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A B S T R A C T

A wide range of organic pollutants (OPs) are emitted from the road and traffic environment and transported with
road runoff to receiving waters. To provide an understanding of the transport routes of OPs in the environment,
an investigation was carried out with the aim to determine whether OPs are transported with nano- and mi-
croparticles in the form of emulsions. Tests were performed on simulated road runoff, using laboratory prepared
mixtures of ultrapure water and specific polycyclic aromatic hydrocarbons (PAHs), alkylphenols (APs) and their
ethoxylates (APEOs), phthalates, diesel oil (aliphatic hydrocarbons), with and without addition of humic acid
(HA) and iron (Fe) colloids. The samples were analysed directly after mixing and after a few days of stabilisation
for particle size distribution (PSD) and concentrations of particles in the size range 10 nm–100 μm, and zeta
potential > ± 500 mV. Further, after long-term storage to achieve stabilisation, selected samples were in-
vestigated for the PSD and particle concentrations in the ranges 10 nm–2 μm, to determine whether stable
emulsions had formed. The following simulation mixtures, both mixed and stabilised, were identified as po-
tential emulsions: diesel, APs and APEOs, diesel with APs and APEOS, phthalates, and a mixture of all OPs with
and without colloids. Measurements with the Zetasizer and Nanosight instruments imply that the majority of
particles in the samples were found in the nano-range of 30–660 nm respectively, and a smaller portion of
particles < 28% also measured with Coulter Counter were found to be micro-sized. Higher concentrations of the
smallest nanoparticles were found in the mixture of all OPs without colloids added, than in the OP mixture with
colloids added. The results indicate that the addition of colloids favours the formation of larger micro-sized
emulsions that may break down with time into nano-sized particles. In the mixed samples, the number of micro-
sized particles decreased, while the number of nanoparticles increased; this process may also occur in road runoff
transportation systems during heavy rain events. This is the first study to indicate that emulsions of OPs may be
formed in road runoff, and that emulsions may act as carriers of OPs in urban stormwater.

1. Introduction

Stormwater and receiving waters are sinks for pollutant loads
transported with runoff over impermeable surfaces. Rapid population
growth, climate change and urbanization have intensified pollution
discharge into the environment, and consequently resulted in the de-
terioration of stormwater and receiving water quality (Bruen et al.,
2006; Crabtree et al., 2008; Gnecco and Lanza, 2013). This has influ-
enced the decision to introduce preventive actions and reduce the im-
pact of human activities on water bodies by implementation of e.g. the
European Water Framework Directive (European Commission, 2000)
and Environmental Quality Standards (EU, 2008). Consequently, recent
research has focused on the selection of priority pollutants and

understanding transport routes and mechanisms of these substances
from their sources to their endpoints (Markiewicz et al., 2017; Nowack
and Bucheli, 2007; Zgheib et al., 2012).

Particles arising from processes such as erosion, wear and tear of tyres,
road surfaces and building materials are of major concern as these particles
may contain substances subject to leaching, for example phthalates from
PVC, alkylphenols from e.g. concrete and plastics (Lamprea et al., 2018;
Björklund, 2010), or PAHs and other organic chemicals leaching from tyre
and road wear particles (Kalbe et al., 2013; Unice et al., 2015), but also
because many dissolved stormwater contaminants have an affinity for
particles. Several studies have focused on the characterization of particulate
matter occurring in stormwater, and the partitioning of associated pollu-
tants such as metal species, inorganic and organic compounds (Kalmykova
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et al., 2013; Nielsen et al., 2015a; Wei et al., 2013; Zgheib et al., 2011;
Zhang et al., 2008). Partitioning has been analysed to clarify whether pol-
lutants present in the water phase emerge as dissolved or adsorbed to col-
loidal and particulate phases, with the aim of determining their fate and
suitability for removal through treatment techniques. Several studies have
shown that hydrophobic organic compounds that are assumed to occur as
attached to particles, are in fact also found as truly dissolved or bound to
colloids in urban runoff (Flanagan et al., 2019; Nielsen et al., 2015a;
Kalmykova et al., 2013; Zgheib et al., 2011). Stormwater containing organic
pollutants (OPs) is of special concern, since these substances may be per-
sistent, bioaccumulate, hormone disruptive, carcinogenic, toxic, and of high
risk to human health and the environment (The United Nations Economic
Commission for Europe (UN-ECE), 1998). Traffic has been identified as the
source of many OPs in stormwater (Björklund, 2010; Jonsson et al., 2008;
Månsson et al., 2008). Through literature and database searches, up to
1100 different organic substances were identified as potentially emitted
from the road environment (Markiewicz et al., 2017), and the following
OPs as having highest priority for removal: polycyclic aromatic hydro-
carbons (PAHs) > alkanes C20–C40 > alkylphenols > phthalates >
aldehydes > phenolic antioxidants > bisphenol A > oxygenated-
PAHs > naphtha C5–C12 > amides > amines. Facilities using sedi-
mentation processes for treatment are inefficient for colloidal bound pol-
lutants; as colloids do not settle and remain dispersed in the liquid phase,
thereby enabling transport of attached pollutants in aquatic media
(Hofmann and von der Kammer, 2009; Kalmykova et al., 2013; Nowack and
Bucheli, 2007; Roy and Dzombak, 1998; Schijf and Zoll, 2011). Sorption to
filter media could be effective for removing dissolved and colloidal storm-
water pollutants. However, Flanagan et al. (2019) and Kalmykova et al.
(2014) showed that removal of dissolved and colloidal contaminants in soil,
peat and activated carbon filters is less effective than removal of particulate
compounds. Currently, there are no effective technologies to treat OPs in
nano-and micro-sized phases, i.e. OPs occurring as emulsions, or bound to
colloids or other nano- and microparticles.

