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• Road de-icing salt is potentially a source
of microplastic (MP) to the environ-
ment

• Rubber-like particles constituted 96%
of the total concentration of MPs in
road salt

• Eleven different polymers were con-
firmed present in road salt

• MP release was calculated based on
road salt emissions in Norway,
Sweden and Denmark

• Compared to other sources of MP from
roads, contribution from road salt is
negligible
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Roads are estimated to be the largest source of microplastic particles in the environment, through release of par-
ticles from tires, roadmarkings and polymer-modified bitumen. These are all released through thewear and tear
of tires and the road surface. During the winter in cold climates, the road surface may freeze and cause icing on
the roads. To improve traffic safety during winter, road salt is used for de-icing. Knowledge of microplastic (MP)
contamination in road salt has, until now, been lacking. This is contrary to the increasing number of studies of
microplastics in food-grade salt. The objective of this study was to investigate if road salt could be an additional
source of microplastics to the environment. Fourier-Transform Infrared spectroscopy (FT-IR) and Pyrolysis gas
chromatography mass spectrometry (GC–MS) were employed to identify and quantify the polymer content in
four types of road salts, three sea salts and one rock salt. The particle number of MP in sea salts (range 4–240
MP/kg, mean ± s.d. = 35 ± 60 MP/kg) and rock salt (range 4–192 MP/kg, 424 ± 61 MP/kg, respectively)
were similar, whereas, MP mass concentrations were higher in sea salts (range 0.1–7650 μg/kg, 442 ± 1466
μg/kg) than in rock salts (1–1100 μg/kg, 322 ± 481 μg/kg). Black rubber-like particles constituted 96% of the
total concentration of microplastics and 86% of all particles in terms of number of particles/kg. Black rubber-
like particles appeared to be attributable to wear of conveyer belts used in the salt production. Road salt
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contribution to MP on state and county roads in Norway was estimated to 0.15 t/year (0.003% of total road MP
release), 0.07 t/year in Sweden (0.008%) and 0.03 t/year in Denmark (0.0004–0.0008%) Thus, microplastics in
road salt are a negligible source of microplastics from roads compared to other sources.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Microplastic pollution has gained a lot of attention the last few years,
with an increasing number of studies detecting microplastic particles
(MPs) in all types of environments (GESAMP, 2016). Although there
has been a predominant focus onmicroplastics inmarine environments,
it has been suggested that the majority of the plastic contamination in
the marine ecosystem comes from terrestrial sources (Andrady, 2011;
Frias et al., 2016; Rochman, 2018). MPs are particles in the size range
of 1 nm to b5 mm (GESAMP, 2016). In Norway, current estimates indi-
cate a total annual emission of 8400 t of microplastic (Sundt et al.,
2014), with an annual release of approximately 5500 t (Sundt et al.,
2014; Sundt et al., 2016; Vogelsang et al., 2018) originating from the
transport sector (Table S7). A significant proportion of this is expected
to be able to reach the aquatic environment (Sundt et al., 2014). Car
tire particles released from tire wear (TWP) have been proposed as
the main source of MP particles generated on roads, with an annual
emission of approximately 5000 t (Sundt et al., 2014; Sundt et al.,
2016; Vogelsang et al., 2018). Similar assessments in Sweden and
Denmark have also concluded that tires are the main source of
microplastic particles from roads (Hann et al., 2018; Lassen et al.,
2015; Magnusson et al., 2017; Sundt et al., 2014; Sundt et al., 2016). In
addition to TWP, road wear particles from road markings (RWPRM)
and polymer-modified bitumen (RWPPMB) have been identified as sig-
nificant sources (Sundt et al., 2014; Sundt et al., 2016; Vogelsang et al.,
2018). The yearly emission of RWPRM is estimated to be 100–300 t in
Norway, 500 t in Sweden and 700 t in Denmark. The annual emission
of RWPPMB is estimated to be 30 t in Norway and 15 t Sweden (Sundt
et al., 2014; Sundt et al., 2016; Vogelsang et al., 2018).

Until now, the application of road salt has not been addressed in
terms of a source and pathway of microplastics to the environment. In
cold climate regions, substantial amounts of road salt (sodium chloride,
NaCl) is used for de-icing to maintain traffic safety during winter
(Marsalek, 2003), and the amount of road salt used in several countries
has increased dramatically since the 1950s (Schuler and Relyea, 2018).
In the United States, approximately 1 million tonnes of road salt were
applied in the 1950, and by 2017 this had increased with about 95%,
to approximately 22 million tonnes of salt per year (Kelly et al., 2019;
Schuler and Relyea, 2018, Table S1). Other countries with high road
salt consumptions are Canada (7 million tonnes; Environment Canada,
2012) and China (600,000 t, Ke et al., 2013). The basis for this study is
the emission of road salt in Norway, Sweden and Denmark, where
320,000 t, 210,000 t and 55,000 t of salt is used every year (Statens
vegvesen, 2019a; Trafikverket, 2019; Vejdirektoratet, 2019a). Even
though the total road salt consumption differs a lot between countries,
so does the total length of their road network, from about 63,000 kilo-
meter (km) in Norway (state and county roads) to 4.3 million km of
paved roads in China (Table S1, CIA, 2017; Government of Canada,
2018; Statens vegvesen, 2019b; Trafikverket, 2017; US Department of
Transportation, 2017; Vejdirektoratet, 2019b). Adjusting for the length
of the road network, the salt consumption in both Norway and the
United States is comparable and probably among the highest in the
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world, with approximately 5 t of salt per km road (tonnes/km), with
Canada on top with a consumption of over 6 t/km per year. In
Sweden, the consumption is less than half of Norway and the United
States, with about 2 t/km and in Denmark even lower, b1 t/km
(Table S1, CIA, 2017; Government of Canada, 2018; Statens vegvesen,
2019b; Trafikverket, 2017; US Department of Transportation, 2017;
Vejdirektoratet, 2019b).

Environmental concerns have arisen due to the amount of road salt
applied in many countries, and it is now considered a major threat to
freshwater systems in countries with temperate climates (Demers,
1992; Fay and Shi, 2012; Findlay and Kelly, 2011; Karraker et al.,
2008; Tiwari and Rachlin, 2018). This is mainly due to the increasing sa-
linity concentrations, which result in negative ecological effects on riv-
ers, wetland and lakes, as well as threatening valuable drinking water.
Recent studies have shown that food-grade salt can act as carrier for
microplastic particles (MPs) (Gündoğdu, 2018; Iniguez et al., 2017;
Karami et al., 2017; Kim et al., 2018; Lee et al., 2019; Seth and
Shriwastav, 2018; Yang et al., 2015). Hence, the presence of MPs in
salt used for de-icing purposes may also contribute to releases of MPs
in the environment.

