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Abstract
Road runoff is contaminated by various micropollutants and may be treated using low impact
development techniques, such as stormwater biofilters. Better understanding the processes, such as
filtration, sorption and leaching, which affect pollutants in these systems is essential to reliably
predicting treatment performance and optimizing system design. Field data from an in situ
monitoring campaign, wherein dissolved and particulate concentrations of a wide range of
micropollutants (trace metals, polycyclic aromatic hydrocarbons, bisphenol-A, alkylphenols and
phthalates) were characterized in untreated road runoff and biofilter outlets for 19 rain events, are
used to explore transport and retention processes. Although retention of the particulate phase of
pollutants was generally quite effective, unusually high particle concentrations were observed at
biofilter outlets for three winter events. Particle characterization in road runoff and outlet waters
revealed that this degraded performance was due to poor filtration rather than particle erosion,
which was attributed to the relative abundance of small (<10 µm) particles during this period, along
with possible preferential flows. Dissolved pollutants were less effectively removed in general. To
better understand this behavior, field results were combined with laboratory sorption and leaching
tests. Dissolved concentrations of trace metals were shown to be influenced by organic carbon;
leaching from road-originated particles may also influence their transport. Removal of the dissolved
phase of organic micropollutants was limited by the contamination of the filter media, either before
installation or during the first period of operation, due to emissions from construction materials.
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1. Introduction
Runoff from road surfaces is a threat to the quality of receiving water bodies (both surface and
groundwater) due to its contamination by trace metals (Huber et al., 2016) and hydrocarbons,
including polycyclic aromatic hydrocarbons or PAH (Kayhanian et al., 2012; Zhang et al., 2008), as
well as a range of emerging organic micropollutants such as alkylphenols and phthalates (Björklund
et al., 2009; Clara et al., 2010). As such, it is important to develop strategies for managing this
pollution, which are adapted to both its diffused and intermittent nature.
Over recent decades, new paradigms for urban stormwater management, focused on controlling
stormwater close to the source rather than rapid drainage, have gained in popularity. These
approaches, known under various terms including low impact development (LID), sustainable
drainage systems (SuDS) and water sensitive urban design (WSUD), often make use of vegetated
areas to reduce runoff volumes by increasing infiltration and evapotranspiration (Fletcher et al.,
2014).
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During infiltration in these systems, water quality is generally improved. When pollution
management is of particular concern, as may be the case for runoff from heavily trafficked road
surfaces, a major design objective of LID devices may be water quality improvement. One technique
often used in these cases is that of biofiltration, also referred to as bioretention, which consists of a
vegetated depression where water is temporarily stored before filtering through an engineered soil
or filter media, before being collected by an underdrain or exfiltrated to surrounding soil (Davis et al.,
2009). Design guidelines for these systems include recommendations for filter media composition
and layering, sizing and drain configuration, and plant selection (CIRIA, 2015; B. Hatt et al., 2009;
Prince George’s County Department of Environmental Resources, 2007).
Similar processes occur in the soil of other LID devices, such as vegetative filter strips and swales,
which may also infiltrate large proportions of runoff (Flanagan et al., 2017). As such, it may be
desirable to design them with an objective of improving water quality during infiltration. For the
purposes of this paper, we will refer to all of these systems as biofilters.
In biofilters, the particle-associated fraction of pollutants are expected to be retained by
sedimentation and filtration, while dissolved pollutants may be removed by sorption. After retention,
pollutants may be dissipated through volatilization, biodegradation, photodegradation, and
accumulation in plant mass (LeFevre et al., 2014). These desirable processes may be combined with
other unintended processes, including erosion of particles from the soil (Hsieh and Davis, 2005),
exchanges between the particulate and dissolved phases (Maniquiz-Redillas and Kim, 2014), and
leaching from filter media or construction materials (Chahal et al., 2016). In addition, some pollutants
may be in complexed or colloidal forms (Bäckström et al., 2004; Nielsen et al., 2015), limiting their
reactivity and increasing their mobility. A better understanding of the processes occurring in these
systems is essential to improving their design (Clark and Pitt, 2012) and their representation in
modeling approaches.
Most previous investigations of pollutant retention processes in biofilters have been column studies
conducted in laboratory settings to characterize the retention of either particles (Li and Davis, 2008)
or dissolved (Lim et al., 2015; Sun and Davis, 2007) pollutants separately. Although these studies
elucidate the behavior of either phase of pollutants under ideal conditions, they may not always be
representative of behavior in the complex environment of field systems and do not provide
information as to possible interactions between the phases.
On the other hand, while a number of field studies have demonstrated the ability of biofilters to
improve water quality for various pollutants (David et al., 2015; Davis, 2007; DiBlasi et al., 2009; B. E.
Hatt et al., 2009; Hunt et al., 2008), very few distinguish between dissolved and particulate pollutant
fractions (LeFevre et al., 2012). As the two phases are retained by different mechanisms, without this
distinction, it is difficult to establish a link between in situ performance and any particular processes.
Flanagan et al. (2018) evaluated the in situ water quality performance of two biofilters with respect
to a large number of global parameters and micropollutants in both the dissolved and particulate
phases. This study has raised questions about the processes responsible for pollutant retention and
transport, providing a rare opportunity to test hypotheses about these processes in a field setting. In
particular, while removal of particles and associated pollutants was usually very effective, a period of
poor particle removal was observed for three winter events following the application of deicing salt.
In addition, throughout the study, the retention of the dissolved fraction was limited, with no clear
relationship between organic pollutant hydrophobicity and performance, indicating that
performance depends on some of the unintended processes discussed previously.
The objectives of the present paper are to make use of this data set, along with further
characterizations of particles, filter media and biofilter construction materials, to evaluate
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hypotheses as to (1) the processes leading to degraded particle removal in winter, including (i)
erosion of filter media particles, (ii) poor filtration of road particles, (iii) preferential flows, (iv)
differences in particle size distribution and (v) colloid dispersion caused by deicing salt and (2) the
various processes responsible for the limited retention of the dissolved phase of pollutants including
(i) equilibration with filter media, (ii) equilibration with TSS particles, (iii) chemical speciation and (iv)
emissions from construction materials.

