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Abstract

Improved understanding of the behaviour of microplastics in freshwater systems is important as
rivers are major conduits for the transport of particles from land to sea. This study investigated
microplastics in two tributaries of the River Clyde, Scotland, UK, that flow through rural, suburban
and urban areas. Surface water and sediment were obtained from 25 locations in the Black Cart
Water and White Cart Water. Microplastics were isolated and characterized by digital microscopy
and ATR-FTIR spectroscopy. Particles were found in only four water samples, all from the White
Cart. Sediment analysis revealed microplastic abundance ranging from 300 to 600 items/kg in the
Black Cart and 33.3 to 567 items/kg in the White Cart. Fragments were the most common particle
shape and white/transparent the most common particle color. The most common polymers in the
Black Cart were PP>PET>PS>PVC>PTFE and in the White Cart PE>PP>PTFE>PET>PA.
Identification of some microplastics was challenging because their FTIR spectra did not correspond
well to reference spectra of pure polymers. Although the polymer hazard index at some locations
was high due to presence of particles composed of PVC and PA, the ecological risk from
microplastics in the Cart rivers system was generally low.

Keywords: microplastics; freshwater; river; sediment; urban-rural gradient

1. Introduction

Plastic wastes have become a global issue with concerns over their accumulation in the aquatic
environment and potential ecological and health risks [1]. In 2015, about 80 million metric tonnes
(Mt) of generated plastic wastes were reportedly mismanaged globally, and this number is projected
to reach over 213 million Mt by 2060 [2]. Plastic debris becomes even more of a concern when it breaks
down in the environment by physical, chemical, and biological processes into microplastics [3].

Microplastics are plastic particles less than 5 mm in diameter [4]. They exist in the form of
fragments, fibres, films, microbeads and pellets, depending on their source and whether they are
primary microplastics (deliberately manufactured in this size range) or secondary microplastics
(derived from larger items of plastic waste). Their small sizes make them readily ingestible by marine
life and they can then be transferred through the food chain [5], leading to ill-health effects in higher
animals, including digestive disorders, inflammatory bowel disease, neurological symptoms and a
decline in cardiovascular health [6]. They also act as vectors for chemical substances, including
persistent organic pollutants and potentially toxic elements (PTE), which are easily adsorbed on their
surfaces and transported [7].

Microplastics have become ubiquitous in the environment but much is still unknown about their
biogeochemical cycles [8]. Numerous factors, both social and environmental, influence the
abundance and transport of microplastics including human population density, industrial activities,
urbanisation, water currents and circulation patterns, wind patterns, and water and sediment
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composition [9]. Understanding how the dynamic interactions of the above effects microplastics
distribution and fate is key to assessing their environmental and human health impacts, as well as
informing the development of appropriate remediation strategies.

Whilst early research on microplastics in the aquatic environment mainly focused on marine
systems, more attention has recently been paid to freshwaters. Small rivers and tributaries have been
identified as major conduits for microplastics to larger rivers and the marine environment — indeed
are suggested to often contribute more microplastics than main river channels [10-12].
Hydrodynamic factors such as flow rate, impoundments such as dams, and sediment characteristics
are critical in influencing microplastics deposition and resuspension, with low-flow zones identified
as accumulation hotspots [12-14]. Key factors affecting the input of microplastics to freshwaters are
the types of activities occurring within river catchments.

To improve understanding of the complex interplay of factors affecting the concentrations,
distribution and fate of microplastics in freshwater environments, several recent studies have
featured river systems that flow through multiple settlements or areas with different land-uses. Some
researchers have considered entire river catchments, sampling not only from the main channel but
also from smaller tributaries to assess the accumulation and transport of particles downstream [15-
18]. Others have focused on rural-urban gradients, sampling along the length of a river as it flows
from (usually relatively uncontaminated) upstream regions through centers of population [19-21].
Further studies have investigated trans-urban rivers, with particular reference to the impact of
different types of land-use e.g. industrial vs. residential areas [10,22-24]. Sediment microplastic
concentrations in studies of these types are shown in Table 1.

It can be seen that microplastics abundance varied widely from a few tens of items per kg in
some studies to tens of thousands of items per kg in others. Numerous polymers were identified,
although polyethylene (PE) and polypropylene (PP) were common. Whilst direct comparison
between studies must be carried out with caution since they were performed at different points in
time and used different sampling regimes and analytical procedures (in particular density separation
reagent and organic matter digestion procedure) urbanisation was consistently identified as a major
source of microplastic pollution [11,17,25-27]. Further research is therefore required to provide a
more detailed understanding of the influence of the urban environment on microplastics in river
systems, considering both diffuse and point inputs. Wastewater treatment plants and stormwater
runoff are of particular interest as they play a dual role — both contributing to and mitigating
microplastic pollution — depending on treatment efficiency and local hydrological conditions.