Several studies have identified MPs in both sea salt and rock salt
used for food consumption (Gündoğdu, 2018; Iniguez et al., 2017;
Karami et al., 2017; Kim et al., 2018; Lee et al., 2019; Seth and
Shriwastav, 2018; Yang et al., 2015). The number of MPs found in food
grade sea salt varies widely (n.d.–13,629MP/kg), whereas the variation
found for food grade rock salt is smaller (7–462 MP/kg). Sea salt origi-
nating from Asia, Oceania, Africa, South America, North America and
Europe have been investigated, and in one of the studies (Kim et al.,
2018) the number of MPs found in sea salt were significantly correlated
to the number of MPs found in both rivers and seawater of areas
were the sea salts are produced. The positive correlation between
microplastics in sea salt and microplastics found in sea water has been
discussed in several other studies (Gündoğdu, 2018; Lee et al., 2019;
Seth and Shriwastav, 2018; Yang et al., 2015), as well as how urbanisa-
tion and human activities can potentially contaminate the sea salt at the
production sites (Gündoğdu, 2018) in order to explain the variation
found in the samples. The results of the food-grade studies indicate
that sea salt is more contaminated with microplastics compared to
rock salt, and that the sea water microplastic contamination can be
transferred to sea salt. However, the presence of MPs in rock salts sug-
gests contamination during production, transportation and packaging,
indicating that salt also can act as a source of microplastics and not
just a pathway of contaminated sea water.

The enormous quantity of road salt applied on roads during winter,
together with recent understanding aboutMPs in food-grade salt there-
fore raised the question as to whether road salt could be a fourth signif-
icant source of MP in the environment from roads. The present study's
main objective was to investigate if MP particles are present in road
salt, and to estimate the potential emission of these MPs in Norway,
Sweden and Denmark.

2. Materials and method

2.1. Sample collection

Salt used for de-icing purposes was provided by GC Rieber (www.
gcrieber-salt.no), which is the main salt distributor in Norway and
Denmark. The sea salt originated from three different locations in the
Mediterranean Sea: Torrevieja in Spain, and Zarziz and Ben Gardene in
Tunisia (Fig. 1). One site of rock salt, originating from Bernburg,
Germany, was also included in the study to be able to compare rock
salt with the sea salt. The samples from Zarziz, Ben Gardene and
Bernburg were between 2 and 5 kg, and were sampled directly from
the salt piles at the GC Rieber storage unit at Sjursøya in Oslo, Norway.
The salt from Torrevieja was pre-packed as a food-grade salt for com-
mercial sales in a 2-kg polyethylene (PE) bag, packed in Oslo (the
polymer type of the bag was tested in this study, see SI). The Torrvieja
salt is the same salt used for road purposes. The salt from different loca-
tions was stored separately to avoid mixing.

2.2. Sample treatment

Sub-samples were taken from each of the salt sample bags, adding
up to 250 g of salt. Thiswas inserted in a 1000mLbottle. Three technical
replicates were taken from each salt sample. The subsampling took
place in a sterile cabinet using a metal spoon to collect subsamples
from different areas in the sample to total 250 g. To dissolve the salt,
1000 mL of filtered reverse osmosis (RO) water (0.22 μm membrane
filters) was added to each bottle and the bottles were incubated at 60
°C and 100 rpm for 24 h. All bottles and equipment used in the labora-
tory analyses were rinsed with filtered RO water three times before
use. To be able to identify anyMPs present in the salt samples, the sam-
pleswerefiltered under vacuumonto glassfibre filters (WhatmanGF/D,
pore size 2.7 μm). For the sample prepared for Pyrolysis GC–MS, one
technical replicate of 250 g of salt was taken from the sample and dis-
solved in 1000mL filtered RO-water. Then a subsample of 500mLof dis-
solved salt was filtered onto GF-filters (Whatman GF/A, 25 mm
diameter, 1.6 μmpore size). All filters were placed in sealed petri dishes
and dried at room temperature for at least one week.

2.3. Visual analysis and FTIR

The filters were examined using a stereomicroscope with Infinity 1-
3C camera and INFINITY ANALYSE and CAPTURE software v6.5.6 to take
pictures and to measure size (length, width and depth) of all particles
found. For this study, the upper size limit is 5 mm (GESAMP, 2016)
and lowest size limits are set by the pore size of the filters used for the
Fourier-Transformed Infra-Red Spectrometry (FTIR)-analysis and the
Pyrolysis gas chromatography mass spectrometry (GC–MS) (2.7 μm
and 1.6 μm, respectively). Colour and morphology were also described
for each particle. The categories for morphology were fibres, fibre bun-
dles, fragments, spheres, pellets, foams, films and beads (Lusher et al.,
2017; Rochman et al., 2019).

All particles considered by the visual inspection in stereomicroscope
to be possible polymers were analysed using Fourier-Transformed
Infra-Red Spectrometry (FTIR). The largest fragments (N200 μm) were
analysed with single point measurement Attenuated Total
Reflectance - Fourier Transformed Infra-Red Spectrometry (ATR-FT-IR)
using a Cary 630 FT-IR Spectrometer from Agilent. Smaller particles
(59–200 μm, longest axis) and all fibres were analysed with a FT-IR di-
amond compression cell in μ-transmission using a Spotlight 400 FT-IR
Imaging system from Perkin Elmer. The particles were analysed with
the full wavelength of the FT-IR (4000–600 cm−1) and resolution of 4
cm−1. The results were compared to the available libraries on each in-
strument. On the ATR-FT-IR, the results were compared to the Agilent
Polymer Handheld ATR Library and the Elastomer O-ring and Seal
Handheld ATR Library. On the FT-IR, the results were compared to the
reference database from Primpke et al. (2018), the Perkin Elmer ATR
Polymer Library and three inhouse reference libraries for rubbers, refer-
ence polymers and non-plastic particles. The spectra of all analysed par-
ticlesweremanually inspected. According to themethodology of Lusher
et al. (2013) and recommended by the MSFD Technical Subgroup on
Marine Litter (2013), only matches of 0.7 or above should be accepted.
In this study we have included also matches between 0.7 and 0.6, as
we have manually inspected all spectra.

2.4. Pyrolysis GC–MS

There were a large number of particles with rubber-like properties in
the samples which could not be analysed using FTIR. Therefore, salt from
the site where these particles were most abundant (Ben Gardene) were
re-analysed using Pyrolysis GC–MS. The Pyrolysis GC–MS analysis was

http://www.gcrieber-salt.no
http://www.gcrieber-salt.no


Fig. 1.Map over salt production sites Torrvieja (Spain), Zarziz and Ben Gardene (Tunisia) and Bernburg (Germany), created in QGis (Natural Earth Package).
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carried out using a multi-shot micro-furnace pyrolyzer (EGA/PY-3030D)
with an auto-shot sampler (AS-1020E) (both Frontier Lab, Fukushima,
Japan) attached to a ShimadzuGas Chromatography−Mass Spectrometer
(GC–MS) - QP2010-Plus (Shimadzu Corporation, Japan) equipped with
an Ultra Alloy® 5 capillary column (Frontier Lab). Detailed Pyrolysis
GC–MS conditions are summarized in Table 1.
Table 1
Instrumental conditions for Pyrolysis-GC–MSmeasurements.