Studies on the partitioning behaviour of OPs have shown that se-
lected alkylphenols, phthalates and PAHs were predominantly attached
to colloids and/or truly dissolved in contrast to their expected strong
sorption to particulate matter, and it was suggested that the higher
organic content in the colloids decreases the compounds' partition to
larger particles (Kalmykova et al., 2013). Surprisingly high concentra-
tions of PAHs were also found in the dissolved fractions of synthetic
solutions (Nielsen et al., 2015a), and approximately 45% of the PAHs in
the stormwater samples were present in the colloidal and dissolved
fractions. The highest concentrations of the PAHs were found in sam-
ples with occurrence of nano-sized particles, 10–100 nm. Given the
current knowledge, it is assumed that PAHs are both truly dissolved and
sorbed to solid colloids, but PAHs in mixtures with other hydrophobic
OPs could possibly agglomerate into emulsions, knowing their ubiqui-
tous occurrence and high hydrophobicity (Abdel-Shafy and Mansour,
2016). If emulsions occurred, they would have been identified as truly
dissolved and/or colloidal phases in the previous studies, because it was
believed that OPs occurred in two phases: a solid phase > 0.7 μm and a
dissolved phase composed of all that passed through the filters. From
the current state of knowledge, it is more correct to separate com-
pounds in a road runoff sample into four phases: solids > 0.7 μm,
colloids (solids < 0.7 μm), truly dissolved, and emulsions (liquid
‘particles’ < 0.7 μm). An emulsion is defined as a mixture of two or
more liquids that are normally immiscible. The terms colloid and
emulsion are sometimes used interchangeably, but in this paper the
term emulsion is used when both the dispersed and the continuous
phases are liquids. If one of the phases is solid, the particle is called
colloid. Colloids are ubiquitous in the environment and are composed
of for example clay minerals, oxyhydroxides of iron and organic matter,
including humic and fulvic acids (Genç-Fuhrman et al., 2016;
Kretzschmar and Sticher, 1997). Partitioning of pollutants to iron and
humic colloids is most probably only one of many fate mechanisms
occurring in stormwater. It is hypothesised that under appropriate

conditions, such as heavy rainfall and high turbidity, the mixing of
water and oily substances may create emulsions of droplets due to the
hydrophobic nature of many organic molecules. These hypothetically
formed emulsions containing mixtures of OPs may act similar to col-
loidal particles and could be an alternative transport route for OPs in
stormwater. So far, the process of emulsion formation in stormwater
has not been studied and this paper aims to fill this gap. Whether OPs
occur in the form of emulsions, as sorbed to colloids or are truly dis-
solved needs to be taken into consideration when designing stormwater
treatment measures, because these forms of nano- and microparticles
will behave differently in the treatment processes. For example, if
stormwater is treated in a sorption filter, truly dissolved PAHs may be
more efficiently sorbed to the filter material than the PAHs trapped in
emulsions or sorbed to the surface of colloids. If emulsions are formed
by OPs in road runoff, then the environmental risks may increase be-
cause higher amounts of OPs occur in the dissolved phase than theo-
retically possible. As a consequence, OPs are transported longer dis-
tances with stormwater, and do not settled with sediment particles close
to the sources of emission.

Emulsions can be divided according to the size of the droplets: (1)
macroemulsions, usually within the range > 0.5–50 μm; (2) nanoe-
mulsions or microemulsions, with droplet sizes in the range 10–500 nm
(Burguera and Burguera, 2012). Unlike nanoemulsions, microemulsions
are thermodynamically stable (Tong et al., 2016), and occur when the
system is in its lowest energy state, or in chemical equilibrium with its
environment. Mixtures of water and oil are usually not stable, as dro-
plets of both phases tend to merge and are susceptible to several
breakdown processes (Tadros, 2013): creaming and sedimentation, floc-
culation, coalescence and Ostwald ripening. Occurrence of nanoparticles
in the ranges 1–200 nm has recently been identified in wash water
generated during street sweeping, road runoff and car-wash water
(Polukarova et al., 2019; Nielsen, 2015; Markiewicz et al., 2019).

The aim of this study is to determine whether selected groups or
specific OPs form stable emulsions in stormwater, using laboratory made
mixtures of specific PAHs, alkylphenols (APs) and their ethoxylates
(APEOs), phthalates, diesel oil, humic acids (HA) and iron (Fe) colloids as
test samples. The OPs included in the study were selected from the list of
priority pollutants indicated in previous research as compounds of high
interest regarding their extended emission to, and detrimental effects on,
stormwater and receiving waters (Markiewicz et al., 2017). Different
techniques based on dynamic light scattering were used to analyse the
mixtures and stormwater samples for micro- and nanoparticle con-
centrations, sizes and size distribution, including zeta potential measures
to identify stable emulsions. The results from the laboratory experiments
were used to prove the following hypotheses:

i) The mixtures of OPs in stormwater form emulsions of small parti-
cles, measurable in the nano- and microscales using dynamic light
scattering and nanoparticle tracking analysis techniques.

ii) There is a difference in particle size and concentration between
samples left stagnant for a given time and samples mixed shortly
before measurement, due to coalescence, which is manifested by
thinning and rupture of a film separating the droplets and results in
merging into larger droplets, or Ostwald ripening processes, which
may occur in polydisperse samples (i.e. samples with particles of
varied sizes in the dispersed phase). The latter occurs when there is
a difference in solubility between droplets of different sizes,
wherein smaller droplets usually have higher solubility and will,
over time, dissolve in the larger droplets (Pichot, 2010).

iii) HA and Fe colloids increase the size and reduce the number of
particles in the emulsions because of formation of Pickering emul-
sions, i.e. an emulsion that is stabilised by solid particles which
adsorb onto the interface between the two phases (Akartuna et al.,
2008; De Paolis and Kukkonen, 1997; Kraft et al., 2010), and/or
due to co-preciptiation of Fe with HA colloids (Angelico et al., 2014;
Ngai and Bon, 2015).
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Research on nano- and microparticles transport processes and their
environmental impact is extensive. However, research concerning road
environment mainly focuses on atmospheric pollution, exhaust emis-
sions and metals in road dust, but also wear and tear of tyres as the
main source of microplastic emissions to the environment (Leads and
Weinstein, 2019; Unice et al., 2019; Wagner et al., 2018; Kole et al.,
2017). Therefore, this study focuses entirely on the organic pollutants
emitted in the road environment and research on the possibility for
these compounds to generate nano- and micro-sized emulsions in si-
mulated road runoff, which has not been studied before.

