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ABSTRACT
Creative solutions to manage stormwater include ecologically based designs, such as biofilter

structures. A laboratory experiment was established to study the ability of biofilters to
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remove nutrients, metals, total suspended solids (TSS) and total organic carbon originating
from roadside stormwater as melted snow. Special attention was paid on the removal of
phosphorus (P). In addition, the fate of microplastics (MPs) in the biofilters was followed.
The materials selected for biofilters were crushed light-expanded clay aggregates without
biochar or amended with biochar, Filtralite P® clay aggregates, crushed concrete or filter
sand. A layer to support grass growth was placed above these materials. Stormwater was rich
in TSS with associated P, and metals, which were substantially retained by all
biofilters.Filtralite and concrete had almost 100% P removal, but the high pH had adverse
effects on plants. Light-expanded clay aggregates had lower retention of P andwhen mixed
with biochar (30% v/v), the leaching of P increased, while nitrogen retention was improved
but . None of the materials was ideal for treating both nutrients and metals, but sand was
generally best. Vegetation improved nitrogen retention and stormwater infiltration. Plant
roots formed preferential pathways for water and associated substances, evidenced by the
accumulation of MPs along root channels. No MPs were found in discharge. Given the high
loading of suspended solids and associated contaminants in snow-melt from traffic areas and
their efficient retention in biofiltration, results of this study suggest the implementation of

such stormwater management solutions along road verges.

INTRODUCTION
Urban areas are significant sources of pollution and, being located mostly next to water
bodies, contribute to the degradation of aquatic ecosystems (Grimm et al., 2008; Gobel et al,
2007). Thus, ecologically based designs for stormwater capture are becoming more common
as creative solutions to manage urban runoff and regulate biogeochemical cycles (Eckhart et

al., 2017; Grimm et al., 2008). The amount of contaminants in urban runoff correlates

This article is protected by copyright. All rights reserved.



Accepted Article

strongly with the degree of impervious surfaces and traffic intensity (Charters et al., 2016;
Ellis and Mitchell, 2006; Kuoppaméki et al., 2014; Valtanen et al., 2014). Vehicular-derived
inputs of sediment, nutrients and metals are the main contributors to urban pollution (Charters
et al., 2016; Ellis and Mitchell, 2006). Particles and pollutants bound in them, including
phosphorus (P), metals and PAHs, are readily deposited close to road verges (Kuoppamiki et
al., 2014; Westerlund and Viklander, 2006) and can be captured by biofiltration (Flanagan et
al., 2019; Hatt et al., 2009). Dissolved nutrients and metals are less well retained by biofilters
(Flanagan et al., 2019; Hatt et al., 2009; Valtanen et al., 2014) but can be enhanced by, e.g.
amending soils with biochar (Kuoppamaiki et al., 2019).

Recently, microplastics (MPs), i.e. plastic items smaller than 5 mm (EPA, 2011), have
received attention among the scientific community and publicity for being ubiquitous and
increasingly found in the environment worldwide (Ajith et al., 2020). MPs can act as a vector
of contaminants that may bioaccumulate in organisms that ingest plastic debris by mistake
(Scopetani et al., 2018). Traffic, e.g. tire abrasion, is one of the main sources of MPs (Kole et
al., 2017) making cities major contributors of MP pollution. Given the good retention of
particles by biofiltration, also microplastics originating from urban milieus may be captured
and, thus, prevented from entering adjacent aquatic systems.

Engineered components in biofilters are essential to retain elements in stormwater and
must be understood to avoid possible unwanted consequences, such as the leaching of
nutrients or metals from the filter media itself (Blecken et al., 2010; Hatt et al., 2009).
Limited knowledge on how to construct viable biofiltration structures is one of the greatest
barriers to a wider adoption of new stormwater management techniques (Eckhart et al.,
2017). Bioretention media typically contain sand (Eckhart et al., 2017), but in order to

support sustainable, low impact development and circular economy, there is a need to explore
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different types of media, including reused products, such as industrial by-products (Funai and
Kupec, 2017). Alternatives to sand should preferably have a low environmental footprint.
Besides being recycled, they should be local rather than faraway imported materials (Hatt et
al., 2009; Mohanty et al., 2018). Filter materials should also be able to support plant growth,
since by taking up nutrients, especially nitrogen, and improving hydraulic conductivity,
vegetation is an essential component of biofilters (Funai and Kupec, 2017; Hatt et al., 2009;
Henderson et al., 2007; Kuoppamaki et al., 2019; Leroy et al., 2016; Valtanen et al., 2017).