Apparatus Parameters Settings

Micro-furnace Pyrolyzer
Frontier EGA/PY-3030D
(Single-Shot analysis)

Pyrolyzer
furnace/oven
temperature

650 °C

Pyrolyzer
interface
temperature

320 °C

Pyrolysis time 0.20 min (12 s)
Gas chromatogram (GC) Column Ultra-Alloy® 5 capillary column

(30 m, 0.25 mm I.D., 0.25 μm film
thickness) (Frontier Lab)

Injector port
temperature

300 °C

Column oven
temperature
program

40 °C (2 min) → (20 °C/min) →
320 °C (14 min)

Injector mode Split (split 50:1)
Carrier gas Helium, 1.0 mL/min, constant

linear velocity
Mass spectrometer (MS) Ion source

temperature
250 °C

Ionization
energy

Electron ionization (EI); 70 eV

Scan
mode/range

Selected ion monitoring (SIM)
mode, 40 to 600 m/z
To identify and quantify single polymers in samples, specific indica-
tor ions were chosen by pyrolyzing polymer standards. The polymers
analysed included PE (Sigma-Aldrich, St. Louis, MO, USA), Poly
(methyl-methacrylate) (PMMA: Sigma-Aldrich, St. Louis, MO, USA),
Polystyrene (PS: Sigma-Aldrich, St. Louis, MO, USA), Polyvinylchloride
(PVC: Sigma-Aldrich, St. Louis, MO, USA), Polypropylene (PP: NIVA,
Oslo, Norway), Polyethylene terephthalate (PET: Goodfellow, Cam-
bridge, UK) and Polycarbonate (PC: NIVA, Oslo, Norway), as described
and identified according to Okoffo et al. (2020), and also Styrene buta-
diene rubber (SBR) (SBR1500: Polymer Source, Quebec, Canada)
(Table 2). For all polymers except for SBR, external calibration curves,
ranging from 0.1 to 100 μg and having R2 ≥ 0.95, were obtained by
extracting polymer standards with pressurized liquid extraction (PLE)
(ASE 350, Dionex, Sunyvale, CA) using dichloromethane (DCM) at
180 °C and 1500 psi, with a heat and static-time of 5min using three ex-
traction cycles. The final extract was analysed in an 80 μL pyrolysis cup
(PY1-EC80F, Eco-Cup LF, Frontier Laboratories, Japan). For further PLE
details and discussion including extraction parameters, recoveries and
application, see Okoffo et al. (2020). For SBR, the external calibration
curve ranging from 0.1 to 100 μg having R2= 0.99, wasmade in chloro-
form (Table 3), following themethod described in the ISOmethod (ISO/
TS 21396:2017, 2017).

To analyse for plastics, the 1.6 μmglassfibrefilters used for thefiltra-
tion of the samples were cut into three pieces with a pre-cleaned (with
acetone and DCM) stainless steel scalpel, rolled and inserted into three
pyrolysis cups for Pyrolysis-GC–MS analysis. Deuterated polystyrene
(PS-d5; 216 μg/mL in DCM) and deuterated Poly(1,4-butadiene-d6)
(7.6 mg/mL in chloroform) (both from Polymer Source, Inc., Quebec,
Canada) were used as internal standards with 10 μL added directly to
the calibration standards and samples in the cups, allowing the solvent
to subsequently evaporate at room temperature.



Table 2
Selected plastic indicator compounds. Italics and bold values used for calibration and quantification.

Plastic Pyrolysis product Indicator ions
(m/z)

Molecular
ion
(m/z)

Retention
time
(min)

Calibration
range
(μg/cup)

LOD
(μg/kg)

LOQ
(μg/kg)

Linearity
(R2)

Polypropylene (PP) 2,4-Dimethyl-1-heptene 70, 83, 126 126 4.53 0.2–100 0.90 2.72 0.98
Polystyrene (PS) 5-Hexene-1,3,5-triyltribenzene

(styrene trimer)
91, 117, 194, 312 312 15.80 0.1–100 0.61 1.84 0.97

Poly-(methyl methacrylate)
(PMMA)

Methyl methacrylate 69, 100, 89 100 2.95 0.4–100 1.58 4.80 0.99

Polyethylene terephthalate (PET) Vinyl benzoate 105, 77, 148, 51 148 7.61 0.3–100 1.42 4.31 0.99
Polycarbonate (PC) Bisphenol A (BA) 213, 119, 91, 165,

228
228 14.52 0.5–100 1.90 5.74 0.95

Polyethylene (PE) 1-Decene (C10) 83, 97, 111, 140 140 6.22 0.2–100 0.93 2.83 0.97
Polyvinyl chloride (PVC) Benzene 78, 74, 52 78 2.44 0.4–100 1.98 6.00 0.96
Styrene butadiene rubber (SBR) 4-Vinylcyclohexene 39, 54, 79, 108 108 4.36 0.1–100 1.71 5.18 0.99

Internal standard
Polystyrene-d5 Styrene-d5 109, 82, 54, 107 5.10
Poly(1,4-butadiene-d6) 60, 120, 42, 86 4.28

5E.S. Rødland et al. / Science of the Total Environment 738 (2020) 139352
2.5. Concentration calculations

Length, width and depth of each particle were used to calculate the
volume of the particle. This has been done in a few studies before, in
order to obtain the concentrations of particles (Hermabessiere et al.,
2018; Kim et al., 2018; Simon et al., 2018). For some particles, the
depth was difficult to measure in the microscope due to the small size
and irregular shape of the particle (fragments). For these particles, the
depth was determined by width/2. Previous studies have assumed
that the ratio between the depth and the width is the same as the
ratio between the width and the length of a particle (Simon et al.,
2018). Using the same approach, we determined the mean ratio of
width and length for all MP fragments found in the salt sample to be
0.4 ± 0.4. For simplification purposes, we have assumed that all frag-
ments have a depth which corresponds to 50% of the width of the par-
ticle. For the particles with confirmed polymer matches, the volume of
the particle and the density of the polymer type was used to calculate
mass of each particle.

2.6. Quality control and quality assurance

To avoid contamination in the process of sample treatment to anal-
ysis, a clean, enclosed lab designed for microplastic analysis was used
throughout the study. Lint removal were used on the cotton laboratory
coats before working in the lab, and all glassware and equipment were
washed and rinsedwith filtered RO-water. For each day of sample filtra-
tion (2.5 days), control samples (1000 mL filtered ROwater in 1000 mL
bottles) were filtered (n = 3 for days 1 and 2, n = 2 for third day).