2. Materials and Methods
2.1. Field study
2.1.1.Study site
The study site includes two vegetated stormwater biofilters: a vegetative filter strip (VFS, constructed
in September 2012) and a biofiltration swale (BFS, constructed in March 2016), both of which
evacuate water from the RD 212, a highway located in an industrial zone of Compans, France in the
Paris region (see Appendix A for a study site map). VFS drains a road catchment of 504 m² and
measures 1.8 m by 48 m (perpendicular and parallel to the road), while BFS drains 352 m² and
measures 0.5 m by 32 m. At each site, water was collected from a drain beneath the filter media (a
mixture of 60% lime sand and 40% loam top soil by volume with a sandy loam texture), located at a
depth of 15 cm in VFS and 50 cm in BFS. Only BFS is lined. The quality of the water collected from
each drain is compared to untreated road runoff (RR) collected from a reference catchment along the
same road (Figure 1).

Figure 1: Compans study site

2.1.2.Water sampling
Details of the water sampling campaigns are available elsewhere (Flanagan et al., 2018). Briefly,
composite event mean samples were collected in proportion to the flowrate, which was measured
using tipping-bucket flow meters (17.4 L volume at RR, 1 L volume at BFS and VFS), using two
refrigerated automatic samplers (Sigma SD 900 P) at RR and passive systems collecting a known
fraction of every second bucket tip in the VFS and BFS drains. Sampling began in February 2016 for
VFS and RR and in May 2016 for BFS and continued until July 2017 at all sites. Overall, 14, 15, and 18
samples were collected for RR, BFS and VFS, respectively, over a total of 19 rain events, spanning all
four seasons. While the aim was to collect paired samples of inflow and outflow, due to different
starting dates and technical difficulties, not all data are paired. Samples were collected immediately
(<24 h) following the end of runoff flow and sent the same day to partner laboratories, where they
were immediately filtered to distinguish between dissolved and particulate phases (when total and
dissolved concentrations were analyzed, one aliquot was left unfiltered for total concentration
analysis while the other was filtered for dissolved analysis). Sensors continuously measuring soil
moisture content (Decagon EC-5 and EC-5 TE) were installed in the VFS (3 sensors above the sheet
drain) and the BFS (15 sensors).
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Samples were analyzed for a range of global parameters and micropollutants, including pH,
conductivity, turbidity and all substances listed in Table 1 (see Appendix B for analytical methods).
Phosphorus and Kjeldahl nitrogen were analyzed in the total and dissolved phases, while OC, metals,
major ions and organic micropollutants were analyzed in the particulate and dissolved phases.
Parameter
Suspended solids
Organic carbon
Nutrients
Trace metals
Major elements
TPH

PAH

BPA/AP
PAE

Substances and abbreviations
Total suspended solids (TSS)
Total organic carbon (TOC), Dissolved organic carbon (DOC)
Kjehldahl nitrogen (KN), Ammonium (NH4+), Nitrite (NO2-), Nitrate (NO3-), Phosphorus (P), Phosphate
(PO43-)
Arsenic (As), Cadmium (Cd), Chromium (Cr), Copper (Cu), Nickel (Ni), Lead (Pb), Vanadium (V), Zinc (Zn)
Aluminum (Al), Iron (Fe), Manganese (Mn), Molybdenum (Mo), Strontium (Sr), Titanium (Ti), Sodium
(Na), Potassium (K), Magnesium (Mg), Calcium (Ca), Barium (Ba), Silicon (Si)
Total petroleum hydrocarbons, C10-C40 (TPH)
1-methyl Naphthalene (1MN), 2-methyl-Naphthalene (2MN), Acenaphthene (Acen), Acenaphthylene
(Acyl), Anthracene (A), Benzo[a]anthracene (BaA), Benzo[a]pyrene (BaP), Benzo[b]fluoranthene (BbF),
Benzo[g,h,i]perylene (BPer), Benzo[k]fluoranthene (BkF), Chrysene (Chry), Coronene (Cor),
Dibenzo[a,h]anthracene (DahA), Fluoranthene (Fluo), Fluorene (F), Indeno(1,2,3-cd]pyrene (IP),
Naphthalene (Nap), Phenanthrene (Phen), Pyrene (Pyr)
Bisphenol-A (BPA), Para-nonylphenol (NP), Nonylphenol monoethoxylate (NP1EO), Nonylphenol
diethoxylate (NP2EO), Nonylphenol monocarboxylate (NP1EC), 4-tert-octylphenol (OP), Octylphenol
monoethoxylate (OP1EO), Octylphenol diethoxylate (OP2EO)
Dimethyl phthalate (DMP), Diisobutyl phthalate (DiBP), Dibutyl phthalate (DBP), Bis(2-ethylhexyl)
phthalate (DEHP), Dinonyl phthalate (DNP)

Table 1: List of studied substances and associated abbreviations

2.1.3.Soil sampling
A sample of BFS filter media was collected before installation; in addition, a soil sampling campaign
was conducted in April 2017, after 13 months of operation. During this campaign, a cartography of
the soil’s surface contamination was established using X-ray fluorescence and used to identify eight
zones of similar contamination for core sampling according to the method developed by Tedoldi et
al. (2017). In each zone, 2-4 cores were collected, divided into three depth segments: 0-5 cm, 5-15
cm and 15-50 cm, and combined to form composite samples for each depth. These cores were
analyzed for the same elements and micropollutants as water samples.

