generated from the abrasion of vehicle tyre tread against road
surfaces are thought to represent the dominant share. This project aimed to quantify: 1) the
contribution of tyre wear particles (TWPSs) and other types of microplastics from the National
Highways Strategic Road Network (SRN) to aquatic environments; 2) whether TWPs and other
microplastics varied in magnitude between straight and curved sections of the network and 3) the
effectiveness of existing management approaches to retain TWPs and other microplastics
pollutants in surface water runoff, such as retention ponds and wetlands, to capture TWPs and
other microplastics. Findings from this project also aim to inform approaches to minimise
microplastics release from the SRN to natural aquatic environments.

In order to examine whether characteristics of the SRN might influence the generation of
microplastics, TWPs and other microplastics were quantified within direct runoff draining from both
curved and straight sections of the SRN over multiple rainfall events. To examine the efficacy of
highway drainage systems in retaining microplastics, water samples were collected from the
influent and effluent of three wetlands and three retention ponds over three rainfall events. Sites
were located in the South-West and in the Midlands of the UK. Tyre wear was quantified using
pyrolysis gas chromatography—mass spectrometry (Py-GC-MS). Other forms of microplastics such
as fibres and fragments were identified using Fourier-transform infrared spectroscopy (FTIR).

Retention ponds and wetlands captured both TWPs and other microplastics particles. Typically
resulting in a substantial reduction in concentration between influent and effluent. However, there
was considerable variability among sites and sampling occasions and the effect was only
statistically significant for reductions in tyre wear particles by retention ponds.

The concentration of TWPs in pond sediment was several orders of magnitude greater than in
water samples, indicating particles were accumulating. There was a positive correlation between
the concentration of TWPs in direct runoff and the content of total suspended solids (TSS),
indicating TSS could perhaps serve as a proxy for TWPs in future studies, though further targeted
investigation is recommended. The removal of other microplastics, such as fibres and fragments,
by retention ponds and wetlands was inferior and less consistent (39.6 % * 31.6), possibly
attributable to the lower densities of some of the polymers identified (0.9 - 1.43 g cm®). Although
TWPs can have densities as low as 1.2 g cm®they can also reach up to 2.5 g cm®. The mass of
TWPs within pond sediment and direct runoff (pond influent and drainage from curves and
straights) was considerably greater than the estimated mass of other forms of microplastics,
however the mass of TWPs and other microplastics was similar exiting the ponds within effluent.

Future research should consider the extent to which increasing the frequency of removal of
sediments from highway drainage systems such as retention ponds or roadside sumps and
installing ponds with long flow paths might further increase capture efficiency of TWPs. Further
work should also examine the efficiency of TWP and microplastic retention in other highway
drainage systems, as well as establishing the relative importance of tyre design and composition,
vehicle maintenance and driver behaviour.

A.2. Introduction

Microplastics (MPs) are described as small pieces of plastic debris (<5 mm) that are insoluble in
water, solid in state, persistent in the environment, and synthetic in composition (Verschoor, 2015).
They can enter the environment directly as micro sized particles (primary microplastics e.qg.
microbeads from cosmetics), originate from the wear and tear of items during use (e.g. textiles
fibres or tyre wear particles (TWPS)), or be generated as a consequence of the fragmentation of
plastic in the environment (secondary microplastics).
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Road drainage has been identified as a major pathway for microplastic pollution (Jarlskog et al.,
2020; Moruzzi et al., 2020; Wang et al., 2020; Xu et al., 2020; Parker-Jurd et al., 2021).
Concentrations of anthropogenic particles in surface stormwater drainage tend to be higher than
other pathways, such as treated wastewater effluent which undergoes substantial treatment prior
to its discharge to aquatic waters (Werbowski et al., 2021). Particles generated from the wear of
vehicle tyre tread are thought to represent the dominant share of the pollution load in stormwater
drainage (Overdahl et al., 2021), however, stormwater from road networks can also carry other
microplastics, such as fragments generated from the breakdown of larger items from intentional
and unintentional littering, or microplastics such as fibres generated from the wear of textiles that
have been transported via the atmosphere and deposited on road surfaces. By necessity TWPs
and other microplastics are quantified by different methods and have different units (mass and
abundance respectively). Consequently, they are presented separately in this report and hereafter
are referred to as ‘tyre wear particles (TWPs)’ and as ‘other microplastics’.