The current study adopted a recently-proposed harmonised extraction protocol [28] to study
microplastics in sediments of two small neighbouring rivers in West Central Scotland. Both pass
through a mixture of land-use types but one — the Black Cart Water — is predominantly rural whilst
the other — the White Cart Water — is predominantly urban. The goals were to assess the influence of
land-use and wastewater assets on microplastic types and concentration, and to determine if particles
were present at levels sufficient to constitute ecological risks.

Table 1. Selected studies on microplastics in river sediments between 2020 and 2025.

Density Organic
) Abundance
Study area separation matter Polymers found
(Items/kg)
reagent removal
Yon.g]lang Rlver,'Narmmg NaCl/Nal Fenton’s 90 - 550 PA, PE, PET, PP, PS
City, South China [29] reagent
. . Fenton’s Cellophane, PE,
Ganga River, India [17] NacCl reagent 17-36 PEs, PP, PS, PVC
River Tame, Northwest Nal None 24-138,400 PA, PET, PS., sjcyrene
England UK [27] acrylonitrile
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Red River Delta, NaCl H20: 1450-56000  EVA, PE, PET, PP
Vietnam [30]
Yamaguchi Prefecture, 71Ch Fenton’'s 8-1010 PE, PP, PS, PVC
Japan [23] reagent
Selangor River Basin, LDPE, PE, PET, PP,
ZnCl H 10-
Malaysia [26] nCh 202 0-55 PS, PVC
Ganges River Basin, Cellulose, PA, PE,
Bangladesh [31] ZnCl H0: 29504010 per pp pg, pvC
Kamniska Bistrica (KB) ,
and Ljubljanica, Slovenia Nadl Fenton’s 5- 40 PA, PE, PET, PS, PU
reagent
(20]
Liangfeng River, Guilin 10300 -
City, China [32] NaCl H20: 82900 PA, PE, PP, PS, PVC
Mahanadi River, India NaCl Fenton’s 49— 354 PA, PE, Pes, PVC,
[19] reagent PP, PS
Nanming River, Guiyang, PE, PEG, PP, PVAc,
1 H 1000 —
China [22] NaC 202 000 - 5500 PVM/MA
River Jinjiang, China [33] Nacl Fenton’s 21-924 PE, PET, PP, PS,
reagent rayon
Wei River, China [18] CaClz H202 120 - 840 PE, PET, PP, PS,

pvC

Nanming River, Guizhou \/~ N1 KOH:NaCIO 8707500 EVA, PC, PE, PVC

China [34]
Yitong River, China [35] NacCl H20: 300 - 850 PE, PET, PP, PS
River Kelvin, Glasgow,
1 H -244 PE, PP
Scotland [10] NaC 202 >0 ’
Jungnang Stream, South ZnCl Fenton’s 820-8060 Cellophane, PE, PP
Korea [11] reagent
. . Acrylic, PE, PET,
V\;‘jﬁ;’;‘: glsin[gzs’ ZnCl H:0: 250 - 3000 PP,
! PU, PVA, PVC
Mahaweli River, Sri- NaCl H:O: 3.1-247 PE, PET, PS, PU
Lanka [16]
Chichiriviche de la Costa EPDM, PA, PE, PET
4 : 1 _ 4 4 '’ 7
Venezuela [21] Nacl KOH:H:0: 0-150 PP, PVA

Where EPDM - ethylene-propylene-diene monomer rubber; EVA — ethylene-vinyl acetate; LDPE — low-density
polyeth- ylene; PA — polyamide; PC — polycarbonate; PE — polyethylene; PEG — poly(ethylene) glycol); PEs —
polyester; PET — poly(ethylene terephthalate); PMMA - poly(methyl methacrylate); PP — polypropylene; PS —
polystyrene; PU — polyurethane; PVA — poly(vinyl alcohol); PVAc - poly(vinyl acetate); PVC — poly(vinyl
chloride); PVM//MA - poly(methyl vinyl ether/maleic anhydride).

2. Materials and Methods

2.1. Study Area

As shown in Figure 1, the Black Cart Water and White Cart Water are two rivers in West Central
Scotland that converge and enter the River Clyde from the south, approximately 10 km west of
Glasgow City Centre. The Black Cart Water is a slow-moving water body that rises at Castle Semple
Loch and flows north-eastwards for approximately 19 km until its convergence with the White Cart
Water, passing through farmland, and close to the village of Howwood and the towns of Johnstone
and Linwood, as well as Glasgow International Airport. It has a significant industrial history: in the
18th and 19th centuries, it powered at least 50 mills — mainly cotton mills — and water driven
industries along its banks [36]. The White Cart Water rises on Eaglesham Moor and flows for
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approximately 35 km, passing through various Glasgow suburbs, across a large urban green space
(Pollock Country Park) then through the major industrial town of Paisley. It too was crucial in the
development of Glasgow and its environs from the late 1600s to early 1800s. The water powered
various mills including paper mills, snuff mills, and bleachfields [37]. Additionally, unlike the Black
Cart, the White Cart was navigable from the Clyde up to Paisley. It is a fast-flowing river, prone to
flooding, with water levels rising by as much as 6 m [38].
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Figure 1. Map of the study area showing sampling locations.