As we have chosen to only focus on polymer particles found in road
salt, i.e. excluding the natural and semisynthetic particles, only the
Table 3
Comparison between polymer concentrations found in the sample from Ben Gardene using calc
(μg/kg). Polymer types: polyethylene terephthalate (PET), polyethylene (PE), polyvinyl chlorid
Styrene Butadiene Rubber (SBR).

Site Polymer Estimated (vis

Ben Gardene PS Not detected
Ben Gardene PP Not detected
Ben Gardene PET 126.4 ± 173.3
Ben Gardene BRP (PVC/SBR) 4463.6 ± 275
Ben Gardene PVC –
Ben Gardene SBR –
Ben Gardene PE 116.8
Ben Gardene PMMA Not detected
Ben Gardene PC Not detected
confirmed polymers (match N0.6) is used to calculate the Limit of Detec-
tion (LOD) and the Limit of Quantification (LOQ). LOD and LOQ are in-
dictors used to explain the detectable limits of the method (i.e. the
lowest concentration that is detectable) and the concentrations that
can be quantified in samples, respectively. These two indictors are
used in instrumental analysis of organic compounds, especially when
using GCMS to report the detectable and quantifiable limits. For the
samples analysed with visual inspection and FT-IR, we calculated the
LOD and LOQ using themean number of particles (μx) and the standard
deviation (σx) in the following equations:

LOD ¼ μxþ σx � 3ð Þ ð1Þ

LOQ ¼ μxþ σx � 10ð Þ ð2Þ

For the samples analysed with Pyrolysis GC–MS, the LOD and LOQ
for each polymer was calculated by multiplying the standard deviation
(σx) of 7 replicate injections of the lowest calibration standard spiked
on a 1.6 μm glass fibre filter with 3.3 and 10 respectively. LOD and
LOQ values were then divided by the weight (kg) of sample (Table 3).

LOD ¼ σx � 3:3 ð3Þ

LOQ ¼ σx � 10 ð4Þ

Each Pyrolysis GC–MS run featured a calibration standard check and
a blank (clean pyrolysis cup) every ten sample injections. Instrument
blanks (no pyrolysis cup) were run between each batch of samples to
avoid cross contamination, and a quality control and quality assurance
sample (QAQC) sample was injected at the beginning and end of
each run.
ulatedmass of each particle and using Pyrolysis GC–MS for bulk concentration,MP per kilo
e (PVC), polypropylene (PP), Poly(methyl methacrylate) (PMMA), Polycarbonate (PC) and

ual + FT-IR) μg/kg ± s.d. Measured (Pyrolysis GC–MS) μg/kg

6.0
13.8
105.5

9.7 –
1754.3
87.3
302.3
Not detected
Not detected
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2.7. Emissions of MPs in road salt

To compare the emission of MPs from road salt to the emissions of
RAMP in Norway, Sweden and Denmark, the mean calculated concen-
trations of microplastics for each salt type (sea salt or rock salt) was
multiplied with the amount of road salt released in each country. The
amount and type of road salt used inNorway, Sweden andDenmark dif-
fers greatly. The amount of salt used is mainly dependent on the
weather conditions of eachwinter season andmight therefore fluctuate
between years. However, the trend for the past 15 years shows an in-
crease in the salt consumption on state and county roads in Norway
(Fig. 2). According to the Norwegian Public Roads Administration
(Statens vegvesen, 2019a), both the change in weather conditions (in-
creased number of days with temperatures fluctuating around 0 °C),
and the expansion of road networks is responsible for this increase. In
Sweden, the salt consumption has followed a negative trend since
2007 compared to the amount used in 2003–2006, and for the last 4
years Sweden has used close to half the amount of road salt that was
used on state and county roads in Norway. In Denmark, only data
from 2011 to 2018 was available. Compared to Norway and Sweden,
the salt consumption in Denmark is considerably lower.

2.8. Statistical analysis

The descriptive statistical analysis of the data was conducted
in RStudio 1.2.5001 (RStudio, 2019), using the ggplot-package
(Wickham, 2009) for graphic display of the dataset. The multivariate
statistical analysis of this study includes a constrained redundancy anal-
ysis (RDA) and was conducted in Canoco 5.12 (Braak and Šmilauer,
2018). RDAwas used to assess any differences in amount and composi-
tion of MPs between sites and salt type. The data used for these tests
were number of particles for each polymer type found in the samples,
and percentage of concentration of each polymer found in the samples.
Fig. 2. The amount of road salt (tonnes) used on state and county roads in Norway (Statens veg
2019b) from the winter season of 2003/04 to 2017/2018.
The explanatory variables (categorical variables) were sample sites and
the two salt types: sea salt and rock salt. All data was log transformed
prior to the RDA and Monte Carlo permutation test (4999 permuta-
tions) were used for all tests. A probability (p) value of 0.05 was applied
to all statistical tests.

3. Results

3.1. Quality control and quality assurance

In total, 8fibreswere found in the blank control samples andno frag-
ments. All fibres were checked with the FT-IR and 5 fibres had a con-
firmed match with the database: two cellulose, two viscose wool and
one polyethylene terephthalate (PET). Only the confirmed PET fibre is
used to calculate LOD and LOQ: the mean number of fibres (μx) was
0.1 with 0.4 as the standard deviation (σx), which gives a LOD of 1.3
and LOQ= 4.1. The calculated mean concentration of microplastic par-
ticles in the blank control samples were 0.07 μg (with 0.2 as the stan-
dard deviation) which gives LOD = 0.7 μg and LOQ = 2.1 μg. All
samples were filtered on the same day as the control sample with the
PET fibre is corrected for the mean PET value, which included all the
samples from Torrevieja.

The LOD for the pyrolysis method was between 0.61 and 1.98 μg/kg,
and the LOQwas between 1.84 and 6 μg/kg. The value for each polymer
is listed in Table 2.

3.2. Identification of MPs with FT-IR

In total, 608 particles were identified as potential microplastics fol-
lowing visual identification. Of these, 374 were classified as fragments,
230 as fibres, and 2 as spheres. For the fragments, particles ≥59 μm
were analysed with FT-IR. All non-black fragments (n = 51) were
analysed, and 27 of these were confirmed to be microplastics and 3
vesen, 2019a, 2019b), Sweden (Trafikverket, 2019) and Denmark (Vejdirektoratet, 2019a,
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confirmed to be fromnatural sources (linen and viscose). Nitrile butadi-
ene (NR, 22%) and PET (18%) were the most abundant non-black frag-
ments. A total of 21 non-black fragments were unidentified or had a
low match score (b0.6 match) with the database.