2.2. Evaluation of hypotheses as to processes affecting particles
2.2.1.Sources of outlet TSS
To evaluate whether exceptionally high TSS concentrations in water drained from VFS or BFS were
due to poor filtration of TSS in road runoff or the erosion of particles from the filter media, the
source of outlet particles was evaluated by comparing particle composition. To do so, the
concentrations of major and trace element concentrations in outlet TSS particles were compared
with those in RR and the filter media. In order to account for the fact that large sand particles in the
filter media, composed mainly (95.7%) of CaCO3, are unlikely to be eroded, all concentrations were
normalized to aluminum, which was assumed to be a major mineral component of the smaller soil
particles, before this comparison. This comparison was carried out only for elements quantified in
the majority of both soil and TSS samples.
2.2.2.Preferential flows
So as to consider whether exceptional preferential flows may have led to poor filtration during the
period of degraded performance, the response times of each biofilter (defined as the time between
the beginning of rainfall and the beginning of flow in each drain) was evaluated for every event.
Response times for events with degraded performance were compared with those of normalperformance events, accounting for initial water content in the filter media (Appendix H).
2.2.3.Particle size distribution
In order to consider whether particle size distribution (PSD) might explain differences in particle
retention efficiency, PSD was compared between events from the period of poor performance and
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those of normal performance. It was also used to evaluate TSS concentration reductions by particle
size. The particle size distribution (PSD) of TSS was evaluated for inlet and outlet water samples for
events between January-July 2017 using laser diffraction particle size analysis (Mastersizer 3000).
Due to technical difficulties and, in the case of outlet samples, TSS concentrations below the
acceptable range for PSD analysis, PSD was analysed for 5 RR, 3 VFS and 3 BFS samples of the 9
collected within this period.
2.2.4.Risk of colloid dispersion
To specifically consider the role of deicing salt in leading to degraded performance, following the
example of Norrström and Bergstedt (2001), the risk of colloid dispersion was evaluated by
comparing observed SAR or sodium adsorption ratio (calculated according to Eq. 1 assuming
dissolved concentrations of Na, Ca and Mg to be in the ionic state) and electrical conductivity (EC), an
easily measured surrogate for ionic charge, with guideline values used for assessing the risk of clay
dispersion in agricultural soil from irrigation water (Shainberg and Letey, 1984).
(Eq. 1)
Where SAR is the sodium adsorption ratio and Na+, Ca2+ and Mg2+ are ionic concentrations in mmol/L.

2.3. Evaluation of hypotheses as to processes affecting dissolved pollutants
The discussion of dissolved pollutants behavior focuses on a limited number of pollutants from each
family which were frequently quantified in both the dissolved and particulate phases and for which
partitioning data was available, either from batch tests using the initial BFS soil or in the form of KOC
values from the scientific literature: Zn, Cu, DEHP, DBP, NP, OP, BPA, Pyr, Fluo and Phen. The analysis
was limited to events within the period of normal particle retention. Correlations between
parameters were evaluated using the non-parametric Spearman Rank Correlation Test.
2.3.1.Equilibrium with filter media
In order to evaluate whether equilibrium with soil drove dissolved concentrations observed at the
BFS outlet, observed concentrations were compared with a range of those expected at equilibrium
with the filter media according to Eq. 2. This range was establishing using minimal and maximal filter
media concentrations among the 15-50 cm segments and the initial sample. In order to establish a
range of dissolved concentrations potentially at equilibrium with soil, minimal and maximal values
among the 15-50 cm segments, along with the initial sample were retained. Samples from the top
two segments were not used in this calculation in order to avoid a bias due to the surface
contamination from particulate pollutants. Partition coefficients were evaluated experimentally or
from the scientific literature as described below. For further details, see Appendix C.
(Eq. 2)
Where CD is the dissolved concentration in mg/L, S is the filter media concentration in mg/kg and K D is
the partition coefficient in L/kg.
2.3.1.1.

Experimental evaluation of partition coefficients

Pollutant partition coefficients (KD), were determined in the lab for two trace metals commonly
associated with the dissolved phase in urban runoff (Zn and Cu) and three organic micropollutants
common in the urban environment and for which the dissolved fraction can be significant: BPA, OP
and NP (Gasperi et al., 2014). All tests were carried out using Evian mineral water diluted 1:4 with
ultrapure water, which provided a pH and EC similar to those observed in field conditions outside
periods of deicing salt application.
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Batch tests were conducted at several concentrations for each pollutant (Appendix D). For each test,
5 g of unused BFS filter media was equilibrated with 1 L of water for 24 h. Following this period, a
certain quantity of a given pollutant was added to reach the desired initial concentration; the system
was then equilibrated by mixing constantly for 24 h; a kinetic study of each pollutant confirmed that
equilibrium was reached during this duration. Water was filtered and analyzed for dissolved
concentrations; the change in concentration was assumed to be due to sorption to the media. The
partition coefficient, KD, was evaluated using only the points in the linear range of the isotherm. NaN3
was included in the BPA, NP and OP batch solutions to inhibit biodegradation.
Initial concentrations of Zn and Cu used in the batch experiments were selected to target equilibrium
concentrations within the range of dissolved concentrations of these elements observed in the
untreated road runoff.
To minimize analysis cost, the method of analysis used for BPA, OP and NP was different than the
field method: samples were analyzed using high performance liquid chromatography with an
ultraviolet detector (HPLC-UV) without a preliminary extraction. The limits of quantification (LOQ) of
this method were relatively high (55, 170 and 130 µg/L for BPA, OP and NP, respectively) compared
to observed dissolved concentrations in the field. As such, the objective was to achieve equilibrium
concentrations exceeding the LOQ that remained in the linear range of the isotherm. As at least 3-4
points for each pollutant were in the linear range, the range was considered acceptable for
estimating a KD value. The resulting soil-water partition coefficients are 10250, 2500, 5, 43 and 230
L/kg for Cu, Zn, BPA, OP and NP, respectively.
2.3.1.2.