Following the decline of heavy industry in West Central Scotland during the 20th century, the
Black Cart and White Cart are no longer industrial rivers. In the 21st century, the riverbanks serve
mainly as habitats for wildlife and locations for recreational activities such as walking and fishing. A
few point sources remain, the most notable of which is Laighpark Wastewater Treatment Works, just
upstream of sampling point WC2 on the White Cart Water. Other Scottish Water utilities such as
combined sewer overflows (CSO) are located at various points on both rivers e.g. upstream of BC4
on the Black Cart Water [39]. Combined sewer overflows are a means to manage excess surface water
during episodes of heavy rainfall by combining stormwater runoff with untreated (or partially-
treated) sewage, which often contains microplastics, and releasing the mixture into nearby
waterbodies.

2.2. Sample Collection

Samples were collected from 25 locations (Figure 1). Seven were from the Black Cart Water (BC),
15 from the White Cart Water (WC), one from downstream of the confluence of the two rivers (Cart
Waters, CW) and two from major tributaries feeding into the Cart rivers system (the River Gryfe, RG,
and the Levern Water, LW). Sampling was conducted in the summer of 2024 when weather
conditions were mostly dry and water levels were low, making it easy to access shallow submerged
sediments. Waterborne microplastics were collected using a stainless-steel trawling net (dimensions
32 x 40 cm, mesh aperture 0.32 mm). The net was held so that its top was just below the surface of the
river and 20 L of water (calculated based on an estimation of the river’s flow rate at each site) was
allowed to pass through. Collected material was backflushed from the net with distilled water
through a 0.35 mm aperture stainless steel sieve. The residue trapped by the sieve was transferred to
an aluminium foil container for return to the laboratory. For sediments, an Ekman grab sampler or
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metal trowel was used to collect material to a depth of 5-10 cm. At each location, sediment was

obtained from five points, then combined and homogenised in a metal bucket to make a bulk

composite sample, which was transferred to an aluminium foil container for return to the laboratory.
The most prominent land-use features of the sampling locations are given in Table 2.

Table 2. Land-use features in the vicinity of sampling locations.

d0i:10.20944/preprints202509.0648.v1

Site Site coordinates Current land use within 500 m
name
CW 55°53’00”N, 4°24’54"W Agricultural land, boat club, hotel
BC1 55°52'51”N, 4°24’45"W Agricultural land, airport runway
BC2 55°52"30”N, 4°26'34”"W Agricultural land, airport runway, residential buildings
BC3 55°51’43”N, 4°27'42"W Agricultural land with few buildings
BC4 55°50'41”N, 4°29'11"W Park playground, car parks and major motorway
BC5 55°50"16”N, 4°30'45"W Shopping complex and museum
BC6 5504935"N, 4°32/05"W Agricultural land with few buildings, parks and shopping
complex
BC7 55°48'38”N, 4°33’52”W Agricultural land, railway station, residential buildings
RG 55°52"30”N, 4°28'03”W Agricultural land with few buildings
WC1 55°52'41”N, 4°24'34"W Residential buildings with large green areas
WQC2 55°52"15”N, 4°24'54"W Industrial estates with wastewater treatment plant
wWC3 55°51'05”N, 4°25"19”W Industrial estate, old shipping yard, shopping complex
WC4 55°50"34”N, 4°25'08”W Shopping complex, hotel, major road bridge
WCS5 55°50'19”N, 4°24'11"W Residential buildings, green‘ areas and ongoing building
projects
WC6 55°50'06” N, 4°22'45"W Agricultural land, residential buildings
wCrz 55°50’30”N, 4°21’39”W  School, sparse residential buildings and park playgrounds
WCS 55049'53"N, 4°20°09"W Developed and ongoing residential building projects,
sports park
WC9 55°49'35”N, 4°19'03"W Country Park
WC10 55°49'25”N, 4°17'57"W Residential buildings with green areas.
WC11 55°49'28”N, 4°17°06”"W Densely populated residential areas
WC12  55°48'47”N, 4°15'29"W Densely populated residential areas, park playground
WC13  55°47'28”N, 4°16'04"W Densely populated residential area, park playgrounds
WCl4  55°46'52N, 4°15'57"W Residential settlement, major road bridge, shopping
complex
WC15 55°46’14”"N, 4°16'39”"W Agricultural land with few buildings,
LW 55°50"11”N, 4°21’30"W Sparse settlements, major motorway, park playground

2.3. Pre-Treatment and Extraction of Microplastics

On return to the laboratory, the sediments, and any particles recovered from the surface waters,

were air-dried in aluminium foil trays then sieved through a 5 mm stainless steel sieve before being
stored in aluminium foil containers for further assessment. Microplastics from water samples were
readily visible and recovered without further processing. The dried sediments were extracted (10 g
test portions, n = 3) using the method reported by Enenche et al [28] i.e. CaCl2 (100 mL) for density
flotation and Fenton’s reagent (30 mL at room temperature for 24 h) for organic matter removal. The
isolated microplastics were collected on glass fibre membrane filters using vacuum filtration.