A typical passenger tyre weighs around 11.8 kg and will last approximately 40,000 km over which it
can wear approximately 3.5 kg of its mass before reaching its safety limit. Passenger tyre treads
are primarily comprised of a mix of synthetic and natural rubbers (Kole et al., 2017), while HGVs
typically have a greater proportion of natural to synthetic rubbers. In addition to rubbers, tyre treads
also contain a complex blend of chemical compounds including potentially hazardous chemicals
that can leach into aquatic waters with potential toxic effects (Peter et al., 2018). The wear of tyre
tread occurs due to friction at the tyre-road interface, incorporating varying amounts of amounts of
mineral encrustation from the road surface (Dall’Osto et al., 2014). Consequently, their density is
highly variable (~1.2 - 2.5 g cm®) (Verschoor et al., 2016; Sommer et al., 2018; Vogeslang et al.,
2018; et al; Kovochich et al., 2021).

Concentrations of TWPs are correlated with traffic volume, population density and urbanisation
(Bondelind et al., 2020; Su et al., 2020; Gol3mann et al., 2021 Jarlskog et al., 2021; Mengistu et al.,
2021). Braking, accelerating and cornering are also among the most frequently reported factors
influencing TWP generation (Dannis, 1974; Councell et al., 2004; Knight et al., 2020; Mengistu et
al., 2021). Seasonal effects have also been reported with greater wear during the summer
(Jarlskog et al., 2020; Jarlskog et al., 2021), accumulation during periods of dry weather and
transportation during storm events (Su et al., 2020). However, road wetness, temperature, and
seasonal effects have been suggested as less influential than factors such as vehicle, tyre, and
road types, road curvature and driving style (European TRWP Platform, 2019; Liu et al., 2021).

Few studies exist quantifying other forms of microplastic within stormwater in drainage
management assets such as retention ponds, bioretention cells, or rain gardens (e.g. Reddy and
Quinn, 1997; Kloéckner et al., 2020; Werbowski et al., 2021). However, stormwater ponds have
been suggested as a potential preliminary barrier to reduce the release of microplastics into the
wider environment (Grbic et al., 2020; Moruzzi et al., 2020; Smyth et al., 2021; Mengistu et al.,
2021).

A3. Aims and objectives

This project aimed to quantify the contribution of tyre wear particles and other types of
microplastics from the SRN to aquatic environments. More specifically, it examined the influence of
road characteristics on their generation, and the efficacy of some existing highway drainage
systems such as ponds for the retention of TWPs and other microplastics. Both topics are currently
lacking primary data (Shruti et al., 2021). It is anticipated this report will guide approaches to
minimise the release of TWPs and other microplastics from the SRN to the natural environment.

A4d. Methods

A.4.1. Experimental design

Two factors were considered, the influence of road curvature which had two levels curved and
straight, and in a separate experimental design the effect of highways drainage systems for
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stormwater management, comparing retention ponds and wetlands. Where possible sites were
selected to cover a range of traffic volumes and some geographic spread in order to integrate
across variations in climate and traffic density.

Sampling followed the experimental design detailed in Figure A.1.
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Figure A.1: Detailed breakdown of the experimental design for sampling direct drainage from
curved and straight sections of the SRN and the influent, effluent and sediments of highways
drainage systems (retention ponds and wetlands).