Evaluation of partition coefficients from the literature

For a selection of organic pollutants from each pollutant family which were frequently quantified in
both the dissolved and particulate phases (DEHP, DBP, NP, OP, BPA, Pyr, Fluo and Phen), organic
carbon-water partition coefficients (KOC) were collected from the scientific literature and used to
estimate KD from the filter media’s organic carbon (foc) content according to Eq. 3.
Eq. 3
Between 12-91 KOC values were obtained in the literature for each pollutant (see Appendix C for full
list of values and sources); the 20th and 80th percentile values for each pollutant were used to
establish a KOC range, which was then used to establish a range of KD. The laboratory-measured KD
values for BPA, OP and NP all fell within the range predicted from KOC and the foc of the initial filter
media.
2.3.2.Equilibrium with TSS particles
In order to consider whether or not dissolved concentrations appear to be in equilibrium with
particles in water samples, pollutant partition coefficients were evaluated for untreated road runoff,
as well as in water drained from the BFS and the VFS. For organic pollutants, partition coefficients
were normalized with the fraction of organic carbon foc to evaluate KOC values, which are compared
to the range (Q20-Q80) of values from the literature (Appendix C). For metals, partition coefficients are
compared to the minimal and maximal values from a data set of previously reported partition
coefficients for road runoff (Appendix C).
2.3.3.Leaching of trace metals from sediment or polluted soil
In order to consider the potential for the remobilization of trace metals, leaching batch tests were
conducted using road sediments and polluted soil. Sediment was collected from the road surface,
while polluted soil was collected at the surface of the VFS at a distance of 30 cm from the road.
Samples were collected in January 2016 and then dried, sieved, and homogenized before use in
experiments.
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As with sorption batch tests, all tests were carried out using Evian mineral water diluted 1:4 with
ultrapure water. 5 g of sediment or soil was equilibrated with 1 L of water for 24 h. Initial
concentrations of the soil and sediment were measured as were concentrations in filtered water
after equilibration; the change in water concentration was assumed to be due to desorption from soil
or sediment. Initial soil concentrations, dissolved concentrations at equilibrium and resulting
partition coefficients are presented in Appendix E.
2.3.4.Emissions from construction materials
In order to consider the potential of organic micropollutant leaching from construction materials of
the BFS (asphalt, an agricultural drain and its filter fabric and a geomembrane), batch leaching tests
were conducted. These tests were also carried out using Evian mineral water diluted 1:4 with
ultrapure water.
The drain, filter fabric and geomembrane samples employed for leaching tests had not been used
prior to the tests. However, the asphalt was collected on site a year after its installation. Materials
were placed in contact with water and agitated constantly for 24 h before being filtered and analyzed
for BPA, alkylphenols and phthalates; PAH were also analyzed for the asphalt and geomembrane
tests. Concentrations were compared to those in a reference batch with no material introduced. The
filtrate was analyzed according to the same procedure as the dissolved phase of field samples except
that double the volume was extracted for PAH analysis to lower the LOQ.
Liquid/solid ratios for leaching tests of the geomembrane, drain and filter fabric were selected to
correspond to a low ratio that could be observed in situ, as would be observed for a small (~2 mm)
rain event. As the catchment drained by the BFS (including its own surface and side-slopes) is about
12 m wide, rain from a surface of about 12 m² is expected to be drained by each linear meter of the
BFS. Assuming a runoff coefficient of about 0.8, about 20 L of runoff is expected to reach the BFS per
linear meter. Thus, 1 L of water would be in contact with about 5 cm of each material.
Therefore, 5 cm of the drain and filter fabric were put in contact with 1 L of water. It was assumed
that mainly the 50 cm width of geomembrane at the bottom of the BFS would be in contact with
water; 500 cm² of geomembrane was thus put in contact with 2 L of water. Both the drain and the
geomembrane were cut into pieces (each approximately 2-3 cm²) to ensure their contact with water.
As the asphalt was collected on site a year after its installation, it was broken into pea-sized pieces
before being put in contact with water to ensure that virgin surfaces were exposed. With this
modified surface area, no clear relationship existed between a quantity of asphalt and water. The
choice was made to put 200 g of asphalt in contact with 2 L of water.

3. Results and Discussion
3.1. Mechanisms for the degradation of particle removal performance
3.1.1.Description of the period of degraded performance
Figure 2 shows concentrations of TSS, Zn and BaP observed in RR, BFS and VFS samples during
normal functioning, compared with those during the period of degraded functioning, which occurred
between January 9 and March 1, 2017. During normal functioning, concentrations of these pollutants
in BFS and VFS were much lower and much less variable than those in RR. During the winter period,
concentrations of these pollutants in the BFS and VFS drains, though still always lower than in RR,
were much higher than those measured during the period of normal behavior. Concentrations in RR
were also high during this period, though the difference compared to normal functioning was not as
drastic as that observed at the outlets.
This period was notably cold (13, 19 and 5 days with freezing minimal temperatures in December,
January and February), and deicing salt was frequently applied to the road surface. It was also rather
7

dry, with only 24, 29 and 34 mm of precipitation accumulated in December, January and February
compared to 50, 52 and 47 mm on average (Météo-Paris, 2016), all of it in the form of rainfall rather
than snow. However, despite low rainfall, humidity of the filter media during this period remained
close to field capacity, presumably due to low evapotranspiration during the short days of winter.
Therefore, the higher TSS concentrations observed at system outlets during this period cannot be
explained by decreased water volumes.
(a)

(b)

RR

BFS

VFS

Period of normal performance

(c)

RR

BFS

VFS

RR

BFS

VFS

Period of degraded performance

Figure 2: Comparison of concentrations observed during normal performance (boxplots) and degraded performance
(blue stars) for (a) total suspended solids (TSS), (b) total Zn, (c) total benzo(a)pyrene (BaP) in road runoff (RR), the drain
of the biofiltration swale (BFS) and the drain of the vegetative filter strip (VFS).