2.4. Microplastic Observation and Identification

The isolated microplastics were viewed and photographed using a digital microscope (Bysamee,
China) set at a magnification of 1000X. The abundance of microplastics in items/kg (dry weight) and
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items/m? was obtained by multiplying the count for each sample by a factor of 100 for sediments and
50 for water.

Over 70 % of the microplastics isolated were large enough for the polymer type to be identified
by ATR-FTIR. This was done using a Nicolet IS5 spectrometer (Thermo Scientific, Loughborough,
UK) equipped with a Specac Golden Gate diamond ATR accessory (Specac Ltd., Orpington, UK).
Each spectrum was acquired from sixty-four scans over the range of 4000-600 cm™ at a resolution of
4 cm™. Error corrections for the spectra were achieved by baseline and background corrections, with
a new background collected every ninety minutes. Boxcar apodization was employed, and the
instrument’s in-built OMNIC software was used to process the spectra. A preliminary identification
of microplastic types was made by comparing the spectra obtained from samples to reference spectra
from the polymer database of Hummel & Aldrich. However, a careful visual inspection of all
microplastics and their associated spectra was also carried out to confirm the polymer identity
proposed by the database, as described in Section 3.2.2.

2.5. Contamination and Risk Evaluation of Microplastics

2.5.1. Contamination Factor

The contamination factor (CF) can be utilized to assess the pollution level of the environment.
Although originally proposed for pollutants such as PTE, it has been applied in microplastics studies
in recent years [31]. The CF was calculated using Equation (1).

Ci
CF = Co (1)

where Ci denotes microplastics concentration at a sampling site and Co represents the baseline
microplastics concentration. Selection of an appropriate baseline value can be challenging even for
PTE, and this is even more problematic for microplastics since they are wholly synthetic pollutants
with no ‘natural’ background concentration. Previous workers have used the lowest (non-zero) mean
microplastic concentration found in their study areas as a baseline value [31,40,41] and the same
approach was adopted here. The baseline value used in the current study was 33.3 items/kg, obtained
at both WC3 and WC5. The same value was used for both rivers to allow comparisons to be drawn
between them. Contamination levels are designated low where 0 < CF <1, moderate where 1 < CF <
3, high where 3 < CF < 6 and very high where CF > 6.

2.5.2. Pollution Load Index

The pollution load index (PLI) is another metric originally developed for pollutants such as
heavy metals, where it is used to assess the severity of contamination by multiple PTE at the same
site. In the current study, it was used to compare microplastic pollution in the Black and White Cart
Waters overall, by calculating a PLI.one value for each river using Equation (2).

PLIzone = VCF1 X CFy X CF; ... X CF, ()

where ‘n’ is the total number of sampling points [31].
A PLIzone value <1 indicates pollution levels are low whilst values >1 indicate there may be cause
for concern warranting further investigation [42].

2.5.3. Polymer Hazard Index

The polymer hazard index (PHI) was used to assess the potential health impact of microplastics
identified in the study by considering not only particle abundances but also the types of polymers
found. The PHI was calculated using Equation (3) [43].

PHI = B, X S, 3)

where Prrepresents the percentage abundance of each polymer at each site and Sn is the hazard score
of each polymer. The scores used were those proposed by Lithner et al. [44] based on a hazard ranking
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model that considered the hazard classifications of the monomers making up each polymer. Hazard
is divided into five categories: category 1 (PHI < 10); category II (PHI 10-100); category III (PHI 101-
1000); category IV (PHI 1001-10,000) and category V (PHI > 10,000). In the current study, a hazard
score of 1 was assigned to unidentified polymers and those that were not assigned scores by Lithner
et al. [44]

2.5.4. Potential Ecological Risk Index

The potential ecological risk index (PERI) was used to evaluate the risk associated with the
microplastics found. It was calculated by multiplying the toxicity response Tr (Equation (4)) by the
contamination factor Cr as given in Equation (5) [45].

Pn
T = Yl X Sn 4)

PERI = T, x C; (©)

The PERI is interpreted in terms of risk categories: category 1 (PERI < 150); category II (PERI 150-
300); category III (PERI 301-600); category IV (PERI 601-1,200) and category V (PERI > 1,200).

2.6. Statistical Analysis

The data obtained were analysed using Microsoft Excel (Office 365) and IBM-SPSS (version 26).
The microplastics’ concentrations are presented as mean + one standard deviation (n=3 unless
otherwise stated). Comparison of mean concentrations between locations was done by one-way
ANOVA at 95% confidence limit, with values considered statistically significant when the p-value
was < 0.05.

2.7. Quality Control and Contamination Avoidance

To avoid contamination of environmental samples with laboratory-derived microplastics, nitrile
gloves and 100% cotton laboratory coats were worn. A blank of distilled water was kept open in the
analysis area during sample processing to detect any airborne inputs (most likely of fibres). Samples
were covered with aluminium foil when left standing during density separation. Filter papers
containing microplastics were kept in covered glass petri dishes to prevent cross contamination or
loss. Control plastics of commercial origin were used to test the operation of the ATR-FTIR
instrument and to check the spectrum matching capabilities of the equipment and software.