2. Experimental set up

2.1. Materials

Laboratory mixtures of different concentrations of specific PAHs, APs
and APEOs, phthalates, diesel oil, with and without HA and Fe colloids in
ultrapure water were used as test samples to simulate highly polluted
road runoff. Urban stormwater is a complex matrix composed of a mix-
ture of a large number of natural occurring materials and chemical
compounds, as well as chemicals and materials caused by human activ-
ities, most notably traffic activities (Markiewicz et al., 2017). Hence, to
achieve repeatable sample conditions and eliminate some of the un-
known factors affecting natural stormwater quality, artificial mixtures of
simulated stormwater with OPs and colloids were used in this study.
Humic acid and Fe colloids are commercially available and are often
used in synthetic stormwater, to simulate naturally occurring colloids
(Massoudieh and Ginn, 2008; Nielsen et al., 2015a).

The US EPA PAH 16 861291 Supelco PAH Mix 3, purchased from
Sigma-Aldrich, was used and contained acenaphthene 1000 μg/ml, ace-
naphthylene 2000 μg/ml, anthracene 100 μg/ml, benz[a]anthracene
100 μg/ml, benzo[b]fluoranthene 100 μg/ml, benzo[k]fluoranthene
100 μg/ml, benzo[g,h,i]perylene 200 μg/ml, benzo[a]pyrene 100 μg/ml,
chrysene 100 μg/ml, dibenz[a,h]anthracene 200 μg/ml, fluoranthene
100 μg/ml, fluorene 200 μg/ml, indeno[1,2,3-cd]pyrene 100 μg/ml, 1-me-
thylnaphthalene 1000 μg/ml, 2-methylnaphthalene 1000 μg/ml, naphtha-
lene 1000 μg/ml, phenanthrene 100 μg/ml, and pyrene 100 μg/ml.

A fossil fuel-based diesel with 5–7 vol% of RME (rapeseed oil methyl
esters) was purchased from OK/Q8, containing mainly alkanes and
cycloalkanes with C10–C17. The stock solutions for the samples con-
taining PAHs and diesel were diluted in acetone in a 1:25 ratio.

Sigma-Aldrich 33623 alkylphenol/ethoxylate target analyte mix
solution, containing 4-tert-octylphenol 1 μg/ml, 4-tert-octylphenol
monoethoxylate 1 μg/ml, 4-tert-octylphenol-di-ethoxylate 1 μg/ml,
technical grade isononylphenol 5 μg/ml, technical grade iso-
nonylphenol monoethoxylate 5 μg/ml, technical grade isononylphenol
diethoxylate 5 μg/ml, and bisphenol A 1 μg/ml was purchased from
Sigma-Aldrich. For the phthalates 36,735 Sigma-Aldrich analytical
standard bis(2-ethylhexyl) phthalate Pestanal®, 80,135 Sigma-Aldrich
diisodecyl phthalate (Selectophore™), and 376,663 Aldrich technical
grade diisononyl phthalate were used. The HA and Fe technical stan-
dards were purchased from Sigma-Aldrich Chemical Company Inc.

2.2. Preparation of laboratory mixtures

Samples with mixtures of 500 ml ultra-pure Milli-Q water and
acetone, diesel, selected groups of OPs, Fe and HA colloids were pre-
pared in concentrations according to Table 1. A laboratory-scale
blender (Waring commercial) was used to homogenize all the samples
at a speed of 3600 rpm for 120 s at room temperature (20 ± 2 °C). This
process is defined as a high-energy emulsification and is considered the
simplest method for mixing two immiscible phases in the presence of a
surfactant (Kulawik-Pióro and Tal-Figiel, 2017). The samples were left
to settle for a short time (5–10 days) or were stored long-term (ap-
proximately 2 years) for stabilisation before further monitoring was
performed. Laboratory refrigerator was used to keep the samples in

dark and at +4 °C. The samples stored short-time were analysed
without and with mixing a few minutes before the analysis. The samples
stored long-term were analysed without mixing. Mixing directly before
the analysis simulates turbulent conditions that may occur during high
flows under intense rain, or when tyres run over water on road surfaces.
Stabilisation (i.e. long-time storage) simulates conditions that may
occur during retention of stormwater, e.g. in ponds, or stagnant con-
ditions in pipes and wells.

Concentrations of OPs in the solutions exceeded the guideline values
for stormwater discharges according to the City of Gothenburg
Environmental Administration, to simulate conditions occurring in road
runoff during high pollutant loads (Miljöförvaltningen, 2013;
Polukarova et al., 2019). Stock solutions of HA and Fe colloids were
prepared to serve as a model colloidal phase following the procedure in
Florence (1982), and the concentrations were selected to be comparable
with the results in Kalmykova et al. (2013) and Nielsen et al. (2015a).
Colloids of the HA were expected to be mainly in the micro-size range
(approximately 150 nm), and the Fe colloids in the much smaller nano-
size range (6–30 nm) (Nielsen, 2015). The HA colloids are slightly ne-
gatively charged in solutions at low pH and the negatively charge on
the surface decrease with increasing pH and at pH above 9 the zeta
potential were measured to less than −30 mV. Fe colloids are positively
charged at low pH and negatively charged under basic condition. The
selection of OPs, diesel oil and colloids, and the concentration of each
constituent were determined from earlier studies of OPs and colloids
occurring in road runoff (Table 1).

