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a b s t r a c t

Detailed knowledge of the processes that metals undergo during dry weather periods whilst deposited
on urban surfaces and their environmental significance is essential to predict the potential influence of
metals on stormwater quality in order to develop appropriate stormwater pollution mitigation measures.
However, very limited research has been undertaken in this area. Accordingly, this study investigated the
geochemical phase and particle size relationships of seven metals which are commonly associated with
urban road dust, using sequential extraction in order to assess their mobility characteristics. Metals in the
sequentially extracted fractions of exchangeable, reducible, oxidisable and residual were found to follow
a similar trend for different land uses even though they had variable accumulation loads. The high af-
finity of Cd and Zn for exchangeable reactions in both, bulk and size-fractionated solid samples
confirmed their high mobility, while the significant enrichment of Ni and Cr in the stable residual
fraction indicated a low risk of mobility. The study results also confirmed the availability of Cu, Pb and
Mn in both, stable and mobile fractions. The fine fraction of solids (<150 mm) and antecedent dry days
can be highlighted as important parameters when determining the fate of metals associated with urban
road dust. The outcomes from this study are expected to contribute to the development of effective
stormwater pollution mitigation strategies by taking into consideration the metal-particulate
relationships.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Metals which accumulate on urban areas are of environmental
concern due to their adverse impacts on human and ecological
health. Even at low concentrations, most metals are considered as
toxic pollutants (Ma et al., 2016). Elevated concentrations of metals
in receiving water bodies impose toxic effects on aquatic organ-
isms, while their accumulation along food chains can cause chronic
toxic impacts on human health (Jaishankar et al., 2014; Martin and
Griswold, 2009).

Accumulation and deposition of metals in urban areas are
mainly attributed to anthropogenic sources common to a specific
area (Davis and Birch, 2011; Liu et al., 2016; Mummullage et al.,
2014). Due to excessive traffic related activities, road surfaces in

urban areas are considered as the main platform for metal
accumulation.

Road deposited solids, commonly termed as ‘road dust’ is the
main adsorbent of pollutants which accumulate on road surfaces
during dry weather periods. These solids are a complex mixture of
organic and inorganic substances such as organic matter, metal
oxides and mineral components (Gunawardana et al., 2012).
Consequently, during storm events, solid particles which are
incorporated in stormwater runoff become the primary carrier of
pollutants to the receiving water environment (G€obel et al., 2007;
Wijesiri et al., 2016). It is a common knowledge that the fine par-
ticles carry relatively more pollutants compared to coarse particles.
According to the research study undertaken by Goonetilleke et al.
(2005), a significant fraction of the pollutants move in dissolved
form with stormwater runoff, which is more bioavailable and is
therefore more likely to cause pollution in receiving waters. This in
turn suggests that the removal of targeted solids fraction in the dry
state is essential in terms of stormwater treatment as the removal
of dissolved pollutants pose significant challenges.

The bioavailability, mobility, toxicity, and persistence
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characteristics of metals are primarily dependent on the adsorption
behaviour of metal cations to solid particles. The variable charge
sites developed on different reactive groups of solid surfaces adsorb
metal cations to maintain the electrical neutrality of the system
(Chorover and Brusseau, 2008; Sparks, 2003). These interactions
create either weak outer-sphere or stable inner-sphere metal-solid
complexes (Roberts et al., 2005; Sparks, 2003). Outer-sphere
complexes generally result from ion exchange reactions, where
the originally attached ions to the solid surface are replaced by
different metal cations. Metals are strongly attached to solid sur-
faces through covalent or ionic bonds forming inner-sphere com-
plexes as a result of the exchange of electrons between reactive
groups on solids and metals.

The affinity of metal cations for surface complexation reactions
is influenced by ionic charge, hydrated ionic radius, electronega-
tivities of cations and pH of the solution (Bleam, 2011; Bradl, 2004;
Filep, 1999). As a result, the same metal cation can be subjected to
different adsorption mechanisms depending on the competition
and the opportunity for binding sites. The identification of the way
that metals bind to solids provides useful information in relation to
their chemical behaviour and environmental impacts.

Several methods have been applied to evaluate the environ-
mental impacts and mobility of metals associated with various
particulate matter such as agricultural soils and freshwater and
marine sediments (Alvarenga et al., 2013; Maiz et al., 1997; Passos
et al., 2010). For this purpose, the use of different extracting
agents which differ in their efficiency, advantages and limitations
are found in the literature (Charbeneau and Barrett, 1998; Duodu
et al., 2017). The use of dilute nitric acid to determine the readily
available metals in sediments instead of other weak acids and
sequential extraction methods have been highlighted by Brady
et al. (2014, 2015) and Duodu et al. (2017). However, sequential
extraction is one of the most useful analytical methods that can
provide an in-depth insight into geochemical phase relationship of
metals arising from the differences in binding mechanism of the
metals (Rao et al., 2008; Tokalio�glu et al., 2003).