3. Results and Discussion

3.1. Surface Water

No microplastics were found in the surface water samples from the Black Cart Water. Samples
from only four locations in the White Cart Water contained microplastics (see Table 3) and the
abundances were low (2-4 particles per 20 L sample, equivalent to 100-200 items/m?3).

The absence of microplastics in the waters of the Black Cart could be due to limited input
immediately preceding the time of sampling or effective sedimentation processes. The presence of
microplastics at specific points on the White Cart likely reflects localised sources. For example, input
from the Blacksey Burn may be responsible for the microplastics detected at site WC6. This tributary
is known to be impacted by both PTE [46] and persistent organic pollutants [47] and so may also be
a source of microplastics. General anthropogenic and recreational activities may explain the presence
of microplastics at sites WC12 and WC13, which are located in densely populated residential areas
with nearby children’s playgrounds. Recreational activities could also be the source of the particles
at WC9.
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Table 3. Abundance and characteristics of microplastics found in surface waters of the White Cart.

Site ?3:;:7;1:; Shapes Colours Polymer
wes a0 TR gt 2
Woy w0 ey Packwnie
WC12 150 *Fragments (100%) Red, white U;II)’ ?6(733)/)

The estimated surface velocity of the rivers ranged from 0.12 to 0.50 m/s, depending on sampling
location, which is considered low to moderate [48,49]. The site with the lowest flow rate (WC6) had
the highest particle concentration. Reduced water movement creates conditions that promote the
accumulation of microplastics in a river since they are less likely to be easily carried off [50].

The microplastics concentration was comparable to that reported in studies of semi-urban areas
in Taiwan (0-230 items/m [3]) [51] and southwestern Germany (0-215 item/m?) [52], but lower than
values for the Yangtze River, China (4137 items/m?) [53] and urban watersheds in Texas, USA (520
items/m?3) [54]. The larger mesh size of the trawling net (320 pum) in the current study, compared to
nets used for the Yangtze (32 um) and in Texas (53 pm) may be partially responsible for the different
abundances, as smaller mesh sizes are more effective at trapping microplastics [55]. It also meant that
smaller microplastics were not collected, which may explain the low abundances observed, although
an approximately 300 um mesh size is commonly used for river sampling of microplastics, which is
why it was chosen for the current study [56]. Fragments were the most abundant shape, followed by
fibres, with film at one location. Fragments typically form from breakdown of household and
commodity plastics, and enter water system from urban runoff, whilst fibres are present in household
sewage and wastewater effluents from laundries and other activities that involve synthetic fabrics
[54]. Two separate studies on the River Thames [57,58] and another of streams in New Zealand [59]
reported fragments and fibres as dominant microplastic shapes in surface water. The colours (white,
blue, green, red and black) found are common in household plastic products, and similar to results
reported elsewhere [58,60].

The microplastics identified were predominantly PP (48%) and PE (27%). These polymers are
widely used due to their cost-effectiveness, excellent mechanical properties and chemical resistance.
Additionally, their densities (0.970 g/cm? for PE and 0.920 g/cm? for PP) are lower than that of water
(1 g/cm?), allowing them to float and be easily transported. Low density also means that they are
easily carried from land to water by wind action [61]. Previous studies have also reported PE and PP
as dominant microplastics found in freshwaters [51,58,60,62].

3.2. Sediments

3.2.1. Microplastic Abundance

The mean concentrations of microplastics found in sediments sampled from the Black Cart
Water and White Cart Water are given in Figure 4.

The microplastic concentration in the Black Cart sediments ranged from 300+170 to 600+100
items/g (Figure 4A). The highest value was obtained at site BC4. This lies downstream of two CSO,
which are potential sources of microplastics during flood episodes. However, no statistically
significant difference (p<0.05) was found in the microplastic concentrations across all sampled
locations including the combined Cart Waters sediment. Neither were microplastics found in the
sediment sample from the River Gryff, suggesting that it may not be a major source of plastic input.
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Figure 4. Concentration of microplastics in sediments of the Black Cart (A) and White Cart (B) Waters. Values

are mean * SD (n=3). Letters indicate groups of sites with statistically similar concentrations (p<0.05).