The most abundant particle group in the samples were black frag-
ments, collectively named “black rubbery particles” (BRP, n = 319).
They could all be placed in twomorphology-groups, square-like or elon-
gated (Fig. 3) and there was no visible difference between BRP from dif-
ferent salt sites. All had a “rubbery” response to pressure with the
forceps and did not crumble or disintegrate, and therefore suspected
to be made of polymeric material. Of the 319 B.P. found in the samples
combined, 57 B.P. were subjected to FT-IR analysis. Out of these 57,
only 20 particles had a match to the database (N0.6); the spectra ob-
tained matched that of reference tire samples - spectra showing the
full absorbance of the Germanium crystal due to high carbon black con-
tent in tires. However, this result only shows us that the particle has a
high carbon black content and does not confirm that they are all tire
particles. The remaining 37 B.P. that were tested, could not be identified
with respect to polymer type. Tires can contain different polymers, such
as Styrene Butadiene Rubber (SBR), Butadiene Rubber (BR) and natural
rubber, and tire particles are therefore included in the term
microplastic. However, most of the particles found in this study did
not seem to match the shape of tire particles reported from other stud-
ies (Kreider et al., 2010). Another source of black material with high
content of carbon black was suggested, namely conveyer belts. Con-
veyer belts used in mining, for transporting material on site, are made
of Polyvinyl chloride (PVC) (Van and Ter, 1990). To confirm that these
numerous black particles could originate from conveyer belts, a new
sub-sample of salt from Ben Gardene was analysed using Pyrolysis
GC–MS.

Of the fibres detected, 194were analysed by FT-IR. Unfortunately, 34
fibres were either lost during the transfer from filter paper to diamond
compression cell or too small to be transferred. A total of 87 fibres had a
Fig. 3. Examples of black rubber-like particles (BRP) from samples A) Ben Gardene, B) Torrvieja
spheres found in the samples (highlighted with a red arrow). Images are taken with Infinity 1
confirmed database match (match N 0.6). Of these, 11 were confirmed
to bemicroplastics, and 74 fibres were confirmed to be of natural mate-
rial (cellulose = 68, wool = 5, cotton = 1) and 9 of semisynthetic ma-
terial (viscose). 98 fibres were either unidentifiable or had a lowmatch
score with the database (match b 0.6). The two spheres were also
analysed using FT-IR and had no confirmed match with the database
for any material.

3.3. Identification of MPs with Pyrolysis GC–MS

The presence of PVC in the samples from Ben Gardene was con-
firmed using Pyrolysis GC–MS. While PMMA and PC was not detected
in the sample, the other 6 polymers where all above the detection
limit and confirmed to be present in the road salt from Ben Gardene.
Polyvinyl chloride accounted for 77% of the total polymer content
found in the sample, followed by PE (13%), PET (5%), SBR (4%), PP
(0.6%) and PS (0.3%). The presence of 4% SBR indicates that some of
the BRP found in the salt samples were likely tire particles, at least in
the samples from Ben Gardene. However, since we did not manage to
distinguish between them in the visual analysis, we will for this study
keep the term BRP as a combined group of PVC and SBR.

3.4. Particle measurements

The length of fragments, measured at the longest axis, ranged from
21 μm to 2849 μm (215± 229 μm) for all samples, andmost of the frag-
ments were smaller than 200 μm (62%) and only 1% were larger than
1000 μm. The length of fibres ranged from 126 μm to 4800 μm (mean
± s.d.= 1266 μm±1197 μm) in all salt samples (4). A large proportion
of the fibres (45%)were longer than 1000 μmand in total only 14%were
smaller than 200 μm.

The mass of both fragments and fibres was calculated from the vol-
ume of each particle and density of the polymer type that was
, C) Zarziz and D) Rock salt from Bernburg, Germany. Image D also displays one of the two
-3C camera and processed with INFINITY ANALYSE and CAPTURE software (v6.5.6).
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confirmed for each, following the description of Subsection 2.5. The
mass of fragments ranged from 0.03 μg to 550 μg (11 ± 38 μg), with
as much as 78% of all fragments being b10 μg. Comparing the average
values of both length and mass for all particles to the median values, it
is quite clear that the sizes of MPs found in this study is skewed
(Fig. 4), with a few large particles and most of them smaller than 200
μmandwithmass lower than 50 μg. The concentrations of fibres ranged
from 0.03 μg to 80 μg (5 ± 15 μg) in all samples. More than half of the
fibres (52%) were b1 μg and 45% were between 1 and 10 μg.

The calculation of the masses was controlled by comparing the re-
sults with the measured concentration using the Pyrolysis GC–MS
from the Ben Gardene site (Table 3). At Ben Gardene, only PET and
PEE particles were confirmed using FT-IR and the estimated concentra-
tion based on the particles detectedwas126±173 μg/kg and 117 μg/kg,
respectively. The largest group detected in the Ben Gardene sample was
the BRP. If we assume that the BRP are PVC-particles from conveyer
belts, as suggested in Subsection 3.2, the estimated concentration of
BRPs is 4464 ± 2760 μg/kg. Using Pyrolysis GC–MS, the concentration
Fig. 4. Bar plot showing size (above) and the mass (below) distribution of all M
of PET, PVC, PE and SBR was measured to be 106 μg/kg, 1754 μg/kg,
302 μg/kg and 87 μg/kg, respectively. The presence of SBR in the samples
suggests that some of the particles in the BRP group are tire particles
and not PVC-particles. According to previous studies, the polymer con-
tent (both synthetic and natural) in tires is between 40 and 60% (Wik
andDave, 2009) and includes SBR, Polybutadiene, Polyisoprene, Chloro-
prene, natural rubber and other rubbers (Grigoratos and Martini, 2014;
Wagner et al., 2018). The average SBR content of tires, combining car
and truck tires, is 11.3% (Eisentraut et al., 2018). Assuming a 11.3%
SBR content in tires, the total tire particle concentration in the sample
is 773 μg/kg. The visual analysis cannot differentiate between the possi-
ble conveyer belt particles and the tire particles, so using only visual
techniques both particle types would be mixed. If we also combine the
concentration for PVC and the calculated tire concentration based on
themeasured SBR concentration (using 11.3% SBR/tire) from the pyrol-
ysis, the concentration of these two would add up to 2527 μg/kg salt,
which is within the range of concentration found for BRP using the vi-
sual analysis and concentration calculations.
Ps found in the salt samples combined. Fibres and fragments are separated.
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3.5. Comparison of MPs between salt production sites

The number of MPs found varied between samples, from 32 to 252
MP/kg (mean± s.d.= 132± 63MP/kg; n=12, Table S2). The concen-
tration of microplastic particles varied between samples from 1.5 to
3987 μg/kg (mean ± s.d. = 595 ± 1129; n = 12, Table S3). Fragments
were the most abundant type of particles in the samples, with 24–240
fragments per sample (mean ± s.d. = 122 ± 64 MP/kg; n = 12) com-
pared to 4–16 fibres per sample (mean ± s.d. 10 = ±3 MP/kg). Com-
paring the concentrations per sample, the highest concentrations were
also identified from the fragments, with an average of 1359 μg/kg (s.d.
± 2251 μg/kg) compared to 49 μg/kg (s.d. ± 93 μg/kg) for the fibres.