2.3. Urban stormwater samples

In addition to the laboratory mixtures made for simulation of highly
polluted road runoff, urban stormwater was grab-sampled in March
2015 from two stormwater facilities in Gothenburg (Sweden), using a
Ruttner water sampler. The samples were collected from the inlet of the
Gårda sedimentation facility, and from the Järnbrott stormwater
treatment pond. There had been a one-week dry period, i.e. stagnant
water, prior to sampling. The Gårda stormwater treatment system is
composed of seven sedimentation chambers collecting runoff from a
catchment area of 5.5 ha, of which impervious surfaces constitute 64%
(Pettersson et al., 2005). The facility receives runoff from the E6/E20
highway, with a daily traffic intensity of 80,000 vehicles; it is assumed
that 100% of the OPs reaching the chambers originate from traffic-re-
lated activities (Markiewicz et al., 2017). The Järnbrott stormwater
pond collects runoff from a highway (daily traffic intensity 20,000
vehicles) as well as from industrial, commercial and residential areas,
with a total surface area of 480 ha, of which impermeable surfaces
make up 160 ha.

2.4. Characterization of laboratory mixtures and urban stormwater samples

The 15 samples (Table 1), as well as two urban stormwater samples,
were analysed for particle concentrations, size and size distribution.
The samples were also tested for stability by measuring the zeta po-
tential of the dispersion, to investigate whether the mixtures produced
stable emulsions. All samples were analysed a few days after prepara-
tion without mixing and after mixing just before the analysis. The
samples were analysed for micro-sized particles using a Coulter
Counter, for nano-sized particles and zeta potential with a Zetasizer,
and for nano-sized particles using Nanosight. After long-term storage
and stabilisation, the samples were analysed for nano-sized particles
again, without mixing, using the Nanosight instrument.

2.4.1. Quantification of micro-sized particles by Coulter Counter
To quantify the number and number concentration of micro-sized

particles in each sample and assess particle size ranges, a Z2™ Coulter
Counter® Analyzer was used, with a 100 μm aperture and the electrical
sensing method (ESM) as counting principle. This instrument counts
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particles using the resistance difference between a particle passing
through the orifice between two electrodes, and a weak electrolyte in
which the electrodes are submerged (Beckman Coulter, 2012). For the
measurement, low concentrations of the particles were used so that
they could be counted one at a time. The size ranges in which particles
were measured are 2–6, 6–10, 10–50, and 50–100 μm. In the method,
0.2 ml of each sample was dissolved in 20 ml of a low concentration
electrolyte (Isoton® II Diluent) and measured in three replicates. Ana-
lysis of the data was performed with the Beckman Coulter Windows-
based AccuComp® software.

2.4.2. Dynamic Light Scattering (DLS) and Nanoparticle Tracking Analysis
(NTA)

The size and size distribution of colloids and particles in the range of
10 nm–10 μm were measured using a Malvern Zetasizer Nano ZS in-
strument (Malvern Instruments Ltd., Malvern, UK). The instrument uses
a dynamic light scattering (DLS) technique, which measures the
Brownian motion of the particles by analysing variations in scattered
intensity depending on time and relates it to their hydrodynamic dia-
meter (Brar and Verma, 2011). Each of the mixtures presented in
Table 1 was analysed in duplicate, one after short-time (days) stabili-
sation and the other one after mixing minutes before the measurements.
Approximately 2.5 ml of each sample was placed into quartz cuvettes
and measured three times; the results are presented as average values.
The stormwater samples were measured in triplicate. Data analysis was
performed using Zetasizer 7.11 software. The acceptable quality of the
measurement from the Zetasizer instrument is provided in the quality
report produced for each measurement. Often, a high PDI together with
factors such as presence of aggregates, dust, settling particles and/or
inadequate sample concentration will cause the measurement to be
defined as poor.

Nanosight NS300 (Malvern Instruments Ltd., Malvern, UK) uses a
nanoparticle tracking analysis (NTA) method to measure the particle
size, size distribution and particle number concentration at the nano-
and micro-scales (10 nm–2 μm). The method combines actual time vi-
sualization for identifying and tracking the core of each particle using a
charge-coupled device camera, with laser light scattering microscopy.
The technique is suitable for polydisperse samples, as it allows

simultaneous measurement of particle size and scattering intensity.
Seven of the mixtures (Table 1), selected via pre-scanning by laser
pointer showing distraction of light, were measured after a few days of
settling, and 11 of the mixtures were stored in the dark at +4 °C and
measured after long-term stabilisation.

The measurement was carried out by injecting approximately 0.3 ml
of the sample into a small viewing chamber on a laser illumination
module, where the laser beam refraction took place. For accurate
analysis, the concentration of the particles should be within the range of
107 to 109 particles/ml. Particle sizes and concentrations were calcu-
lated from three captures of 60 s videos. Data analysis was performed
using NTA3.2 Nanosight software.

2.4.3. Zeta potential measurements
Zeta potential (ZP) was measured in the range > ± 500 mV, to

verify the surface charge of particles in prepared dispersions, using a
Malvern Zetasizer Nano ZS instrument (Malvern Instruments Ltd.,
Malvern, UK). The instrument uses a laser Doppler electrophoresis
technique in combination with an M3-PALS method to determine fre-
quency shifts of the scattered light from moving particles in an applied
electric field. The measurement of each sample was repeated three
times, and the results obtained are given as average values.

2.4.4. Statistical test
A statistical comparison of the results from the Coulter Counter

instrument was performed using a Wilcoxon signed-rank test, where a
p-value < 0.05 indicates that the mean difference between two sets of
observations is significant. Analyses were performed using the IBM
SPSS statistics software.