When attempting to reduce eutrophication of fresh waters, a prerequisite is to decrease the
loading of P, the key nutrient stormwater treatment systems are intended to remove (Funai
and Kupec, 2017). This can be enhanced by using filter materials with high P retention
capacity, such as calcinated expanded clay, limestone (Vohla et al., 2011) or aerated concrete
(Karczmarczyk et al., 2014). Concrete aggregates are a cheap residue to be considered in
biofiltration (Egemose et al., 2012). Light-expanded clay aggregates also retain P (Amado et
al., 2012; Vohla et al., 2011) but, being non-recyclable material, is less environmentally
sustainable than e.g. concrete residues. However, replacing sand with lightweight expanded
shale (clay) is desirable since shale has the good physical properties of sand and the
biological and chemical benefits of clay (Funai and Kupekc, 2017). Biochar, when produced
from waste or by-products, meets the criteria for being recycled and can retain nutrients
and/or metals, depending on feedstock material and production process (Kuoppamaiki et al.
2019; Mohanty et al., 2018; Shaheen et al., 2018).

To enhance our understanding on the performance of filtration materials in stormwater
biofiltration, a laboratory experiment was established to compare the retention of suspended
solids, nutrients, metals and total organic carbon by five types of filter materials for

stormwater management suggested by product developers and practitioners as a a part of a
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project aiming to improve the sustainable treatment of urban runoff. Filtralite P®, a light-
expanded clay aggregate product developed for removing P from water, was hypothesized to
be most efficient in removing P, followed by normal crushed light-expanded clay aggregates
and, furthermore, concrete was assumed to be a competent alternative recycled material.
Enhanced nutrient retention was expected in light-expanded clay aggregates amended with
biochar. Sand was selected as a control due to its widespread use as a filter material and was
assumed to be less efficient in the removal of pollutants, especially P, as compared to
materials developed for this purpose. Attention was paid to the suitability of the materials to
support plant growth. The retention of MPs, i.e. fluorescent polyethylene microspheres (up to
10 um in diameter), was studied in biofilters containing either sand or normal light-expanded

clay aggregates.

MATERIALS AND METHODS

Experimental setup

A replicated laboratory experiment was established to simulate biofiltration systems
receiving urban runoff from roads with heavy traffic and the deposition of MPs. Five
different materials were studied for their capability to purify stormwater, each in five
vegetated and one non-vegetated treatments. The materials selected for the experiment were:
1) crushed light-expanded clay aggregates (hereafter referred to as L) sieved to 3-8 mm, 2)
the same L amended (30% by volume) with biochar made of spruce wood (hereafter referred
to “Lbc”), 3) 0.5-4.0 mm L activated to retain P (Filtralite P®; hereafter “Fil”), 4) crushed 2-
20 mm recycled concrete, a side product of a concrete factory (hereafter “Con”) and 5) 0.5-2
mm filter sand (hereafter “S”). Biochar was produced from spruce under slow pyrolysis at

600°C and had a weight of 167 g L™, pH 8.9, BET surface area of 163 m? g and a pore size
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distribution of 95% <2 nm and 5% 2-50 nm. Biochar was sieved through 2 mm to remove
fines, resulting in 2-20 mm particle size.

Each treatment had six replicates of which five had plants, reed canary grass Phalaris
arundinacea variegatus, and one was without plants. This species was selected due to its
good performance in stormwater biofiltration (Valtanen et al. 2017). One planted replicate of
each treatment was placed in a transparent acrylic container that allowed for the monitoring
of root growth and the fate of MPs. All the remaining replicates were placed in PVC
containers (height 60 cm and diameter 16 cm , 0.1 m’ volume) the size of containers being
comparable to several previous studies on stormwater biofiltration (e.g. Barrett et al., 2013;
Feng et al., 2012; Glaister et al., 2014) and suitable for the space available for this study. The
experiment altogether consisted of 30 cylindrical containers, . Each container was equipped
with a 50 cm transparent riser pipe, attached to the outlet on the lower edge. This pipe was
used to monitor and control water level in the containers and to collect water samples. The
containers were placed in a randomised block design below plant lights (240-370 umol
photos m?s") with a light:dark cycle of 14:10 h. At the bottom of each container, a 5 cm
layer of coarse gravel (diameter ca. 20 mm) was added as a drainage layer and the filter
material was added above this as a 35 cm layer. At the top of each container, a 10 cm thick
layer of peat and filter sand mixture was added as the growing medium for plants, also in the
containers without plants.