A well-known sequential extraction procedure proposed by
Tessier et al. (1979) and its different modified versions have been
applied over the past years to determine the metal concentrations
based on their binding forms (Fern�andez et al., 2004; Rauret et al.,
1999). In order to standardise the different analytical procedures
applied to sequential extraction, the Community Bureau of Refer-
ence (BCR, now the Standards, Measurements and Testing Program)
of the European Commission developed a simple three-step
sequential extraction protocol which is commonly known as the
BCR sequential extraction procedure. Although the BCRmethod has
been criticised in relation to re-adsorption and non-target phase
extraction problems (Whalley and Grant, 1994), it can determine
how metals interact with solids. Only a limited number of studies
which have undertaken in-depth investigations into the mecha-
nism of interaction between metals and road dust and their
mobility characteristics based on sequential extraction can be
found in the literature (Sutherland et al., 2012; Tokalio�glu et al.,
2003; Witt et al., 2014; Zhang et al., 2015). The lack of knowledge
in relation to the processes that metals undergo during dry weather
periods and their influence on stormwater quality can constrain the
effectiveness of stormwater pollution mitigation measures imple-
mented in urban areas. Therefore, an in-depth understanding of the
fate of metals associated with road dust is essential to develop
effective pollution mitigation measures.

The aim of this study was to provide a detailed understanding of
the geochemical phase relationships of metals associated with
particulate matter on urban road surfaces in order to access their
mobility. As the load, composition, metal adsorption and the
mobility of metals are influenced by physico-chemical properties of

solids and external environmental factors, the focus of this study
was, to characterise the geochemical phases of particulate metals
collected over a range of dry periods, and to understand the rela-
tionship of particle size to the mobility of metals on urban road
surfaces. The study outcomes are expected to contribute to the
more efficient design of stormwater pollution mitigation measures
based on the detailed understanding of metals bound to particles.

2. Material and methods

2.1. The study sites

The study sites were selected from the Gold Coast, Australia.
Road dust samples were collected from three road sites spread over
two suburbs, Benowa and Nerang. These study sites have varying
traffic and land use characteristics. Two study sites were located
within Benowawhile the other sitewas located in Nerang as shown
in Fig. 1. The land use in the Benowa sites was commercial and
residential whilst the land use at the Nerang site was industrial.
Three study sites were considered adequate as the focus was on
understanding the metal-solids relationships rather than the
quantification of pollutant loads present on road surfaces.

2.2. Sample collection

The sampling equipment used and field testing to assess
collection efficiency is the same as what has been described by
Gunawardana et al. (2012). Build-up samples were collected using a
vacuum system, which was found to have a collection efficiency of
92%. Sampling plots with the dimensions of one meter width and
length from kerb to the road centerline were demarcated at each
study site to ensure the representative collection of particle size
range present on a road surface. Samples were collected during four
different antecedent dry days (ADDs); one, four, seven and eleven
days. The different ADDs were selected to investigate the fate of
metals with time during the build-up process. The plot area was
initially vacuumed in a dry state using a vacuum cleaner equipped
with a water filtration system (Delonghi Aqualand model). As most
of the fine particles were firmly attached to road surfaces, the
collection efficiency of fine particles was increased by using a
portable water sprayer to wet the surface, followed by collection of
the wet sample using the same vacuum cleaner. All build-up
samples collected in the vacuum compartment were transferred
to pre-washed polyethylene containers and stored under 4 �C until
laboratory analysis was carried out.

2.3. Sub-sampling

The collected samples were fractionated into four size ranges;
0.45e75 mm, 75e150 mm,150e300 mm and 300e425 mm using wet
and dry sieving. Initially, bulk samples were filtered using the
75 mm and 425 mm stainless steel sieves. The larger particles
retained on the 425 mm sieve were discarded and the solids
retained on the 75 mm sieve were allowed to air dry. The filtrate
which passed through the 75 mm sieve was filtered using a 0.45 mm
membrane filter. After complete drying of wet samples, dry sieving
was carried out to separate the samples into selected size fractions.
The 0.45 mm size was considered as the separation between soluble
and particulate fractions (Zhang et al., 2015).

2.4. Laboratory analysis

A total of 48 samples were analysed according to the three-step
BCR sequential extraction procedure and using the aqua regia
digestion method (Ozcan and Altundag, 2013; Witt et al., 2014).
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