3. Results and discussion

3.1. Analysis of micro-sized particles with the Coulter Counter

For all 15 mixtures with OPs and the two urban stormwater samples
in both stabilised and mixed conditions, the results show that the main
number fraction of the larger particles occurred in the range 2–6 μm
(Table 2), with no or very few particles detected in the upper ranges.

Table 1
Laboratory mixtures of selected OPs, HA and Fe colloids and their concentrations in ultrapure water used to simulate road runoff under controlled conditions.

Sample no. Concentrations of OPs and colloids in ultrapure water in the laboratory mixture References for the selection of concentrations

1 Acetone 10% Used as a solvent for dilution of the chemicals,
control sample

2 Diesel 14 mg/l Polukarova et al., 2019; Markiewicz et al., 2017;
Björklund et al., 2011; Strömvall et al., 20073 Diesel 105 mg/l

4 Diesel 116 mg/l + acetone 5%
5 Diesel 34 mg/l + APsa + APEOsb 1–5 μg/l Polukarova et al., 2019; Markiewicz et al., 2017;

Kalmykova et al., 2013; Miljöförvaltningen,
2013; Björklund et al., 2011; Björklund et al.,
2011; Björklund et al., 2009; Strömvall et al.,
2007

6 Diesel 114 mg/l + APs + APEOs 5–25 μg/l
7 APs + APEOs 1–5 μg/l
8 DEHPc ≈ 50 μg/l + DIDPd ≈ 50 μg/l + DINPe ≈ 50 μg/l
9 DEHP ≈ 500 μg/l + DIDP ≈ 500 μg/l + DINP ≈ 500 μg/l
10 HAf ≈ 15 mg/l Nielsen, 2015; Nielsen et al., 2015a; Kalmykova

et al., 2013; Badin et al., 2008; Herngren et al.,
2006

11 HA ≈ 15 mg/l + Fe ≈ 60 mg/l
12 Fe ≈ 60 mg/l
13 HA ≈ 15 mg/l + Fe ≈ 60 mg/l + diesel 115 mg/l + PAHsg 16 mix (10–100 μg/l of each

PAH) + DEHP ≈ 500 μg/l + DIDP ≈ 500 μg/l + DINP ≈ 500 μg/l + APs + APEOs 5–25 μg/l
Polukarova et al., 2019; Markiewicz et al., 2017;
Nielsen, 2015; Nielsen et al., 2015a; Kalmykova
et al., 2013; Miljöförvaltningen, 2013; Björklund
et al., 2011; Björklund et al., 2011; Björklund
et al., 2009; Badin et al., 2008; Strömvall et al.,
2007; Herngren et al., 2006

14 PAHs 16 mix (10–100 μg/l of each PAH) + DEHP ≈ 500 μg/l + DIDP ≈ 500 μg/l + DINP ≈ 500 μg/l + diesel
116 mg/l + APs + APEOs 5–25 μg/l

15 PAHs 16 mix (10–100 μg/l of each PAH)

a Akylphenols.
b Alkylphenol ethoxylates.
c Diethylhexyl phthalate.
d Diisodecyl phthalate.
e Diisononyl phthalate.
f Humic acid.
g Polycyclic aromatic hydrocarbons.
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The highest number concentration of particles was found in sample 13,
which had all OPs added in addition to the HA and Fe colloids. This
combination of OPs and colloids appears to have a synergistic effect on
the formation of micro-sized particles, which may be explained by the
fact that HA colloids increase the size and reduce the number of par-
ticles in emulsions, due to hydrophobic interactions affecting the
binding capacity of the molecules and promoting formation of Pick-
ering emulsion (Akartuna et al., 2008; De Paolis and Kukkonen, 1997;
Kraft et al., 2010). Moreover, metal ions can bind to functional groups
of the HA by a ligand exchange mechanism as a result of induced at-
traction of metal cations to anionic groups of HA, when in close contact.
These conditions may cause side electrostatic repulsion around metal-
HA complexes to be decreased and promoting additional agglomeration
(Vermeer et al., 1998; Shaker et al., 2012). The zeta potential of the
sample with both HA and Fe colloids added (sample 11 in Table 3)
indicated weak to no stability meaning low repulsive forces among the
particles. This hypothesis is strengthened by the results from sample 14,
which included all the OPs but without colloids, where the number of
micro-sized particles is much lower. The mechanism for this will be the
focus of clarification in further studies.

After mixing the pure solutions with HA and Fe colloids into one
sample (sample number 11), the number of particles decreased sub-
stantially for both the stabilised (3.5 times lower) and mixed samples
(1.3 times lower), see Table 2. This suggests that in the absence of OPs,
colloids may agglomerate creating fewer and larger particles, likely
through Fe-colloids coprecipitated with HA-colloids (Angelico et al.,
2014; Nielsen, 2015). The comparatively high concentration of parti-
cles in the diesel samples (samples 3 and 4), indicates that the diesel
used in this study may contain emulsifying additives. Several of the
samples indicated in Section 3.2 as containing emulsions, i.e. samples
2–7 and 9, exhibited relatively high amounts of particles in the lower
micro-range. The lowest concentrations of micro-sized particles were
found in the samples not identified as potential emulsion, particularly
sample 8 with phthalates, sample 15 with the PAH mix, and sample 12
which included only Fe colloids.

The concentrations of micro-sized particles in the stormwater sam-
ples from Järnbrott and Gårda (March 2015) were much lower than in
samples measured in a previous study (spring 2013) but confirm the
results from 30 stormwater samples collected at five sites around
Europe, where most particles were < 10 μm (Nielsen, 2015). The lower
concentrations of particles measured in the current study, are explained
by the fact that the samples were collected from a stormwater pond and
underground sedimentation chamber with stagnant water after a one-
week period of dry weather; agglomeration into fewer and larger par-
ticles and/or sedimentation of particles with low settling velocity may
occur during that time frame. Differences in particle concentrations
between samples can also be explained by the inherent variability of
stormwater quality.