3.1.2.Outlet particle sources
As TSS is a mixture of particles of different origins and characteristics, elevated TSS concentrations in
system drains could be caused either by the erosion of fine particles from the filter media or by an
ineffective filtration of particles in road runoff. Understanding the sources of outlet TSS is an
important first step to understanding the processes responsible for the degraded performance.
Changes in the relative proportions of particles from different sources may be observed as evolutions
in its elemental composition. If the erosion of fine particles from the filter media is responsible for
the high outlet TSS concentrations during the period of poor performance, the elemental
composition of outlet TSS during this period would be expected to approach the quality of this part
of the soil as compared to the normal period. Conversely, poor filtration would be reflected by the
quality of outlet TSS approaching that of RR TSS.
During the period of normal performance, the Al-normalized particle concentrations at the BFS outlet
fall between those in RR and those in the filter media for most elements (Figure 3a), indicating that
the outlet TSS is a combination of road-originated particles and fine particles eroded from the soil.
Two exceptions to this are Ca and Sr, for which concentrations decrease despite higher Al-normalized
concentrations in the soil than in RR particles. As previously mentioned, the larger particles in the
filter are mainly composed of CaCO3; this lime sand comes from the Boulonnais quarry in northern
France, where Sr has been shown to be the most abundant trace element, present at concentrations
between 0.10-0.64 mg/g (Debrabant, 1970). Therefore, this observation does not contradict the
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hypothesis that outlet particles are a mixture of road runoff and soil particles but indicates that these
two species are more present in the less mobile sand particles than in the finer fraction of soil.
In the VFS during normal performance, Al-normalized trace element concentrations of outlet
particles are closer to those in RR particles, while not all major elements ratios fall between those of
RR particles and soil, indicating that soil particles make up a smaller proportion of outlet TSS (Figure
3c). Increases in some Al-normalized trace element concentrations in outlet particles compared to
those in RR may be due to size differentiation in filtration; indeed, trace elements are usually
considered to be preferentially associated with smaller particles (Kayhanian et al., 2012), which may
be less efficiently retained in the filter. Less erosion of soil particles from the older VFS system than
from the BFS, for which the filter media has not yet stabilized, may also explain the slightly lower TSS
concentrations at the VFS outlet.
During the winter period, outlet particle quality appears to approach that of RR in both systems
(Figures 3 b and 3 d). This indicates that road-originated particles make up a higher proportion of
outlet particles during this period and that poor filtration, rather than the erosion of clay particles is
responsible for the high TSS contents at the outlet during this period. Non-normalized particle
concentrations of all pollutant families can also been seen to approach those in RR during this period,
further
supporting
the
hypothesis
of
poor
filtration
(Appendix
F).
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(a)

(b)

(c)

(d)

Figure 3: Ratios of outlet aluminum-normalized particle concentrations to those in road runoff (RR) for (a) the biofiltration swale (BFS) during normal performance, (b) the BFS during degraded performance
in winter 2017, (c) the vegetative filter strip (VFS) during normal performance, and (d) the VFS during degraded performance in winter 2017. Bars represent the median ratio for each period, while error bars
represent the Q20 and Q80 ratios during normal performance and the minimal and maximal values during degraded performance; the dotted line represents equivalency with RR values. Pink stars represent
the Q20 and Q80 ratios of aluminum-normalized soil concentrations in each device to the median RR aluminum-normalized particle concentrations for each point and period.
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3.1.3.Preferential flows
A possible explanation of poor filtration during this period is filter media cracking, leading to the
formation of preferential flows. Indeed, cracks were visible at the surface of the BFS during this
period (Appendix G). Response times in the BFS for this winter period (11-115 minutes) were slightly
shorter than those for other events with similar initial water contents (31-280 minutes), possibly
indicating that some preferential flows may have occurred, especially during the January event
corresponding to the 11-minute response time. As the soil was quite moist during this period, media
cracking does not appear to be due to shrinking of dry soil; it could instead be due to expansion of
water as it freezes. On the other hand, response times in the VFS were particularly long (95-708
minutes) compared to events with similar initial water contents (41-96 minutes), which does not
support the hypothesis of preferential flows.
Preferential flows were more evident in both systems for the event of June 27, 2017, a summer
event following a long dry period when the filter media appears to be cracked in both systems,
leading to a very short response time (Appendix H) and a short residence time (Appendix M).
Although particle concentrations for this event were slightly elevated compared to other summer
events, performance was not degraded to the same extent as during the winter period. Therefore,
although preferential flows may contribute to poor filtration in the BFS in winter 2017, they do not
appear to be the full explanation.
3.1.4.Particle-size distributions
Another element which may affect filtration efficiency is the RR particle size distribution (PSD). The
PSD was evaluated for 5 events in RR, including two samples from the winter period and 3 samples
from later in spring 2017, a period of normal performance (Figure 4). During the winter period, the
volumetric proportion of colloids (particles < 10 µm) among RR TSS is high (49-70%) compared to the
other periods (7-16%).
Particle size distributions were also available for two winter events and one spring event at outlets.
The vast majority of TSS exiting the systems was associated with smaller particle sizes (Appendix I). In
the BFS, lower concentration reductions were observed for the January 2017 event than for the
other two events for all particle sizes (47% compared 87 and 94% in the case of particles > 10 µm),
but especially for colloidal particles for which no reduction was observed (-5%, compared to 61 and
72% for spring events). This supports the hypothesis of preferential flows for this event.