A.4.2. Site selection

A ‘curve’ on the road network was determined according to the Design Manual for Roads and
Bridges (volume 6, section 1 CD109) parameters (Highways England, 2020). For example, a road
with a 70 mph speed limit should be designed with a minimum radius of 1020 m and minimum
superelevation of 5 %. An excerpt of the DMRB (National Highways, 2022) is provided in
Supporting Information (Section A10.1). Superelevation is defined as the transverse slope between
each side of the road designed to counteract the effects of centrifugal force and reduce the
tendency of vehicles to overturn and skid laterally when navigating into and through a bend. Bends
in the road network were identified where the radius or superelevation fell short of the minimum
requirements for the speed limit. Superelevation and radius were estimated on Google Earth Pro.
Samples were collected from outfalls that drained from curved and straight sections of the road
network. In each instance these paired sites were located in as close proximity to one another as
possible to ensure key site characteristics such as rainfall duration and intensity and traffic loads
were comparable. In each instance other characteristics such as slope angle, road width, vehicle
speed, or congestion may differ.
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According to the National Highways standards for the Design of Highways Drainage Systems, a
retention pond is defined as ‘a pond that generally retains some water at all times. Can have
permeable base or banks. Primarily designed to attenuate flows by accepting large inflows, but
discharging slowly. Can also treat water by allowing suspended solids to settle out.” A wetland is
described as ‘a pond with a high proportion of shallow zones that promote the growth of bottom-
rooted plants, and which can be used for the treatment of pollution.” (National Highways, 2022).
Retention ponds and wetlands were selected based upon their designation on the internal
Highways Agency Drainage Data Management System (HADDMS). Site selection was further
determined by the following prerequisites, including: permission to access and sample from the
regional National Highways drainage team, and safe, or off network access to sample as opposed
to access from the live carriageway. Example retention pond and wetlands are shown in Figure
A.2.

Key site characteristics are detailed in Table A.1. Across the selected sites, annual average daily
traffic (AADT) volumes ranged between ~17,500 - >100,000, approximate impermeable catchment
areas ranged between 0.0012 km? and 0.095 km? and were located mostly in the South West with
three sites located in the Midlands. Runoff sampled drained from both A-roads and motorways.
Approximate impermeable catchment area was determined on HADDMS using assets details and
a digital terrain model contour layer (1 m). Calculation of estimated catchment areas was verified
with the local regional National Highways drainage engineer. Further site details are provided in
the supporting information A10.4.

Table A.1: Details of key site characteristics. Further site details (including site names) are
provided in the supporting information (supporting information A10.4). AADT at curve vs. straight 4
includes drainage from a section of road where the AADT is variable.

Site ~Impermeable ~Pond Shortest
Road Region ~AADT catchment area surface flow path
name 5 )
[km<] area [m-] [m]
Retention pond
1 CS A30 SW 36,000 0.022 1710 36
2 P12 A30 SW 35,000 0.0065 960 41
3 PBN  A43 Midlands 35,000 0.0410 2227 75
Wetland
1 BP A38 SW 17,500 0.0137 640 70
M1 &
2 KEG A50 Midlands _ >100,000 0.0189 1567 100
3 DON  A453 Midlands 30,000 0.0952 517 16
Curve vs.
straight
1 OKE A30 SW 28,000 0.039
2 ASH A38 SW 40,000 0.0064
3 NEW A30 SW 32,500 0.027
4 CH A38 sSw 41,000 (80,000)  0.012
5 HH A38 SW 40,000 0.0012
b |
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Figure A.2: Example of a wetland (left, wetland 1) and a retention pond (right, retention pond 1).
Source: Florence Parker-Jurd University of Plymouth, 2022.

A.4.3. Field sampling

Sampling was conducted between 28" October 2021 and 30" September 2022. Water samples
were collected during the onset or initial period of a rainfall event after runoff was generated.
Samples were collected from direct drainage points (e.g. Figure A.3 right). The paired sites were
located in close proximity (1.2 — 9.5 km apart) in order to ensure site characteristics were as
comparable as possible. Each site was sampled on two occasions, with the site within the pair that
was sampled first alternated between sampling occasions.

For wetlands and retention ponds water samples were collected over a period of ~20 minutes from
the inlet to the pond (see example in Figure A.3 left) during the onset of the precipitation event with
the goal of capturing the first flush. A change in colour and/or flow of the influent was typically
noted as the point at which to start sampling. Samples were collected from the outlet of the pond
after a period of at least 20 minutes or until the effluent was starting to flow, or in some cases after
the ‘normal’ baseflow increased. A minimum of 6 litres of influent and 6 litres of effluent was
collected at each site into glass bottles. All samples were transported to the laboratory for
processing and analysis. Each pond was sampled during three separate precipitation events.