The total particle counts in the samples with ‘indicated potential
emulsions’ and marked as bold in Table 2 was lower for several of the
samples mixed directly before measurement. Additionally, there is a
trend towards a smaller number of micro-sized particles of 2–6 μm in
the mixed samples. A Wilcoxon signed-rank test was performed, to
clarify whether there was a significant difference in particle counts
between the stabilised and mixed samples: the analysis did not present
strong evidence that there is a difference in mean values (Z= −1.396;
p= 0.163). However, it is reasonable to assume that with the right
speed and duration, mixing will cause larger particles in the micro-size
to break down into smaller nano-sized particles (Kulawik-Pióro and Tal-
Figiel, 2017; Solans et al., 2005), which are not measurable using the
Coulter Counter.

3.2. Selection of samples for physical characterization

To determine whether a given mixture contains a potential emul-
sion, data from the DLS analysis with the Zetasizer, including the
polydispersity index (PDI) and ZP values, are presented (Table 3). For a
sample to be indicated as a stable emulsion, at least two of the following
criteria should be fulfilled: (i) the DLS analysis results should reach an
acceptable quality for the measurement; (ii) the PDI should be between

Table 3
Polydispersity index (PDI) and zeta potential (ZP), measured with the Zetasizer to determine possible formation of emulsions. Font in bold indicates stronger
potential for emulsion formation; bold/italic indicates weaker potential for emulsions formation as not all three criteria were fulfilled; and italic indicates no
formation of emulsions.

Sample No. OPs and colloid mixturesa with Milli-Q water and urban stormwater Short-time stabilisation before measurementd Mixed directly before measuremente

High quality run PDIb ZPc

(mV)
High quality run PDIb ZPc

(mV)

1 Acetone No 0.8 -17f No 0.9 −25
2 Diesel low Yes 0.2 0.0 Yes 0.2 −33
3 Diesel high Yes 0.3 −30 Yes 0.4 −47
4 Diesel high+ acetone No 0.3 −32 No 0.4 0.0
5 Diesel low+APs+APEOs Yes 0.2 −38 Yes 0.2 −37
6 Diesel high+APs+APEOs Yes 0.4 −37 Yes 0.4 −45
7 APs+APEOs Yes 0.5 −35 Yes 0.3 −31
8 Phthalates low No 0.3 0.0 Yes 0.3 −25
9 Phthalates high Yes 0.3 −30 Yes 0.2 −27
10 HA colloids No 0.6 0.0 No 0.5 0.0
11 HA+Fe colloids No 0.3 41f No 0.4 -g

12 Fe colloids No 0.4 0.0 No 0.5 0.0
13 all OPs with HA+Fe colloids No 0.7 71 No 0.9 80
14 all OPs (without HA+Fe colloids) Yes 0.4 −38 Yes 0.4 0.0
15 PAHs mix Yes 0.4 −29 No 0.7 −23
16 Järnbrott stormwater No 0.6 −19 No 0.7 −21
17 Gårda stormwater No 0.5 0.0 No 0.4 −32

a For concentrations, see Table 1.
b Polydispersity index.
c Zeta potential.
d Stabilised by being kept stagnant a few days before DLS analysis.
e Stabilised samples mixed shortly before DLS analysis.
f Standard deviation > 15.
g Not measured.
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0.05 and 0.7; and (iii) the ZP should be < −30 mV or > 30 mV.
The polydispersity index is a dimensionless value quantifying the

ratio between standard deviation of particle size distribution (PSD) and
average particle diameter and is applied to evaluate homogeneity of
particle solutions (Clayton et al., 2016). It indicates the width of the
Gaussian PSD and the particle composition in the samples should be
between 0.05 and 0.7, for the measurement to be deemed acceptable
for further evaluation using the Zetasizer DLS instrument (International
Organization for Standardization ISO, 2017). The PDI values for the
samples in this study were 0.2–0.9 showing low to medium poly-
dispersity in most of the samples and high polydispersity in sample 1
with acetone and 13 with all OPs and HA + Fe colloids (Table 3).

The zeta potential measurements resulted in zero value for a few
samples (Table 3), indicating point-of-zero charge, or that the analysis did
not meet the high-quality criteria for the measurement because of in-
appropriate sample concentration. Results within the ranges −20 mV to
−30 mV and +20 mV to +30 mV indicate weak stability, whereas those
below −30 mV or above +30 mV have good repulsing forces between
particles, indicating a high stability of the particles in the sample
(Bhattacharjee, 2016). Samples 3, 5–7 and 13 (i.e. diesel high; diesel
low + APs/APEOs; diesel high + APs/APEOs; APs/APEOs; and all OPs
with HA + Fe colloids), were found to have particles with good stability
(Table 3). Samples 4, 9, and 14 (i.e. diesel high + acetone; phthalates
high; and all OPs without HA + Fe colloids) had particles that were stable
after short-time stabilisation but were unstable directly after mixing.

The composition of the mixtures and measurement control samples
1, 4, 10–13, 16 and 17 obtained low quality results for the PSD analysis,
and samples 8 and 15 obtained high-quality results for only one of the
conditions, stabilised or mixed (Table 3). However, the ZP of the par-
ticles in sample 13 with all OPs and HA + Fe colloids, was very high in
both the stabilised and mixed sample, ZP = 71 and 80 mV respectively.
Although sample 13 did not meet all the criteria, it will be considered as
containing potential emulsions, because colloids combined with an oily
substance can promote Pickering emulsions (Akartuna et al., 2008;
Kraft et al., 2010), stabilised by the colloids which adsorb at the oil-
water interface. Samples 9 with phthalates and 14 with all OPs (no
colloids) met all the quality criteria with the exception for ZP in the
mixed samples, however these samples could also be considered as
containing potential emulsions due to high stability in the stable sample
and relatively low PSD. The particles in sample 11, containing a mix-
ture of the colloids, also had a high ZP in the stable state, but the
standard deviation (resulting from error in the measurement due to
poor quality of the run) for the ZP value of the three measured re-
plicates was high (21), therefore this sample will not be regarded as
potentially containing emulsions.