Figure 4: Total suspended solid particle size distribution by volume in road runoff.
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The smaller particle sizes of RR TSS during this period appear to be a major factor leading to poor
filtration during the winter period. Colloidal particles are smaller than the pores in which most
gravitational water flow occurs and are classically thought to be retained mainly by attachment
rather than exclusion or straining processes (Yao et al., 1971). The difference in the filtration
processes occurring may explain the observed differences in performance.
Although smaller TSS particle sizes in winter months have been reported previously for road runoff
(Hilliges et al., 2017; Monrabal-Martinez et al., 2016), the mechanisms by which they occur are
unclear. One hypothesis is that the particles formed during freezing conditions are different from
those at other times of the year. For example, studded winter tires have been linked to the
production of up to 100 times more < 10 µm particles than summer tires (Sjödin et al., 2010).
However, such tires are not commonly used in the Paris region where freezing temperatures are
rare. In addition, as the chemical composition of road runoff particles does not significantly differ
between the two periods (Appendix K), the balance between different particle sources appears to be
relatively constant. Another hypothesis is that the same types of particles are formed but their
agglomeration is modified by the application of NaCl deicing salt.
3.1.5.Effects of deicing salt
Deicing salt has previously been associated with high outlet particle concentrations in field (Winston
et al., 2016) and column (McManus and Davis, 2017) studies of LID devices and may affect particle
transport by interacting with colloids in RR or in the soil. According to the diffuse double-layer
theory, cations form a layer around negatively charged colloidal particles; this double-layer creates a
repulsive force between particles. As this layer becomes more compressed, the repulsive force
decreases. Up to a concentration referred to as the flocculation value or critical coagulation
concentration (CCC), adding an electrolyte will disperse colloids; beyond this point, it will lead to
their flocculation as higher concentrations in solution compress the double-layer (Shainberg and
Letey, 1984). CCC, which is expressed as ionic charge, increases with the proportion of sodium among
the ions in solution or the SAR. (Goldberg, 1991; Shainberg and Letey, 1984). Therefore, although the
addition of deicing salt increases ionic charge in RR, if it modifies the SAR enough that the CCC
exceeds this ionic charge, it could disperse TSS colloids in RR water or clay particles in the filter
media; this latter process could lead to media clogging or particle erosion (Shainberg and Letey,
1984).
The comparison of observed SAR and EC to ranges associated with a risk of clay dispersion in
agricultural soil show that there is some risk of colloid dispersion in RR throughout the entire study
period. The January-March period does not appear to be a period of particularly high colloid
dispersion risk; instead, the highest risk occurs in spring months, when EC is especially low.
Therefore, this criteria does not support the hypothesis that TSS colloids are dispersed in RR during
this period more than others.
The water collected in the VFS and BFS drains also typically presents a slight to moderate risk of
colloid dispersion. Again, the January-March period is not associated with a particularly high risk; in
fact, in both systems, despite high SAR values, no colloid dispersion problems are predicted for the
January event due to very high EC values. This also corroborates the hypothesis that high outlet
particle concentrations during this period are due to poor filtration rather than particle erosion.
Generally, the dispersion of clays in soil is not expected during the arrival of high-sodium water due
to high associated EC, but rather when non-saline water arrives in a soil system where Na has
become the dominant base cation, leading to conditions with a high SAR and a low EC (Shainberg and
Letey, 1984). In the present study, clay dispersion in the filter media does not appear to be a major
problem for events following the period of salt application. SAR in outlet water decreases gradually
along with EC; a severe risk of colloid dispersion was only observed for a single event with
12

particularly low EC in June, when SAR levels were low. The apparent resilience of this filter media to
deicing salt may be due to the fact that it contains large amounts of CaCO3, which tends to dissolve
slightly during the filtration of runoff (dissolved Ca concentrations were systematically higher than
those in RR in both systems), lowering the SAR and raising the EC of the water, thereby decreasing
the risk of soil colloid dispersion. This being said, however, only a few events were sampled during
each period; as such it is impossible to conclude that this behavior never occurs. In addition, the
systems studied are relatively new (< 5 years); more problems may arise as it ages.
1
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3
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5
6
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It should also be noted that the criteria used to associate SAR and EC with a risk of colloid dispersion
were established for soils in arid regions (Shainberg and Letey, 1984). As CCC also depends upon
particle type, they may not be entirely applicable to the present system, particularly in the case of
TSS particles in road runoff, which may be quite different from soil particles. Although it is beyond
the scope of the present study, a specific characterization of CCC for road runoff particles at different
SAR and different pH values would be useful to better understand the possible effects of deicing salt
on TSS agglomeration.
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As previously mentioned, concentration reductions for dissolved pollutants were generally more
limited than those observed for particulate pollutants. In addition, opposing trends were observed
for trace metals and organic micropollutants. For trace metals, the newer BFS system tended to have
a better performance than the VFS, for which dissolved concentrations in the outlet frequently
exceeded those in RR (up to 205 and 94% for Cu and Zn, respectively). To a lesser extent, BFS
concentrations of these elements also occasionally increased compared to RR (up to 7 and 73%,
respectively). VFS tended to perform better than the BFS for organic pollutants; indeed, for several
organic micropollutants, including DBP, DEHP, Pyr and Fluo, the first phase of operation of the BFS
was a critical period, during which outlet dissolved concentrations sometimes exceeded those in RR
by several hundred percent (Flanagan et al., 2018).
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It should be noted that increases in concentrations measured in water drained from LID devices can
sometimes be explained by the concentration of pore water between rain events due to
evapotranspiration. This may be a factor in both biofilters, especially when the dry period between
events is long. However, increases in dissolved concentrations of both trace metal and organic
micropollutants were observed for events with short (<2 day) dry periods and initial soil moisture
near field capacity, indicating that other processes are also important to this phenomenon. In
addition, the effect of evapotranspiration on outlet concentrations is limited by the amount of water
which is lost to evapotranspiration between rain events. Soil moisture sensors showed that the
highest water volume lost to evapotranspiration between rain events was 12% of the filter volume in
either system, the equivalent of 2.3 mm of rainfall on the BFS catchment and 2.6 mm of rainfall on
the VFS catchment. As such, water volume changes are not sufficient to explain concentration
increases as large as those sometimes observed for trace metals in the VFS or for dissolved organic
micropollutants in the BFS during the beginning of the study.
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3.2.1.Equilibrium with soil
Sorption to soil particles is expected to be a major retention process for dissolved pollutants in
stormwater biofilters (LeFevre et al., 2014). Models of reactive pollutant transport in soil often
represent sorption as an instantaneous process, wherein an equilibrium exists between soil
concentrations and dissolved concentrations according to a partition coefficient (KD), and/or as a
kinetic process (Randelovic et al., 2016; Simunek and van Genuchten, 2006). Dissolved
concentrations expected at equilibrium with the BFS filter media are compared to those observed in
water drained from the BFS in Figure 5.