Infiltration of stormwater and microplastics

Stormwater was collected as snow just before melting in early April 2018 at crossroads
in the city of Lahti, southern Finland, next to a busy road (ca. 34 000 vehicles/day), where
roadside snow is shown to be rich in contaminants (Kuoppamaéki et al., 2014). Snow was kept

in cold storage until using it as melted water for irrigating the biofilters.
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Before stormwater addition, containers were allowed to stabilise and the plants to grow
for 7 weeks at 18 °C, and biofilters were kept moist by irrigating them weekly with 250 ml
tap water. Two rain events were designed to mimic minor rainfall depth of <10 mm, typical
for the local climate, with daily precipitation exceeding this depth is recorded on only 10 to
15 days yearly (FMI 2020). The first irrigation simulated a “spring event” with 4.5 mm (=1.8
l/container) stormwater entering wet soil after snowmelt. Thereafter, temperature was raised
to 23 °C and biofilters were left without watering for two weeks until the second irrigation,
simulating a “summer event” with 6 mm (=2.4 1/container) runoff on dry soil.

To ensure that discharge originated from the added stormwater, containers were drained
before both irrigations. Stormwater was left infiltrating for 24 hours and then discharge was
collected, volume quantified and samples taken for water quality analyses.

Twelve weeks after the start of the experiment, 18" June, S and light-expanded clay
treatments were used for a microplastic infiltration experiment. 5 g fluorescent polyethylene
microplastic beads up to 10 um in diameter, coated with luminescence dye (manufacturer
Shenyang LTD, Shenyang 110000, Liaoning province, PR China) was mixed in 250 ml tap
water and added to each container. The fate of microplastic granules was visually followed
during the last 5 weeks of the experiment through the walls of the transparent acrylic
containers and, at the end of the experiment, the deepest depth with the presence of MPs was
examined in all 12 containers used in the MPs study.

Grasses were cut at 25 cm height after the second stormwater infiltration and at the end
of the experiment on 26" July, all plant material was carefully collected. Shoots and roots
were dried at 60 °C for 20 h and weighed for dry mass. The total length of 17 weeks was

considered enough for the experiment, given the declining condition of grasses in Fil and Con
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treatments. In addition, the experiment was a part of a larger project, which was approaching
its end.
Laboratory analyses

Samples from discharge, i.e. infiltrated stormwater, and a composite sample for
stormwater used for irrigation were first measured for pH by using WTW Inolab pH 720.
Total suspended solids (TSS) were analysed according to the SFS-EN 872 (2005) standard by
filtering a known volume of water (100-900 ml) through pre-weighed Whatman GF/C filters
(1.2 um pore size; Whatman International, Maidstone, UK), which were dried at 105 °C for 2
h and weighed again to obtain the concentrations of TSS as mg 1. Total organic carbon
(TOC) was analyzed from samples taken after the first irrigation according to SFS-EN 1484
by using Teledyne-Tekmar Apollo 9000HS with 1-100 ppm C range. Nonfiltered samples
were oxidized and analyzed for concentrations of total nitrogen (TN) according to SFS-EN
ISO 11905-1 and total phosphorus (TP) according to ISO/DIS 15681-2 standard; which was
also used for analyzing dissolved P as phosphate (PO,). Filtered samples were oxidized and
measured for total dissolved P also in particles that penetrate through 0.45 pm filter
(Whatman). Dissolved nitrogen (NOy; including NO, and NOs) was analyzed following the
SFS-EN ISO 13395 standard. All nutrient fractions were analyzed using a spectrophotometer
(Gallery Plus, Thermo Scientific).