The samples from Ben Gardene contained a relatively high amount
of fragments (mean ± s.d. = 4503 ± 2725 μg/kg; 195 MP/kg ± 41)
compared to all the other sites: Torrevieja (mean ± s.d. = 173 ± 103
μg/kg; 107 MP/kg ± 20), Zarziz (mean ± s.d. = 24 ± 31 μg/kg; 52 n/
kg ± 33) and Bernburg (mean ± s.d. = 735 ± 503 μg/kg; 136 MP/kg
± 60) (Fig. 5, Tables S4 & S5). For all sites, the number of fibres found
per sample was considerably lower than the number of fragments.
Torrevieja had the highest number of fibres (mean ± s.d. = 13 ± 3
MP/kg, n = 3) compared to Zarziz (mean ± s.d. = 11 ± 2 MP/kg),
Ben Gardene (mean ± s.d. = 9 ± 2 MP/kg), and Bernburg (mean ±
s.d. = 8 ± 5 MP/kg), although all sites were quite similar in number
of fibres found. However, whenwe use the concentration data, the con-
centration of fibres from the Ben Gardene site (mean ± s.d. = 128 ±
172 μg/kg, n = 3) had four times higher concentration than Torrevieja
(mean ± s.d. = 32 ± 6 μg/kg), five times higher than the Bernburg
(mean ± s.d. = 24 ± 6 μg/kg) and 64 times higher concentration
than Zarziz (mean ± s.d. = 2 ± 1 μg/kg).
3.6. Comparison between salt types

When comparing the types of road salt, the results indicate that sea
salts have a higher concentration of MPs (442 ± 1466 μg/kg), and a
larger variation in the samples compared to the rock salt (322 ± 481
μg/kg). However, the rock salts have the highest number of particles
(61 ± 76 MP/kg) compared to the sea salts (35 ± 60 MP/kg). All data
are summarized in Tables S1–S2.

The polymers identified differed between the samples. However, the
most abundant particle-type found in all four sites were the BRP, which
we have confirmed to consist of PVC and SBR (Fig. S4, Tables S4 & S5).
Fig. 5. Box plot showing the spread ofmicroplastic particles found throughout the samples analy
(μg/kg) at right. Grey dots are single measurements. The y-axes are logarithmic.
These were both themost numerous particles, aswell as highest in con-
centration, and in fact accounted for 96% of the total MP (MP/kg) found
in the samples combined, with confirmed PET at a second place (3%)
and the rest accounts for 1% combined (Acryl A, Epoxy Resin ER, Ethyl-
ene Propylene EP, PEE, PVC (non-black), High-density Polyethylene
(HDPE), Nitrile butadiene (NR), Polyurethane (PUR) acrylic resin, Poly-
propylene (PP)). Even though the BRPwere themost abundant group at
all sites, they were clearly found in the highest concentration at Ben
Gardene (13,391 μg/kg; 580 MP/kg) and at Bernburg (2196 μg/kg; 400
MP/kg) (Fig. 6). The only other polymer found at all sites were PET fi-
bres. Other detected polymers had greater variation between sites.
One of the sites, Zarziz, had considerably more diverse particles than
the others, with three different fibre polymers (A, PEE, PET) and six dif-
ferent fragment polymers (EP, NR, PET, PP, PVC and BRP) found.

The polymer type composition in the various salts appeared slightly
different. However, using sampling sites as categorical variables in an
RDA on both number of particles (pseudo-F = 2.0, p N 0.05) and % con-
centration data (pseudo-F = 2.1, p N 0.05) revealed no statistically sig-
nificant difference in composition between sites (Fig. 7, Figs. S5 & S6).
For the number of particles and concentration data, the sites explained
33% and 23.3% of the observed variation, respectively. The distance in
the RDA between the two sites Ben Gardene and Bernburg is consider-
ably lower when using concentration data compared to number of par-
ticles in 3a. There was, however, no significant difference found
between the two salt types; sea salt and rock salt (MP/kg, pseudo-F =
0.9, p N 0.05; MP g/kg, pseudo-F = 0.7, p N 0.05, see Figs. S5 & S6).
3.7. Estimation of MP release from road salt

For the calculations of MP release from road salt, the latest dataset
from 2017/2018 is used. In this period, Norway used 320,000 t (Fig. 2)
(Statens vegvesen, 2019a), distributed on about 50% sea salt produced
in the Mediterranean and 50% rock salt produced in salt mines in
Germany. Sweden only used rock salt on their state and county roads,
and for the season 2017/2018, close to 210,000 t of salt was used
(Trafikverket, 2019). In Denmark, 55,000 t of salt were used in the
whole of 2018, and only sea salt from the Mediterranean was used
(Vejdirektoratet, 2019a). The average concentration of MPs in the sea
salt was 442.1 μg/kg salt and the average number of particles was 35.1
MP/kg. The average concentration of MPs in the rock salt was 321.8
μg/kg and the average number of particleswas 60.5MP/kg. Even though
sed, depicted in number ofMP per kilo salt (MP/kg) at left and concentrations per kilo salt



Fig. 6.Box-plot showing thedistribution ofmicroplasticfibres and fragments per kilo salt found at each site, bypolymer type (above) and themean concentration ofmicroplasticfibres and
fragments found at each site, by polymer type (below). Polymer types: Black rubbery particles, polyethylene terephthalate (PET), acryl (A), epoxy resin (ER), ethylene propylene (EP),
polyester epoxide (PEE), polyvinyl chloride (PVC, non-black particles), high-density polyethylene (HDPE), nitrile butadiene (NR), polyurethane (PUR) acrylic resin, polypropylene (PP).
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the statistical analysis using multivariate tools showed no significant
difference between the rock salt and sea salt in this study with regards
to microplastic particles, the salt types for this calculation are taken
into consideration. From this analysis we estimate that road salt used
on state and county roads contributes to a total of 0.15 t of MPs per
year (tonnes/year) in Norway, which is 0.23 grams per kilometre road
Fig. 7. Thefigure shows the constrainedRDAplot of the variation of polymer types (arrows; Blac
butadiene (NR), Acrylic (A), Polyvinyl chloride (PVC), Polypropylene (PP), Epoxy resin (ER), Et
explanatory variable (triangular shapes; Torrevieja, Zarziz, Ben Gardene and Bernburg). In the l
polymers (% of total) is used. The arrowpoints in the direction of steepest increase of the polym
in opposite direction indicate negative correlation. Angle close to 90 degrees indicate no corre
(g/km). This is equivalent to 0.003% of the total release of RAMP. In
Sweden and Denmark, the release of MPs from road salt is 0.07 t/year
(0.07 g/km) and 0.03 t/year (0.04 g/km), respectively. This is equivalent
to 0.008% of RAMP in Sweden and 0.0004–0.0008% of RAMP in
Denmark. Summary of the calculations are presented in the supporting
information (Table S4).
k rubber particles (BRP), Polyethylene terephthalate (PET), Polyester epoxide (PEE), Nitrile
hylene propylene (EP). Fi = fibres and Fr = fragments) when using “sample sites” as the
eft plot, the number of particles per polymers is used and in right plot, the concentration of
er type. A sharp angle between the arrows indicate positive correlation,while arrows going
lation.
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4. Discussion