With the exception of site WC15, where no particles were found, the microplastic concentrations
in the White Cart sediments ranged from 33.3+5.8 to 567+321 items/kg (Figure 4B). The lowest number
of particles was observed in the headwaters, with levels generally increasing as the river flows
through residential suburbs, decreasing again in the middle stretches where there is more greenspace
(with the exception of site WC6) before increasing again in the final 2 km before joining the Black
Cart Water. Sampling sites could be divided into two groups. Sites WC2 (567+321 items/kg), WC6
(466+58), WC11 (467+252 items/kg) and WC12 (467+208 items/kg) contained significantly larger
amounts of microplastics (p<0.05) than sites WC1, WC3, WC4, WC5, WC7, WC8, WC9, WC13, WC14
and WC15, which were less contaminated (highest value 233+57.7 items/kg). Sediments from the Cart
Waters and WC10 sites contained intermediate levels of particles that were statistically similar to both
groups. The higher value at site WC2 may be due to its proximity to the Laighpark Wastewater
Treatment Works, which serves almost 250,000 people in Paisley and the surrounding area.
Wastewater treatment plants are widely reported to release microplastics to receiving waters [27].
Another location that showed elevated microplastic abundance was site WC6. This is downstream of
the junction with the Levern Water, but the number of particles found in sediment from that
waterbody (66.6£57.7 items/kg) was not enough to explain the high concentration observed. As
discussed for water samples, a more likely source may be the Blacksey Burn. Site WC6 also had the
lowest water flow rate (0.12 m/s) which may have promoted the accumulation of particles in sediment
[50]. Locations WC11 and WC12 both lie within areas of high residential population density which
can contribute many different types of plastic waste to the local environment, from vehicle tyre wear
particles to discarded food wrappers.
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Broadly similar concentrations of microplastics have been reported in sediments of the River
Kelvin, which is also a tributary of the River Clyde. Shokunbi et al. [10] reported that abundance
increased from 50.0 + 17.3 items/kg in the upper reaches of the Kelvin to 244 + 19.2 items/kg close to
the point where it joins the Clyde, whilst Blair et al. [63] found 161-432 items/kg at an urban site close
to the river mouth. Considerably higher concentrations have been reported in the River Clyde itself
e.g. 50,000 items/kg [64] indicating that accumulation from multiple sources, including the smaller
rivers in the Clyde catchment, occurs.

Similar microplastic concentrations have been found in freshwater systems elsewhere in the UK
that pass through areas with different combinations of rural, semi-urban and urban land-use,
including the River Thames (181-660 items/kg) [60] and the River Tame (20-350 items/kg) [14]. Studies
from other parts of the world have also reported comparable findings e.g. the River Antua in Portugal
(100-629 items/kg) [65] and the Bloukrans River system in South Africa (13-563 items/kg) [13],
although higher microplastics concentrations have been found in the Wen-Rui Tang River in China
(32,947 items/kg) [66], Nigerian inland rivers (up to 2200 items/kg) [67], the Ganges River Basin in
Bangladesh (2950 — 4010 items/kg) [31], and the Red River Delta in Vietnam (1450 — 56,000 items/kg)
[30].

Microplastics were obtained from too few water samples to allow meaningful statistical
comparison to be made between concentrations in water and in sediment, though it was noted that
two of the locations where waterborne plastics were recovered also had relatively high levels of
microplastic in their sediment.

The maximum microplastics concentrations found in the Black Cart Water (600100 items/kg)
and White Cart Water (567+321 items/kg) were similar, which is perhaps surprising given that the
catchment of the former is more rural and agricultural whereas that of the latter is more urban and
industrial/residential. The levels of microplastics in the Black Cart Water were relatively similar
across sampled locations, whereas those in the White Cart were more variable, possibly due to a
greater diversity of inputs and abundance of point (as opposed to diffuse) sources.

3.2.2. Identification of Microplastics by ATR-FTIR

Analysis of microplastics recovered from the Black and White Cart Water sediments revealed
the presence of a variety of polymers including PE, polystyrene (PS), PP, poly(vinylchloride) (PVC),
polyamide (PA), poly(tetrafluoroethylene) (PTFE), poly(ethylene terephthalate) (PET) and silicone
(Figure 5). Some of the microplastics were easily identified (see for example Figure 5F and 5H) with
spectra that closely matched those of the corresponding pure polymers and showed sharp, well-
defined peaks with minimal background interference. However, many of the microplastics produced
spectra that contained additional peaks (not present in spectra of the pure polymers) and broad,
sometimes weak, bands.

This highlights a key challenge in the identification of microplastic polymer type. Plastics
recovered from the environment are usually derived from manufactured goods, which typically
contain additives such as colourants, fillers, plasticizers and stabilizers as well as the base polymer.
These substances can be present at high concentrations — for example PVC typically contains up to
50 wt% plasticiser [68] — which can shift peak positions, introduce new peaks, or mask characteristic
ones [69]. Once in the environment, weathering processes cause the composition — hence the FTIR
spectra — of microplastics to deviate further from those of pure polymers. For example, oxidative
degradation and moisture uptake will enhance carbonyl (C=0) and hydroxyl (O-H) stretching peaks
[70], as seen near 3300 cm™ in Figure 5A and 5D. Finally, even after samples have undergone density
separation and digestion, some residual organic matter or biofilm may remain. The broad feature
observed in several of the sample spectra in Figure 5 around 1000 - 1030 cm™ is consistent with
biofilm, which typically shows broad peaks in the 950 - 1200 cm™ region [71].
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Figure 5. Images and FTIR spectra of some microplastics isolated from sediments of the Black and White Cart
Waters compared to reference spectra obtained for pure polymers on the same instrument. A is PE; B is PS, C is
PP, Dis PVC, E is PA, F is PTFE, G is PET and H is silicone.