Concentrated HNO; (50 pl) and 50 pl ofa 1 mg L indium solution was added as an
internal standard for metal analyses and the sample was mixed well with vortex. For
dissolved metals, samples were filtered through 0.45 pm filter and for total metals (both
particle-bound and dissolved), a 20 ml sample of non-filtered water was digested with 5 ml of
concentrated nitric acid and 25 ml of ultrapure water in a Mars 6 microwave device (method

US EPA 3015a). One ml of the sample was diluted with 4 ml of ultrapure water and 50 pl of
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indium (1 mg I'") was added to the sample. Metal concentrations were determined using a
Perkin-Elmer Elan 6000 ICP-MS according to SFS-EN ISO 17294-2 (2005).

The leaching of metals and nutrients from crushed light-expanded aggregates, biochar,
Filtralite P®, crushed concrete and sand was tested by applying SFS-EN 13652 standard. 20 g
of each material was weighed to 100 ml ultrapure water, kept in a shaker for 60 min, after

which subsamples were taken for analyses as described above.

Data analyses

Statistical analyses were run using IBM SPSS Statistics Version 21 for Windows. The
impact of filter treatments on water retention and discharge quality was studied by repeated
ANOVA together with Tukey’s post hoc test to detect possible differences between the
treatments at <0.05 significance level. If the assumptions for parametric tests were not met,
log-transformation was used to stabilize heterogeneous variances or to normalize the
distribution (nevertheless, non-transformed values appear in the figures). The same analysis
was used to study the impact of filter treatments on plant biomass. Independent samples T-
test was employed to study the impacts of vegetation on discharge quality and water retention
by comparing values obtained from non-vegetated treatments with averages of the vegetated
treatments.

In order to study how well each material retains multiple metals, original EMC values
(x;) were normalized by calculating z-scores (z;):

z; = (x; — m)/s, where m = mean and s = standard deviation

As z-cores are standardized values, they enable a comparison between different

variables irrespective of their absolute values and can be summed to compare the amount of
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metal mixtures in the discharge from the various bioretention treatments. The impact of filter

treatments on these z-scores was analyzed by repeated ANOVA as described above.

RESULTS
The retention of nutrients in biofilters

The added stormwater was rich in total phosphorus (TP), while event mean
concentrations (EMC) in discharge from biofilters were very low (Fig. 1). Fil retained all TP
and the second best filters were Con and S (Tables 1 and 2, Fig. 1). Only ca. 0.30% and
0.15% of stormwater P was dissolved TP and phosphate (POj), respectively. Dissolved TP in
stormwater was very low compared to biofilter outputs, resulting in mostly negative retention
(Table 1). PO4 was reduced by Fil, Con and, in the latter irrigation, S, but increased in
concentration in the discharge of L and Lb (Table 1, Fig. 1).

Lb, Fil and S had 11-37% total nitrogen (TN) removal in the second irrigation, but
otherwise more TN was present in outlet than input water (Table 1, Fig. 1). NOy retention
was highest in Lb and S (Table 2) and was improved by vegetation (t = 2.49, p = 0.038; Fig.
1).

Discharge from biofilters following stormwater irrigations had lower concentrations of
PO, and NOy (Fig. 1) compared to those obtained in the leaching test, which suggested that
light-expanded clay aggregates and biochar were sources of PO4, and concrete a source of

NOx (Table Al).

The retention of metals in biofilters
The added stormwater had high concentrations of total metals: zinc (Zn) 1222 pg L™, cobalt

(Co) 136 pug L', cadmium (Cd) 1 pg L, arsenic (As) 21 pg L™, copper (Cu) 639 pg L™,
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chromium (Cr) 250 pg L, lead (Pb) 44 pg L' and nickel (Ni) 133 pg L. However,
concentrations in biofilter discharge were mostly below the limits of quantification, except
for As, the concentrations of which were 2 x higher in discharge from L and Lb (ca. 40 ng/1)
than in stormwater, and significantly higher compared to the other treatments (Table 2). Cu
was most efficiently retained by Fil and Ni by S and Con (Table 2).