3.2. Processes affecting dissolved pollutants
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Experimental CD

CD from KOC

CD from batch KD
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Figure 5: Dissolved concentrations estimated at the outlet of the biofiltration swale (BFS) assuming equilibrium with soil
using KOC values from the scientific literature and batch KD compared to experimentally measured values. See Appendix C
for a detailed description of the assumptions, data and methods of figure production.
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With the exception of the event occurring on June 27, 2017, for which filter media cracking following
a long antecedent dry period led to an exceptionally short residence time of 1.9 h, residence times in
the BFS varied from 12 to 72 hours (Appendix M). According to sorption batch tests carried out for
Cu, Zn, BPA, OP and NP with unused BFS filter media, this duration should be sufficient for the
infiltrating water to reach equilibrium with the soil. However, it can be seen that not all dissolved
phase pollutants appear to be in equilibrium with the soil.
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Indeed, dissolved concentrations of Zn are of the order of magnitude expected but more variable
than expected at equilibrium with the soil, while those of Cu are also quite variable and higher than
expected. While dissolved concentrations of some organic micropollutants (DEHP, NP, Fluo) are
compatible with those expected, others (DBP, OP, BPA, Pyr and Phen) tend to be lower than
expected at equilibrium with the soil.
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3.2.2.Processes affecting dissolved trace metals
Besides the previously discussed effect of evapotranspiration, the increases in concentrations at
system outlets might be explained by the leaching of trace metals from contaminated filter media or
from accumulated sediments. Indeed, leaching batch tests showed that both contaminated soil and
sediments were susceptible to leach Cu and Zn (Appendix E). However, both trace metals and
sediment have previously been shown to accumulate near the surface of this system (Tedoldi et al.,
2018). As such, the leached trace metals would have ample opportunity to resorb to the filter media
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after leaching, especially in the BFS system, which has a filter media depth of 50 cm, rather than 15
cm in the VFS.
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KD from batch tests: Sediment leaching Contaminated soil leaching Soil sorption
Figure 6: Partition coefficients for major and trace elements in road runoff (RR), outlet water from the biofiltration swale
(BFS) and outlet water from the vegetative filter strip (VFS), compared to values from the scientific literature and
partition coefficients measured in batch tests.
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TSS particles (which are a mixture of road runoff particles and eroded soil) with non-negligible Cu
(180-528 and 377-727 mg/kg in BFS and VFS, respectively) and Zn (471-1957 and 761-1925 mg/kg,
respectively) content are present in drained water. If these particles reequilibrate with drained water
after its filtration (in the bottle collecting drained water), they may also be sources of dissolved trace
metals in collected outlet waters. This hypothesis is supported by the relatively constant trace metal
partitioning (solid/liquid) between inlet and outlet waters (Figure 6); observed KD values are close to
the values calculated from desorption tests from road sediments and polluted soil. However, this
source is limited by the low TSS concentrations at outlets (3-50 mg/L, excluding events from the
period of degraded TSS performance); therefore, it is unlikely that this hypothesis alone entirely
explains dissolved concentrations observed at system outlets.
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Dissolved metal transport may also be facilitated be their association with organic carbon or mineral
colloids having particle sizes inferior to 0.45 µm (pore diameter of filters used to separate the
dissolved and particulate fractions before analysis), which may occur in runoff or be mobilized during
filtration. For Cu, this hypothesis is supported by the significant correlation (P<0.01) of dissolved
concentrations with dissolved organic carbon (DOC) in the RR and at both VFS and BFS outlets (Figure
7a); this correlation is less evident for Zn (Figure 7b). Moreover, DOC also appears to influence the
partition coefficient of both metals (Figure 7c-d), with a sharp decrease in KD observed when DOC
increases. DOC may vary seasonally both in RR and outlet waters, with higher concentrations in
15
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Partition coefficients in previous studies of road runoff
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warmer weather due to increased biological activity. In addition, DOC concentrations are nearly
always higher at system outlets than in RR, probably due to degradation of organic matter within the
biofilter, an effect which may increase as a system ages, due to more accumulation of organic
matter. Increased DOC due to either of these causes may result in increased dissolved metal mobility
(Appendix N).
(a)

(b)

(c)