4.1. Road de-icing salt compared to RAMP

Based on the results in the present study, road salt seems to be a neg-
ligible source of road-related microplastic pollution compared to other
main sources, and especially compared to the contribution from car
tires. It is, however, important to underline that the estimation of total
RAMP emissions in Norway (Sundt et al., 2014; Sundt et al., 2016;
Vogelsang et al., 2018) is based on the total annual distance travelled
for different vehicle types, and does not distinguish between state,
county, municipal or other roads (Vogelsang et al., 2018). In Sweden,
the RAMP emissions are for roads open to the public only (Magnusson
et al., 2017), meaning that they are excluding all private roads from
their calculations. For Denmark there is no information on what types
of roads they have included in the emission calculations (Lassen et al.,
2015). This study, on the other hand, has calculated the emission of
MPs from road salt emitted from state and county roads only. Although
a large proportion of the road network that uses road salt will be either
state or county roads, there are alsomunicipal roads, especially in larger
cities like Oslo and Stockholm, where road salt is widely used. There
might also be other roads where winter and road conditions require
that road salt is used to ensure traffic safety. Additionally, road salt
(e.g. CaCl2 or MgCl2) is also applied on gravel roads in summer to pre-
vent air dust during dry weather conditions. However, these numbers
are difficult to obtain, as there are different road owners and no com-
mon reporting platform for road salt use. In Norway, state and county
roads combined have a total length of 62,923 km, municipal roads of
44,048 km and private roads 100,384 km (Statens vegvesen, 2019b).
Many smaller roads, both county and municipal, are not salted during
winter as other winter maintenance measures are preferred (e.g. the
roads are just ploughed and sanded). It should be clearly stated that
the emission calculation is associatedwith relatively large uncertainties.
These arise because it is based on calculated concentrations, a small
sample size compared to the total salt emission, as well as a varying
salt consumption per year. In addition, the salt used in this study
comes from only one salt importer. Even though they are one of the
major importers of salt to all three countries, there may also be other
salt importers using other salt production sites. Future studies should
aim to investigate road salt from other sources and calculate the emis-
sion ofmicroplastic particles from road salt in other countries, especially
countries with high road salt emissions such as USA, Canada and China.

4.2. Black rubbery particles

In the present work, we suggest that the sources of BRPs are con-
veyer belts, which are used at all salt production sites included in this
study (Rieber, 2019). The belts are in general made of thermoplastic
materials with carbon black added for durability. There are probably
several different thermoplastics used in conveyer belts, determined by
the different applications of the conveyer belt and the manufacturers.
However, according to a U.S. patent (Van and Ter, 1990) from 1990,
conveyer belts usedwithinmining industries use PVC. No specific infor-
mation on the types of conveyer belts used at the salt production sites
could be obtained. However, since rock salt originates from salt mines
it is likely that the conveyer belts used in salt production is of similar
type to those used for other mining activities. Upon visual examination
using microscope and forceps, the BRPs identified in rock salt did not
differ from the ones found in sea salt (Fig. 3), which supports the as-
sumption that they originate from the same material. Since we also
found a presence of SBR in the Ben Gardene sample, it is a possibility
that some of the BRP could come from tire wear, as well as both trucks,
lorries, tractors and other vehicles may be used at production sites of
both sea salt and rock salt. Even though they did not display similar
characteristic shape as tire particles in other studies (Kreider et al.,
2010), they might also be made of different types of tires and not
subjected to the harsh road climate in which other tire particles are as-
sumed to be infused with road wear particles.

4.3. Comparison with other studies

In total, the number of particles found for both sea salt and rock salt
were comparable to some studies on food-grade salt, although a large
variation in number of MPs is reported in the different studies
(Table S5). In this study, sea salt was found to have 35 ± 60 MP/kg,
ranging from 32 to 252 MP/kg. In the food-grade salt studies, the num-
ber of MPs found differ between n.d. MP/kg and 16,329 MP/kg. One of
the food-grade salt studies also included Spanish sea salts from the
Mediterranean (Iniguez et al., 2017). In this study, the number of MPs
from the Mediterranean samples ranged from 60 to 280 MP/kg. Two
brands of sea salt were collected from Murcia, which is close to
Torrevieja. The mean number of MPs from Murcia was 280 ± 3 MP/kg
and 105 ± 7 MP/kg. In comparison, the mean number of MPs found
for the Torrevieja site in our study was 36 ± 49MP/kg. The mean num-
ber of MPs in rock salt in the present study was 61± 76MP/kg. Our re-
sult corresponds well to the results found for food-grade rock salt,
which was 38 ± 55 MP/kg (Kim et al., 2018) and 12 ± 1 MP/kg
(Gündoğdu, 2018). Only two other studies reported concentrations of
microplastic particles in sea salt. However, they represent sea salt
from different oceans. The concentrations varied between n.d. and
46.5 mg/kg salt (Kim et al., 2018; Seth and Shriwastav, 2018). TheMed-
iterranean Sea salts ranged from0.5–2.4mg/kg,which correspondswell
to the findings of this study (442± 1466 μg/kg). Although the results of
the present study are comparable to previous salt studies, the fact that
different methods have been used, both in preparation and analysis,
needs to be addressed. As for a large proportion of microplastic studies,
the lack of consistency in methodologies or standardisation is an obvi-
ous issue of concern. In the food-grade salt studies, the pore size used
to retain the MPs after dissolving the salts differed between 0.2 and 5
μm for all studies except one where they used the pore size 149 μm
(Karami et al., 2017), thus excluding all particles b149 μm from their
samples. The reason for this is not sufficiently explained and as this
study also reported a very low range of MPs (n.d.–10 MP/kg), the pore
size used is an obvious issue when comparing studies. For the other
studies where pore sizes of 0.2–5 μm were applied, a consistent use of
the same pore size would be beneficial when comparing results. How-
ever, they have all used pore sizes that will retain particles that are at
least 5 μm in size, and using visual techniques such as microscopes,
FT-IR (Iniguez et al., 2017; Kim et al., 2018; Lee et al., 2019; Seth and
Shriwastav, 2018; Yang et al., 2015) or Raman spectroscopy
(Gündoğdu, 2018; Karami et al., 2017), the lower limit of detection de-
pends on the lower limit of the analysis. One of the food-grade salt stud-
ies (Renzi and Blašković, 2018)was excluded from comparisonwith our
results because they did not apply chemical analysis of the polymer con-
tent to confirm the presence of MPs, and they reported the largest var-
iation in the salt studies (20–19,820 MP/kg).