Dissolved metals in stormwater were only between <1% and 3% of total metal levels, but
elevated levels were measured in the discharge (Fig. 2). Discharge from L and Lb had the
highest concentrations of Cd and As. Fil was associated with elevated Pb levels. Discharge
from Con had the highest levels of Cr and Pb. Zn was reduced by biochar (Table 2, Fig. 2).
However, the leaching of dissolved metals from the filter materials to ultrapure water was
low, below maximum limits considered suitable for landfill and tap water in Finland. Only
As leached from L at levels exceeding the maximum limit suitable for tap water (Table Al).
To evaluate the ability of the materials to retain a mixture of dissolved metals, standardized
EMC values were compared. S turned out to be the best filter material (Anova; /= 10.97, p

<0.001, Tukey p <0.01; Fig. 2). Vegetation did not affect retention of the metal mixture.

The retention of particles and microplastics (MPs) in biofilters

96-100% of total suspended solids (TSS) were retained by the biofilters (Table 1) despite
high concentrations of TSS in the stormwater (7796 and 7027 mg L™ in the first and second
irrigation event, respectively). TSS concentrations in biofilter discharge varied from ca. 10 to
60 mg L.

The infiltration of MPs was seen via fluorescent color in darkness and primarily present

especially around plant roots (Fig. 3). By the end of the experiment, the maximum
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infiltration depth of the MP beads in vegetated systems was 8-12 cm, while in non-vegetated

ones it was 4-6 cm. No MPs were detected in the discharge.

pH in stormwater and discharge from biofilters, and the retention of TOC in biofilters
Stormwater had a pH 7.9 and when infiltrating through Fil and Con became highly alkaline
having a pH value greater than 12, which was significantly higher as compared to discharge
from the other biofilters with pH 7-8 (Table 2).

Stormwater contained 35 mg L™ TOC, which was retained only by Fil and S (Table 1), with
average concentrations of 14 and 33 mg/l, respectively. L and Lb had 2 x higher

concentrations compared to stormwater. Discharge from Con contained ca. 113 mg L™ TOC.

The volumetric retention of stormwater in biofilters

20-40% of the added stormwater was retained, with the highest retention in F and the lowest
in S (Tables 1 and 2). The presence of vegetation improved retention during the summer
event by ca. 20% as compared to non-vegetated treatments (t = -4.83 p = 0.001). Plants
accelerated water infiltration, as it only took minutes to absorb the added stormwater, while

in non-vegetated containers it took several hours.

Plant growth in biofilters

In L, Lb and S, grass roots reached the bottom of the containers (50 cm from the soil surface)
by the end of the first month. However, roots did not extend deeper than 15 cm from the soil
surface in Fil and Con. The weakened growth of roots was associated with stunted growth

evidenced as lower root biomass (6.2 = 0.7 and 5.6 = 0.7 g dw in Fil and Con, respectively)
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compared to the other treatments (10.1 £ 2.6, 8.0 £ 0.8 and 10.9+ 1.9 gdw in L, Lb and S,

respectively).

DISCUSSION
Nutrients and total suspended solids

Particles in the melted roadside snow were very abundant, the TSS concentration being
1.5 x higher than found by Valtanen et al. (2014) in wintertime urban runoff. Antiskid
treatment and the wearing of road surfaces by winter tires next to the snow collection site
probably were the main origins of TSS. Stormwater was also enriched with TP, which was
almost entirely bound to particles, as is typical to urban runoff (cf. Blecken et al., 2010).
Given the good retention of TSS (97-100%), TP was also well retained by biofilters. TSS and
associated TP is removed simply by effective physical straining in biofiltration (Glaister et
al., 2014; Hatt et al., 2007; Mangangka et al., 2015; Shrestha et al., 2018). As expected, the
most efficient filter material in the removal of TP was Filtralite P* (Fil) with a 99-100%
reduction, while crushed concrete (Con) turned out to be a competent alternative recycled
material with 87-98% removal. Traditional filter sand (S) was also efficient (95-97%). The
good performance of biofilters in purifying stormwater of P encourages their implementation
in urban catchments, since P is the main limiting nutrient and P loading is the primary agent
in causing fresh water eutrophication (Wetzel, 2001).