The samples identified as potential emulsions were mixtures con-
taining: diesel (samples 2–4), APs and APEOs (sample 7),
diesel + APs + APEOs (samples 5 and 6), phthalates in high con-
centrations (sample 9) and the mixtures with all OPs both with and
without HA + Fe colloids (samples 13 and 14). The diesel used in this
study is a potential emulsifier, due to the addition of rapeseed oil me-
thyl ester by 5–7%, as well as other additives (OKQ8, 2017). Alkyl-
phenols and their ethoxylates are well known emulsifiers used in as-
phalt, concrete, tyres, plastics, agricultural agents, and household
products (Björklund, 2010, 2011; Boza Troncoso and Acosta, 2015). It
is of high interest to find that samples with all the OPs added, but
without the HA and Fe colloids (sample 14, Table 3), contained emul-
sions. This result indicates that in road runoff, even with relatively low
concentrations of HA and Fe colloids (Nielsen et al., 2015b), the for-
mation of emulsions may be a possible transport route for OPs. The
samples with all OPs + HA and Fe colloids showed high repulsive
forces between particles (ZP = 71 and 80 mV), and it was therefore
assumed that the HA and Fe colloids may be emulsion facilitators under
suitable conditions (pH, conductivity, contact angle, etc.) (Hiraide
et al., 2002; Pensini et al., 2018; Zhou et al., 2012). These findings are
of interest for further studies.

3.3. Analysis of nanoparticle distributions with Zetasizer

Data from the analysis with the Zetasizer instrument were evaluated
further for most samples with the criteria parameters approved in Table 3.
To compare, two samples not identified as emulsions were also evaluated:
phthalates with low concentrations and the sample with the PAH mix. The
samples were evaluated for PSDs in the range 10–10,000 nm. The results
are presented in distribution by volume, where each bin size represents a
certain percentage of the total volume of the particles.

In the sample with low diesel concentration, smaller particles were
found in the mixed than in the stabilised sample, indicating decom-
position of large particles into smaller ones under high shear forces
(Solans et al., 2005). However, the samples with a higher concentration
of diesel were bimodal (Fig. 1b) and had larger particle sizes. This could
be explained by the different solubility of diesel constituents in higher
concentrations, and by the Ostwald ripening process which may par-
tially occur after mixing. The zeta potential of the high concentration
diesel sample was elevated after mixing (Table 3), possibly due to re-
actions reaching thermodynamic equilibrium and good dispersion of
components in the mixture (Mo et al., 2016). In the high phthalate
concentration samples, the particle size occurred in a narrower mono-
modal distribution after mixing than in the stabilised sample, and a
larger number of particles appeared in the 120–140 nm size range
(Fig. 1b). For the low phthalate concentration samples, only data from
the mixed sample are available, but it can be seen that the PSD is si-
milar to the high concentration and stabilised sample. For the PAH mix,
data from the short-time stabilisation is showing occurrence of nano-
particles of approximately 150 nm.

Overall, the widths of the PSD for the stabilised and mixed samples
were not very different, but according to the PDI, the stabilised samples
were slightly more polydispersed than the mixed samples. This may be
explained by an agglomeration process during stabilisation or break-
down of the particles into more homogenous nanoparticles when the
samples are mixed (Table 3). This is also shown on peaks in the bimodal
curves, especially the second peak with larger particles, are more dis-
tinct in the mixed samples (Fig. 1b) compared to the corresponding
short-time stabilised samples (Fig. 1a). The average particle size in the
sample with all the OPs, but no HA and Fe colloids, varied from ap-
proximately 800 nm in the stabilised sample, to approximately 400 nm
in the mixed (Fig. 1a and b). For most of both the stabilised and mixed
samples, the PSDs were monomodal for particle sizes between 70 and
400 nm. In the samples with diesel high, diesel high + APs/APEOs and
all OPs without any colloids, the PSD was bimodal in the size ranges
70–2300 nm and 4000–6500 nm. The data implies that the compounds
in the mixed samples have different properties, such as different
charges, densities and solubility, which is also suggested by the fact that
ZP resulted in the zero charge (Table 2).

The PSD of the samples with APs and APEOs, and the sample with
high concentration phthalates showed a tendency to contain more
nano-sized particles after mixing (Fig. 1). This was also indicated by the
Coulter Counter, as the number of particles in the 2–6 μm range in-
creased after mixing. Alkylphenol ethoxylates are strong surfactants,
and therefor stable emulsions are assumed to be formed, and the input
of energy does not significantly affect the size of the nanoparticles,
leaving most of the particles with a size of < 1 μm.

When the results in Figs. 1 and 2 were compared with earlier
measurements of PSD by DLS (Zetasizer) of 18 stormwater samples
collected from five different sites around Europe (Nielsen, 2015), the
mixtures produced in this study contained a greater proportion of larger
nanoparticles (100–800 nm) than the stormwater samples, which
mainly contained nanoparticles of around 10–100 nm. In a more recent
study of the effect of street sweeping, stormwater collected during rain
events in the swept area showed the same pattern as the potential
emulsion mixtures in the current study, with a greater proportion of
nanoparticles and bimodal PSD curves in the size ranges 50–2000 nm
(Polukarova et al., 2019). The washwater collected in the street
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sweeping machine, on the other hand, contained much more of the
smaller nanoparticles in the range 1–50 nm. However, in Polukarova
et al. (2019), a Litesizer™500 with a lower detection limit of 0.3 nm was
used for the PSD analysis than in the current study. In washwater
samples with high concentrations of diesel (aliphatics) and PAHs, the
PSD curves exhibited the same shape as the potential emulsions in the
short-time stabilised samples in the current study.