A consequence of the above is that the polymer identifications suggested by in-built or on-line
FTIR spectral libraries may be misleading. This is illustrated in Figure 6 which shows the image and
spectrum of a particle recovered in the current study. This was identified by the instrument as
cellophane (i.e. this was the polymer with the highest match probability). However, the material is a
rigid plastic fragment, whereas cellophane forms flexible films. Also, the spectrum (Figure 6A) does
not resemble that of a known sample of cellophane (Figure 6B).

This underscores the importance of complementing the outputs of automated spectral matching
algorithms with manual interpretation, where relevant expertise is available, to ensure accurate
identification of microplastics. In the current study, characteristic peaks were selected and used as a
benchmark for the presence of a specific polymer. The CH, asymmetric and symmetric stretching
peaks at ~2915 and ~2849 cm™!, respectively, were used to confirm PE; aromatic C-H bending at ~695
cm™ and ~755 cm™ for PS; the quartet of CH2 and CHs peaks between 2950 cm™ -2870 cm™ and CHj
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bending at ~1375 cm™ for PP; the C-Cl stretching at ~610 cm™ for PVC; the N-H stretching at ~3300
cm™ and ~1540 cm™ for PA; and the ~1717 cm™ C=O stretching and substituted aromatic C-H stretch
at ~721 cm™ for PET. These remain distinguishable despite spectral interferences and thus serve as a
molecular fingerprint. Also, reference spectra of pure polymers were run on the ATR-FTIR
spectrometer to further confirm the identified polymers. This is important because many spectral
databases contain transmission spectra, which can differ markedly from those obtained by ATR
(specifically, ATR instruments enhance peaks at lower wavenumber relative to transmission
instruments) [72].

[t |
b oam

[r

Figure 6. Spectra of a microplastic particle identified as cellophane by the FITR matching software (A) and of

an actual sample of cellophane (B).

3.2.3. Characteristics of Isolated Microplastics

The microplastics isolated from the Black Cart Water and White Cart Water sediments ranged
from 0.1 to 5 mm in size, with most in the <1 mm fraction. Similar studies [10,28] have reported that
particles < 1 mm are the most common in freshwater sediments. Three major shapes were identified
— fragments, films and fibres — with many particles showing signs of abrasions and markings
consistent with weathering. All of the above suggest that environmental degradation of plastic debris
is a major contributor to the material found [43]. Details of the microplastics recovered from each
water system are discussed below.

Black Cart Water

Figure 7 shows the characteristics of microplastics found in Black Cart Water sediments.
Fragments were the most common shapes (63% of items found), followed by films (31%) and then
fibres (6.0%). Films were mainly recovered from the middle and lower reaches of the river. Fibres
were only present at BC3 and BC4, both of which are downstream of a CSO, which may be
intermittent point sources of domestic wastewater. Washing of synthetic textiles is a common source
of microplastics fibers [27]. Five colours were identified: white/colourless (56%); black (23%); red
(16%); blue (3.5%); and yellow (1.2%). White microplastics have previously been reported as the most
dominant colour in freshwaters [73,74]. They may also indicate recent inputs, while black particles
suggest older, more weathered plastics [67].

Of the polymers identified, PE was the most abundant overall (38%) followed by PET (14%), PS
(13%), PVC (9.5%) and PTFE (8.3%). The highest proportions of PE were found at sites BC2 (40%),
BC4 (69%) and BC7 (56%). Site BC6 was rich in PS (42%) while PTFE and PP were abundant at BC5
(33%) and BC3 (33%), respectively. Although there are settlements along the river, and so some urban
input is likely, the Black Cart Water is mainly surrounded by agricultural land. Farming may
therefore be an important source of secondary microplastics. Mulch films (used to suppress weeds
and retain soil moisture), flexible greenhouse covers, silage wraps, and lightweight irrigation tubing
are all made from PE. Some of these items may also be made from PS and PP, polymers that are also
used to make twines and ropes, woven sacks for storing seeds and fertilisers, reusable nursery pots
and trays, crop covers and shade nets for plant protection, and various storage containers [75]. The
PTFE found at sites BC4 and BC5 appeared to be plumbing tape (Figure 8).
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Figure 7. The shapes (A), colours (B), and compositions (C) of microplastics found in the sediments of the
Black Cart Water.

Figure 8. Examples of PTFE microplastics identified from sites BC4 (A) and site BC5 (B) of the Black Cart
Water.