Themain difference between production of food grade salt and road
salt, is that the food grade salt goes through a doublewashing process at
the production site whereas the road salt is only subjected to a single
washing process (Rieber, 2019). None of the other salt studies have re-
ported the presence of “black rubbery particles”, large concentrations of
PVC or tire particles/SBR. As our study shows such a high abundance, we
can only hypothesizewhy itwas not identified in other studies. One rea-
son might be the extra washing step that is used for food grade salts.
There might also be other refining steps when processing salt for the
food market, compared to salt used for industrial purpose.

Considering all MPs except the BRPs, road salt is considerably less
contaminated compared to both sea salts and rock salts used for food.
A suggested reason for this finding might be that the road salt used for
this study has never been packaged and came directly from bulk sam-
ples at the importer's storage site. The Torrevieja-sample had also
been transported in bulk like the other salts in the study, but we
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received it in a plastic bag-package meant for commercial sale, packed
in Norway. This bag was made of PE (see Figs. S1–S3), and no PE was
found in the salts from Torrevieja. We can therefore disregard that the
microplastics in the Torrevieja-samples came directly from the packag-
ing. In comparison to our samples, most food grade salts are packed in
bulk bags for shipment and then repacked in smaller packages for differ-
ent salt brands (Rieber, 2019). Such bulk bags (for example “Flexible in-
termediate bulk container, FIBC”) are commonly made from woven
polyethylene PE or PP (Diffpack, 2020), which might explain why both
PE and PP fibres are found in high numbers in the salt used for food
(Gündoğdu, 2018; Iniguez et al., 2017; Karami et al., 2017; Kim et al.,
2018; Lee et al., 2019; Seth and Shriwastav, 2018; Yang et al., 2015),
and less in the road salt. PET is commonly used in packaging, as well
as one of the most used synthetic fibres in the textile industry, thus it
is not surprising that PET was the second most abundant polymer
found in the road salt samples, after BRP. PET is also found in high abun-
dance in the studies of food-grade salt (Gündoğdu, 2018; Iniguez et al.,
2017; Karami et al., 2017; Kim et al., 2018; Seth and Shriwastav, 2018;
Yang et al., 2015).

It has been suggested that PET is more abundant than other
polymer-types in food-grade salt due to its higher density (1.34–1.39
g/cm3) (Bråte et al., 2017) compared to PE (Low density PE: 0.92
g/cm3, High density PE: 0.95 g/cm3) (Polymer Science, 2020) and PP
(Bråte et al., 2017) (0.90–0.92 g/cm3), causing PET tomore easily follow
the salt during the production process (Iniguez et al., 2017; Yang et al.,
2015). In the present study, BRP were the most abundant particle.
Using the results from the Pyrolysis GC–MS, we can assume that most
of the BRPs are made of PVC, as PVC was found to be the polymer
with the largest mass in the Ben Gardene sample. As we stated in this
study, most BRPs are of PVC, they would have a density of 1.160–1.3
g/cm3 (Bråte et al., 2017), with a high carbon black content (1.8–2.1
g/cm3) (INCHEM, 2017). It is likely that these particles will have a
higher density than the other polymers found, and therefore be accu-
mulated with the salt. Each brand of salt might also have different puri-
fication processes for their salt before it is packaged and released to the
food market. The road salt is commonly transported in bulk containers,
using conveyer belts up until the very last step of the transportation.
This might explain whywe find so much of these black rubber particles
in this study compared to none being detected in the previous salt
studies.

4.4. Limitations of the methodology

In the present study the lowest limit of detection is related to the
lowest sizes of particles that could be handled with forceps and
transferred to either ATR-FTIR or μFTIR windows. Using the longest
axis of the particles as the length, the smallest detected particle
that was possible to transfer to the FT-IR compression cell and get a
match score (N0.6) fromwas 59 μm long (and 37 μmwide). However,
particles as small as 21 μm (longest axis) were detected on filters and
included in this dataset, as it had matching morphology to BRP. So,
for this study and the methods used, it was not possible to detect
particles below 21 μm, although there might be particles b21 μm
present. In this study, GF-filters with pore size 1.6 μm was used.
However, for the analysis using visual methods, the pore size used
has less of an impact as long as it is lower than the smallest particle
size possible to detect on the filter papers and measure using the
FTIR. For the Pyrolysis GC–MS on the other hand, the pore size used
can have a larger impact on the results. Using Pyrolysis GC–MS
makes it possible to detect even small amounts of polymers if the
mass of these particles in total is above the LOQ for the Pyrolysis
GC–MS method. This is demonstrated in our sample from Ben
Gardene where we found low concentrations of PS and PP in the
sample via GC–MS but did not detect particles via the visual analysis.
We were also able to detect and measure the concentration of SBR in
the sample, which corresponds to some of the BRP being tire
particles. On the other side, if we do have a number of very small par-
ticles of a specified polymer in the sample and a few quite large par-
ticles (b5 mm) of the same polymer, the presence of the small
particles will be masked in the total amount of polymers and likely
not contribute that much to the total mass. This also means that
the information on sizes will be lost. This can be adjusted using filters
with different pore sizes as well as sieves to separate the sample in
size fractions. This will contribute to more data on the mass of poly-
mers related to size fractions, which may be of value, and should be
considered in future studies. The use of Pyrolysis GC–MS also allows
for the detection of nanoplastics if the filters with appropriate pore
sizes to retain particles in the nanoscale are used and if the measure-
ments are above the LOQ.

As shown in this study, the mass of polymers found using visual
techniques and concentration calculation corresponded well to the
mass found using Pyrolysis GC–MS. In the visual analysis, three groups
of polymers where detected; BRP (suspected PVC), PET and PE. This
complies with results from the Pyrolysis GC–MS where PVC, PET and
PE had the highest, second highest and third highest concentration in
the sample, respectively. This validates that visual analysis together
with FT-IR can be used to calculate concentrations of different polymers
from a sample, not just the number of particles. However, this is of
course limited to what the FT-IR can analyse, and as shown in this
study, particles with a high carbon black content can prove difficult to
analyse via FTIR.

5. Conclusions

The concentration of MP in rock salt and sea salt used for de-icing of
winter roads was low. The estimated annual release of MPs from road
de-icing salt is considerably lower than the estimated release coming
from other known MP sources in Norway. Based on the current study,
the application of road salt for de-icing of winter roads is a negligible
source of microplastic to the environment. It is likely that the MPs
found in sea salt are due to both contaminated sea water and contami-
nation through processing. This needs to be further investigated in
order to reduce the contamination of salts used for road purposes. As
only one rock salt sitewas included in this study, we propose that future
studies on road salt should include different rock salt sites for compari-
son with the sea salt, as well as include data for municipal roads in new
estimates. We also suggest that future studies should include more de-
tailed analysis of the “black rubbery particles”, for example by
employing Pyrolysis GC–MS, as well as employing Pyrolysis GC–MS in
a wider scale to investigate the presence of small microplastics and
nanoplastics in the salt samples.
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