(d)
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Figure 7: Correlations between (a) dissolved copper and dissolved organic carbon (DOC) concentrations, (b) dissolved zinc
and DOC concentrations, (c) copper partition coefficients and DOC concentrations and (d) zinc partition coefficients and
DOC concentrations in road runoff (RR), water drained from the biofiltration swale (BFS) and water from the vegetative
filter strip (VFS).
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3.2.3.Processes affecting dissolved organic micropollutants
As previously mentioned, the observed dissolved concentrations of organic contaminants were either
compatible with or lower than values expected at equilibrium with the soil of the BFS. However, the
system’s performance removing these pollutants was poor; of the pollutants presented here, only
Phen and OP were significantly removed across events (Flanagan et al., 2018).
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The poor efficiency of the BFS system with respect to dissolved organic micropollutants may be
explained by the high concentrations of these pollutants in its filter media. In the case of PAH, this
appears to be to a contamination of the initial filter media (0.146 µg/g for Pyr, 0.168 µg/g for Fluo
and 0.072 µg/g for Phen). As these concentrations are typical for soil in Ile-de-France (Gaspéri et al.,
16
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2016), it is likely the contamination comes from the topsoil used to produce the filter media. On the
other hand, the contamination of the filter media by DBP, DEHP, NP, OP and BPA, appears to have
occurred mainly after its installation. In fact, a mass balance study of the BFS demonstrated an
accumulation of DEHP, OP, NP and BPA in the filter, which greatly exceeded the mass of these
pollutants intercepted from runoff over the first year of operation (Flanagan, 2018). The same study
showed that mass of Pyr and Phen did not change significantly over the study period; mass balances
were not evaluated for Fluo and DBP.
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As phthalates, alkylphenols and BPA are common additives in many synthetic materials, pollution
emissions were suspected from materials used in BFS construction, which included a geomembrane,
an agricultural drain with a filter fabric and asphalt. Indeed, batch leaching tests of all of these
materials revealed significant sources of DEHP, DBP NP, OP and BPA among these materials
(Appendix O). The leaching of organic micropollutants from these sources explains both the elevated
drain concentrations early in the BFS’s operation and the contamination of the soil, as some of the
leached contaminants were sorbed by the filter media. While the sorption of these pollutants to the
filter media limits their exportation from the system and thus the potential for contamination of
receiving waters, it also results in a lower performance of the system over time as the filter media is
now essentially saturated with many of these pollutants.
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As stated above, dissolved concentrations of DBP, OP, BPA, Pyr and Phen all tended to be lower than
those expected at equilibrium with the soil. In addition, CD of these pollutants were typically lower at
the outlet than in RR, at least after the first period of operation. One explanation for this may be that
the reduction in concentrations of these pollutants is not due to sorption but rather to other
processes. For example, DBP and BPA have biodegradation half-lives on the order of 1.4-16 days
(Mackay, 2006)and 2.5-4 days (U.S. National Library of Medicine, 2018) respectively. As such,
significant biodegradation may occur for DBP and BPA at the time scale of filtration.
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As previously described, for Pyr and Phen, the filter media’s contamination likely predates its
installation in the filter. As desorption kinetics of organic molecules are known to become slow as
pollution ages (Brusseau et al., 1991; Pignatello and Xing, 1996), this pollution is probably relatively
immobile, leading to the an effective filter media KD which is higher than its theoretical sorption KD,
resulting in lower dissolved concentrations than those expected at equilibrium with the soil. Sorption
processes may also not be entirely reversible for other organic micropolluants, for which the filter
media was contaminated during the first period of operation through emissions from construction
materials.
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The dissolved phase of organic pollutants do not appear to be at equilibrium with TSS particles: no
significant correlations were observed between CD and OC-normalized TSS particle concentrations
(S/foc, P>0.05) and observed KOC for TSS at all points were often higher than typical values from the
literature (Figure 8) meaning that those pollutants’ CD are low compared to those expected at
equilibrium with the TSS particles.
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RR
BFS
VFS
KOC from the scientific literature
Figure 8: Partition coefficients for organic micropollutants (normalized to particle organic carbon content) in road runoff
(RR), outlet water from the biofiltration swale (BFS) and outlet water from the vegetative filter strip (VFS), compared to
values from the scientific literature (see Appendix C for detailed information). Partition coefficients were not available
for Pyr, Fluo and Phen in the VFS where these pollutants were rarely quantified in the dissolved phase.
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One explanation for the non-equilibrium between TSS particles and dissolved pollutants could be
that these pollutants are present within the materials making up the TSS and are thus not easily
mobilized. For example, tire particles, thought to be major sources of PAH, phthalates and
alkylphenols in road runoff (Markiewicz et al., 2017), are likely to be particulate sources of these
pollutants. In this case, pollutants are embedded in particle matrices; their dissolved concentrations
would be controlled by leaching kinetics from this matrix and would not be expected to reach the
same TSS-water equilibrium as initially dissolved pollutants. It can be seen that partition coefficients
for PAH at the BFS outlet approach KOC values, possibly due to the presence of soil particles which
equilibrate with the dissolved pollutants.
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4. Conclusions
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Although the retention of particles and particulate contaminants was generally quite effective, over a
2-month period in winter during which deicing salt was applied, three events with degraded particle
retention performance were observed. Particle characterization and evaluation of the risk of colloid
dispersion indicated that poor filtration, rather than the dispersion and erosion of fine particles from
the filter media, was responsible for the high outlet TSS concentrations during this period. This poor
filtration was attributed to the relative abundance of very small (< 10 µm) particles in runoff during
this period, which may have at times been combined with preferential flows due to filter media
cracking. However, further research is needed to better understand the impact of this phenomenon
on the device’s pollutant interception performance at the annual scale. Continuous monitoring of

The transport and retention processes affecting particulate and dissolved-phase micropollutants
were evaluated for two stormwater biofilters treating road runoff based on results from an in situ
monitoring campaign covering 19 events over 1.5 years, combined with additional characterizations
of particles, filter media and biofilter construction materials.
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turbidity in road runoff and in water drained from biofiltration devices would allow for a better
characterization of the frequency and seasonality of degraded filtration performance. The
mechanisms leading to smaller particle sizes could be better understood by visualizing particles with
a scanning electron microscope during different seasons and by further characterizing the effects of
SAR, ionic strength and temperature on the agglomeration of road-originated TSS in laboratory
experiments.
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Removal of dissolved pollutants was generally less effective than that of particles, despite the high
adsorption capacity of the filter media measured in the lab. Dissolved concentrations of Cu were
shown to be influenced by the presence of dissolved organic carbon, which likely modifies its
chemical speciation. It was also demonstrated that road sediment and contaminated soil are both
susceptible to leach Zn and Cu, which may lead to increased outlet concentrations of dissolved
metals under some conditions. Better characterizing the chemical speciation of trace metals in road
runoff and in water drained from stormwater biofilters would enable a better understanding of their
transport through these systems and their bioavailability in different types of water.
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Removal of dissolved organic micropollutants appeared to be limited by the contamination of the
filter media. In the case of PAH, the initial filter media concentrations, which were in the range of
background soil contamination in the Paris metropolitan area, were already too high to expect
further reduction of the quite low dissolved PAH concentrations. This result demonstrates the
importance of selecting a filter media with low initial contamination by the pollutants to be treated
(or, on the contrary, adapting treatment objectives to background concentrations of a pollutant in
the environment).
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For other pollutants, including phthalates, alkylphenols and BPA, the filter media was contaminated
during the first period of operation, due to emissions from construction materials (asphalt, drain,
drain filter fabric, geomembrane). As these micropollutants are ubiquitous in synthetic materials,
including such materials in the treatment device is counterproductive. Therefore, an infiltrating
biofilter design with no synthetic materials is preferable to a drained design when these pollutants
are of concern. As drainage may sometimes be necessary, it would be useful to establish standard
protocols for evaluating emissions from materials as well as an archive of emission data from various
materials in order to aide system designers in choosing the least polluting materials possible.
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