White Cart Water

Figure 9 shows the characteristics of microplastics found in White Cart Water sediments.
Fragments were the most common (75% of items found), followed by films (17%) and fibres (7.8%),
indeed fragments were the only shape found at sites WC2, WC4, WC5, WC9, WC10, WC14). The
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White Cart is the more urban of the two rivers studied and so this aligns with previous findings that
fragments are common in urban areas [76,77]. Similar to the Black Cart, white/colourless particles
were most common (64%), followed by black (29%), with lower amounts of blue (3.7%), and red

(2.8%).
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Figure 9. The shapes (A), colours (B), and composition (C) of microplastics found in the sediments of the White
Cart Water.
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Low-density polymers were abundant — PE (54%) and PP (21%) — followed by PTFE (9.5%), PET
(9.0%) and PA (3.2%). Polyethylene was dominant at multiple sites, including WC1 (67%), WC4
(100%), WC5 (100%), WC8 (100%), WC9 (80%), WC10 (56%), and WC14 (67), while PP was most
abundant at WC2 (73%) and WC3 (67%). Their prevalence is typical in urban and industrial areas due
to widespread use in consumer products and their ability to travel easily before settling. Similar
microplastic compositions has been reported in the River Kelvin [10], another Clyde tributary, as well
as other recent studies [78,79] (although it should be noted that these studies used NaCl-based density
separation and so may have under-estimated the amounts of denser plastics present) [28]. Other
notable polymers observed included PA at WC13 (25%), commonly used for fishing lines and
toothbrush bristles; PET at WC6 (50%), found in clothing and home furnishings; and PTFE at WC7
(50%), WC11 (33%), and WC12 (30%), widely used in plumbing, non-stick cookware, and electrical
insulation.

3.3. Contamination and Risk Indices

The microplastics CF for the sediments of the Black and White Cart Waters are given in Figure 10.
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Figure 10. The CF of microplastics in sediments of the Black Cart (A) and White Cart (B) Waters.

The CF values for microplastics in the Black Cart Water sediments ranged from 9 to 18, placing
all sampling sites within the very-highly contaminated category. A wider range of CF values was
calculated for the White Cart Water (0 to 17) with only 40% of points in the very-highly contaminated
category. The points with the highest CF values on the Black Cart Water (BC4) and White Cart Water
(WC2) were both downstream of likely point sources of domestic microplastics i.e. CSO and, in the
case of the White Cart, the Laighpark Wastewater Treatment Works. The PLI:one values were 12.0 for
the Black Cart Water, and 5.29 for the White Cart Water, confirming that both are contaminated with
microplastics.

Figure 11 shows the PHI and PERI scores for the Black and White Cart waters. The PHI values
for the Black Cart Water ranged from 789 to 125,000, placing the sites within hazard categories III to
V. The particularly high PHI values at certain locations were due to the presence of specific polymers
-PVCatBC2, BC3 and BC5 and PA at BC2 and BC5 — whose monomers are either carcinogenic (PVC)
or acutely toxic (PA). However it must be emphasised that the PHI was developed as a tool for
ranking the environmental and health hazards associated with different polymers and that a high
hazard score does not necessarily imply any immediate threat to the local ecosystem [44]. The PHI
values in the White Cart Water ranged from 0 to 1100, spanning hazard categories II to IV.

The PERI scores in the Black Cart Water ranged from 18.9 to 6,370 but only two sites — BC2 and
BC3 (those where PVC was found) — fell within the highest risk category (category V). One further
site was in category II, and the remainder were all in category I. In the White Cart, all sites bar one
had PERI values (range 0-37.5) in the lowest risk category [45]. The exceptionally high PERI value at
WC2 (42,000) arises from a combination of high microplastic abundance and the fact that some of the
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particles were identified as PVC. Overall, the PERI assessment indicates that, with the exception of a
few specific sites, ecological risk from microplastics in the Cart rivers system is low.

The PHI and PERI assessments together show that, even when lower concentrations of
microplastics are present, there is still potential for human and ecological risks, whilst high
microplastic concentrations do not necessarily translate to significant threat to the environment. It is
therefore extremely important to consider not just particle abundance, but the chemical
characteristics of the polymers found, when investigating microplastics in sediments.
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Figure 11. The PLI (A) and PERI (B) of the Black and White Cart Waters.

4. Conclusions

This study presents a comprehensive assessment of microplastics in two linked tributaries of the
River Clyde, West Central Scotland, examples of rivers that have both rural and urban land-use along
their courses. Few particles were found in surface waters but the sediment samples from both rivers
— with the exception of one site close to the source of the White Cart Water — all contained
microplastics. Surprisingly, the predominantly rural Black Cart Water was more consistently
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contaminated with microplastics than the predominantly urban White Cart Water. Fragments were
the most common particle shape, white/transparent the most common particle colour, and PE the
most common polymer in both rivers. Pollution indices confirmed that the sediments should be
considered contaminated, and several sites had PHI values in hazard categories III, IV or even V due
to the types of polymer present. However, the overall ecological risk was low except for three
locations where PVC was present.

The study highlights the need for further research to understand the complex factors influencing
the input, distribution and fate of microplastics in freshwater systems; the importance of considering
polymer types as well as abundances when assessing risk; and the need for care when identifying
particles recovered from the environment by ATR-FTIR spectroscopy. The creation of a dedicated
spectral library database for use in microplastics research, containing spectra of common
manufactured plastic goods and examples of weathered polymers, would be highly beneficial.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Images and FT-IR spectra of microplastics isolated from sediments of
the Black and White Cart Waters; Table S1: Contamination and risk indices for the Black and White Cart Waters.
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