On three occasions autosamplers (ISCO 6712) were used in an attempt to aid sampling at
retention ponds and wetlands. Autosamplers were programmed to trigger sampling in excess of 2
mm hr? of rain, collecting 250 ml every minute, mimicking manual sampling. See table in Section
A10.3 for use of autosamplers.

For other microplastics three procedural blanks were collected to replicate manual sampling, and
three to replicate autosamplers. These were used to quantify any contamination originating from
the sampling apparatus or procedure rather than from the sample itself.
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Figure A.3: Example of drainage points at which water samples were collected from a retention
pond inlet (left) and a direct drainage outfall (right). Source: Florence Parker-Jurd University of
Plymouth, 2022.

Sediments were collected at each retention pond and each wetland on three occasions. Samples
were collected using a prewashed container strapped to an extendable pole. Where possible,
samples were collected from three different locations across the pond. Sediments were collected
either prior to rainfall events or during periods of dry weather when the water levels of the ponds
were low enough to enable collection as close to the centre of ponds as possible, where most
sediments accumulated.

A.4.4. Laboratory protocol

Samples were processed in a purpose-built clean two-tier laboratory (ISO clean room class 7 and
8) at the University of Plymouth with positive pressure and controlled airways (filtered to 0.5 um).
The room is restricted in its access where laboratory shoes and cotton laboratory coats are worn at
all times to minimise microplastic contamination. Due to their colour and carbon black content, tyre
wear particles cannot be reliably identified using the approach typically used for other form of
microplastics, where particles are individually identified using spectroscopy. Tyre particles were
instead, by necessity, quantified by mass using a bulk chemical analysis. Consequently, each
sample was homogenized and separated in two to allow for both analyses (see below).

A.4.4.1. Tyre wear particle analysis

Water samples were homogenised and inverted five times after which 20 % of the total volume
was transferred into a clean beaker. The remaining 80 % was first passed through 30 um and 15
pm sieves and backwashed with deionised water into a clean beaker before being vacuum filtered
over a 1.6 pum Whatman glass microfibre filter paper.

Sediment samples were placed in a low temperature drying oven until at a thick consistency and
mixed thoroughly until homogenous. A subsample (~1.5 g) was resuspended in deionised water
and filtered over a 1.6 um Whatman glass microfibre filter paper and placed in a drying oven at a
low heat until the mass as a dry weight (d.w.) could be recorded.
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Benzothiazole was used as a chemical marker for the presence of tyre wear within environmental
samples, quantified using Py-GC-MS (method adapted from Parker-Jurd et al. (2021)). Our
approach targeted molecules that are bound into a polymer which is cross-linked with sulphur into
the elastomeric materials based on isoprene, butadiene and styrene-butadiene, rather than
compounds present in the free solvent-extractable fraction. Hence our approach maximised the
detection of solid tyre wear particles as opposed to tyre wear leachates. Full details of the
analytical method are given in the supporting information (A10.2).

In order to relate the spectral response to an estimated mass of TWPs present in the samples,
benzothiazole was quantified from the pyrolysis products of fragments from seven common
passenger tread tyre treads (Bridgestone, Continental, Goodyear, Michelin, Nokian, Pirelli and
Vredestein). These were analysed in the same manner as the water and sediment samples (Sl
A10.2). The response of the instrument was measured using a calibration curve of peak intensity
versus the weight of an authentic standard of benzothiazole averaged over three pyrolysis runs (R?
> 0.99). Data were then converted to give a mass of TWPs per sample and normalized by the
volume or mass of sample collected. The limit of detection was ~1 ng per mg of sample.

A.4.4.2. Analysis of other microplastics

The remaining 20 % of the total volume of the water sample was filtered over multiple 1.6 pm
Whatman glass microfibre filter papers, the volume on each filter paper determined by the colour
i.e. the material sparse enough so that any potential microplastics were visible under a dissection
microscope (LEICA S9E).