3.4. Number concentration of particles measured with nanosight

Among the samples stabilised for short time, the sample with all OPs
and no HA and Fe colloids contained a substantially higher con-
centration of nanoparticles in the size range 10–500 nm than the sample

with colloids added (Fig. 2a). However, after long-term storage for
stabilisation, the relation of the nano-sized particles was the opposite,
with higher concentrations in the sample with colloids (Figs. 2b and 3).
In samples without colloids, the nano-sized particle content decreased
one order of magnitude over time (Fig. 3). The results from the Coulter
Counter analysis of samples stored short term showed that particles in
the sample with OPs and added colloids (sample 13, Table 2) were
much more likely to fall within a larger size-range of 2–6 μm, as it had a
much higher (nearly four times) concentration of these micro-sized
particles than the sample without colloids (sample 14, Table 2). The
decrease in particle concentrations illustrated in Figs. 2b and 3 indicate
that when the stabilisation period is longer, stable emulsions are not
formed, but other particle types are, in particular when colloids are

Fig. 1. Nanoparticle size distributions by volume percent (10–10,000 nm) in samples (a) short-time stabilised before measurement and the same samples (b) mixed
just before analysis, measured by DLS (Zetasizer). The values on the x-axis are on a logarithmic scale.
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added, which may be the result of breakdown processes and separation
of HA-Fe complexes (Hiraide et al., 2002). This knowledge indicates
that close to the sources of emission, the road runoff may contain
emulsions in the nano-size. Further downstream in the stormwater
system, however, these emulsions may degrade, and the nanoparticles
found consists of the degradation products from the colloids and is then
more in a solid form.

The stormwater samples (Fig. 2a) generally showed low particle
concentrations in comparison with other samples, and nanosize did not
appear to be dominant among the particles in these samples, even
though stormwater samples have often been shown to contain many
nanoparticles between 10 and 100 nm (Nielsen, 2015; Polukarova et al.,

2019). In this study, the stormwater samples were not collected during
a rain event and therefore contained low concentrations of pollutants
due to stagnant water in the pond (Järnbrott) and the sedimentation
chamber (Gårda). However, when measured using the Coulter Counter,
particles in the size range 2–6 μm occurred in relatively high con-
centrations in the stormwater samples (Table 2). Particles in storm-
water generally have a negative surface charge, indicating the presence
of organic acids and/or clay (Nielsen et al., 2015b). By comparing the
Nanosight measurements of potential emulsion mixtures in this study
with the corresponding measurements of road-dust washwater and
stormwater in the street sweeping study of Polukarova et al. (2019), the
same patterns appear with peaks in the range between 50 and 300 nm.

Fig. 2. Nanoparticle size distributions 10–2000 nm and particle number concentrations measured by NTA (Nanosight) (a) after short-time storage for stabilisation,
with HeeNe laser wavelength of 633 nm, and (b) long-term stabilisation, with an Ar laser wavelength of 488. Note the differences in scale on the y-axes.
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The results from the Nanosight could not be correlated with those
from the Zetasizer, as the latter indicates particles of a given size per
unknown total volume of the sample, and the results from the
Nanosight are shown as number of particles per given volume.
However, the results from both instruments (Figs. 1 and 2) have shown
that the particles in most of the samples occurred in sizes 30–660 nm,
irrespective of sample volume. It is known that particles of these sizes
are resistant to sedimentation as occurring in traditional sedimentation
facilities (Hofmann and von der Kammer, 2009; Kalmykova et al., 2013;
Nowack and Bucheli, 2007; Roy and Dzombak, 1998; Schijf and Zoll,
2011).

4. Conclusions

Three hypotheses were tested and proven:

i) This study shows that simulated stormwater samples containing
diesel and/or hydrophobic OPs with or without HA and Fe colloids
could produce emulsions with small particles measurable at the
nano- and micro-scale using dynamic light scattering (DLS) and
nanoparticle tracking analysis techniques (NTA). Measurements
with both the Zetasizer (DLS) and Nanosight (NTA) instruments
imply that the majority of emulsions in the samples were found in
the nano-range 60–580 nm and 30–660 nm, respectively, and a
smaller portion of particles < 28%, also measured by the Coulter
Counter (ESM), were found to be micro-sized.

ii) The particle sizes and concentrations were different for samples
mixed shortly before measurements and those samples with short
and long-term stabilisation: these differences are possible to explain
by the coalescence or Ostwald ripening process, i.e. smaller droplets
dissolve in larger droplets over time, and also by the fact that with
the longer stabilisation time, the samples became less polydisperse.

iii) Addition of HA and Fe colloids increased the size and reduced the
number of particles in the emulsions because of formation of
Pickering emulsions, i.e. emulsions stabilised by solid particles,
occurring when micelles emerge as stabilised by colloids, and/or
due to Fe colloids co-preciptation with HA colloids. In the mixture
containing colloidal HA and Fe, as well as all the studied OPs, the
number of ‘the larger’ micro-scale particles decreased after mixing
due to agglomeration, whilst the number of ‘the smaller’ nano-scale
particles increased significantly when the sample was left stagnant
and stabilised due to the break down and dispersion of the ag-
glomerated larger particles. In addition, the mixture of HA and Fe
colloids reduced in the number of particles by 1.3–3.5 times after
energy input.

The formation of oil-in-water emulsions that cause synergistic ef-
fects on the water solubility of the OPs, as explained by the compounds'
hydrophobicity, and that may cause an increased transport of OPs in
stormwater, needs to be studied further.

This study suggests that emulsion formation could be an important
transport route for OPs in road runoff and urban stormwater. Research
on actual stormwater samples from different environments, seasons,
temperatures and rain events may clarify the importance of emulsion
formation for the transportation of OPs in stormwater sewers and
treatment systems.
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