A subsample of the sediment (~ 1.5 g) was also dried until at a thick consistency and mixed
thoroughly until homogenised. The subsample was transferred into a pre-washed beaker and
placed in a drying oven on a low heat (~35° C) until a dry weight could be taken. The dried
sediment was then resuspended in deionised water. As for the water samples, the sample was
filtered over multiple 1.6 um Whatman glass microfibre filter papers, sparsely enough to identify
any potential microplastics under a dissection microscope.

Each potential microplastic was measured at its longest length, the colour and form (e.g. sphere,
fragment, fibre, or film) of the particle was also recorded and then subject to FTIR. Particle
identification using FTIR was performed in transmission mode in the range 400-6000 cm™ (and a
background scan performed between each particle) with a Hyperion 1000 microscope coupled to a
Vertex 70 spectrometer by Bruker. For each particle spectra were recorded with 32 scans and
identified against a spectral database (BPAD polymer and synthetic fibres ATR).

A.4.5. Data Analysis

The statistics package Minitab (V18) was used to perform all the data analysis. Analysis of
variance (ANOVA) was used to compare concentrations of TWPs in drainage between; curved and
straight sections of the SRN, influent and effluent of highway drainage systems, and different
drainage asset types (wetlands vs. retention ponds). Homogeneity of variance was assessed prior
to ANOVA (Anderson-darling) and transformations applied if appropriate (log transformation). In
each instance treatment (influent or effluent), asset type (wetland or retention pond) and road type
(curve or straight) were fixed and site was random. Treatment, asset type and road type were
nested within site. The interaction of TWPs and microplastic concentrations (dependent variable)
and weather and site characteristics (e.g. AADT, flow path, antecedent conditions, independent
variable) in direct runoff (curve vs straight or pond influent) were also analysed in Minitab (V18)
and examined using a linear regression. The same approach was taken for microplastics. Standard
error was used to show deviation of the mean across sampling events. All results are presented as
the mean plus-minus the standard error (X £ om) throughout.

A.5. Results

In total TWPs and other microplastics were quantified across a total of 70 samples (52 water
samples and 18 sediments samples) across 14 sites. On only one occasion were concentrations
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below the limit of detection where no microplastics were detected in the sediment of a wetland.
Raw data are provided in the supporting information (A10.6).

Autosamplers were found to be of minimal use due to failures in the unit being triggered or
difficulties in locating discrete placement at sampling sites. On two occasions at retention pond 3,
effluent water samples were collected as pooled water next to the outlet due to there being
insufficient rainfall to fill the pond and generate effluent. This approach was considered a fair
approximation as the pooled water would be the first to become displaced if sufficient rainfall had
occurred.

The rainfall events sampled varied between 1 mm and 34.6 mm (12.87 mm % 1.5), which on
average was after 5.14 mm = 0.6 of rain, see supporting information A.10.3 for more detalils.
Manual procedural blanks found 0.67 MP/sample and autosamplers 1.3 MP/sample.

Runoff that was collected directly from roads (curve and straight drainage points) and samples that
were collected as pond influent are referred to as ‘direct runoff’ or ‘direct drainage’ as they have not
undergone any form of treatment. Runoff that passed through wetlands and retention ponds and
collected at the outlet of the ponds are referred to throughout as effluent.

The following section will present the results from the water samples, focusing initially on TWPs
and other microplastics in drainage from curved and straight sections of the SRN and then,
assessing the removal efficiency of retention ponds and wetlands. Results from the sediment
sampling collected in the wetlands and ponds are also presented. Finally, the characteristics of the
other microplastics as well as the potential influence of site and weather characteristics across all
sites are considered.

A.5.1. Tyre wear particles and other microplastics in drainage from curved
and straight sections of the SRN

A pair of curved and straight outlets was not sampled successfully as per the experimental design
(Figure A.1) due to a misconnection or out of date drainage map not permitting the collection of a
water sample at location (Supporting Information A10.4, see curve vs. straight site 5).

Direct drainage from curved and straight sections of the road network contained between 0.01 and
3.21 mg/L of TWPs (0.62 mg/L £ 0.23