Although biofilter outputs had more dissolved TP and PO4 than stormwater input,
concentrations were very low as compared to the high TP in stormwater. In the leaching test,
light-expanded aggregates (L) and biochar released 7-11 x more POy than the other materials.
Vohla et al. (2011) report that L products mostly have high P-sorption capacity, close to 90%,

but sometimes <10%. In other cases, L only had moderate (24%) P removal (Amado et al.,
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2012) or was not reactive to P (Karczmarczyk et al. 2014). In this experiment, amending L
with biochar increased P release, so spruce-based biochar was a source of P, and was also
supported by the leaching test. Birch-based biochar is capable of retaining P (Kuoppamaéki et
al. 2016). Feedstock material and pyrolysis temperature determine the performance of
biochar (Shaheen et al., 2018). The same probably applies to clay minerals, the feedstock
material of L. Geologic origins of L can be used as a screening criterion for finding potential
materials with high P sorption capacity (Baker et al., 2014).

The removal of P relies on chemical properties of the filter medium, such as the content
of Ca, Fe, Al and Mg (Baker et al., 2014; Shrestha et al., 2018; Vohla et al., 2011). Fil and
Con were rich in Fe and Al, which, together with high pH probably explain their effective P
retention. However, effluent with very high pH (>9) may not be allowed to discharge into
water bodies, so outlet pH should be neutralized or diluted (Egemose et al., 2012; Vohla et
al., 2011), but in Finland high pH is not of major concern as lakes and rivers are mainly soft
and often humic (Niemi et al., 2004).

Biofilters were less effective in the removal of N than P, the amount of TN being higher
or equal compared to TN in stormwater, in agreement with previous studies (Blecken et al.,
2010; Hatt et al., 2009; Leroy et al. 2016; Shrestha et al,. 2018; Valtanen et al., 2017). NOy
was well retained by Lb and S, while the other treatments showed negative retention. Thus,
biochar improved N retention despite elevated NOy in the leaching test, perhaps due to the
longer detention time in stormwater infiltration compared to that in the leaching test, as
increasing detention time can improve retention (Mohanty et al., 2018).

Vegetation had negligible impacts on P retention, in agreement with previous studies
by, e.g. Glaister et al. (2014) and Valtanen et al. (2017), although grasses have also been

reported to remove TP (Barrett et al., 2013). N dynamics is driven more by biological
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processes than P dynamics (Shrestha et al., 2018), explaining the generally good N retention
by vegetation in biofiltration (Glaister et al., 2014; Hatt et al., 2009; Henderson et al. 2007,
Valtanen et al., 2017). In this experiment, the only significant impact of grasses was the

improved NOy retention.

Metals

Metals in stormwater occurred almost exclusively in particulate form, as dissolved
forms contributed ca. <1% of those in particulate fraction. Especially during cold conditions
and snow melt. metals are largely particulate bound in urban runoff (Trowsdale and Simcock,
2011; Valtanen et al., 2014; Westerlund and Viklander, 2006). Biofilters efficiently retained
total metals due to the efficient sedimentation and physical straining of suspended solids with
the associated metals, in accordance with other biofilter studies (Hatt et al., 2009, Trowsdale
and Simcock, 2011). An exception was As that occurred at elevated levels in discharge from
L. In the leaching test, As concentration was 2.5 x higher than the maximum limit suitable for
tap water in Finland. Arsenic is a natural component of the earth’s crust and widely
distributed throughout the environment, but being a toxic metalloid can cause groundwater
problems (WHO, 2018). As can accumulate in earthworms in high concentrations causing
risks to soil ecosystems (Kilpi-Koski et al., 2019). Perhaps clay minerals used in
manufacturing L were the source of As. Another trace element present at elevated
concentrations was Cr that leached from Con, although not exceeding maximum limits set for
Cr in Finland.

Dissolved forms of metals were generally much higher in discharge from biofilters
compared to those in stormwater input. Flanagan et al. (2019) also found dissolved

concentrations of trace metals in outlet water that frequently exceeded those in road runoff
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with much better removal of particle bound metals. Like in the case of P, perhaps also part of
the metals bound to particles become dissolved when infiltrating through biofilters.

Vegetation did not affect metal retention, in contrast to previous findings (Feng et al.,
2012; Leroy et al., 2016). Despite deep root systems in the L and Lb treatments, discharge
contained even higher concentrations of As, Cu and Ni compared to non-vegetated systems,
perhaps due to preferential flow paths created by plant roots, as has been found by Feng et al.
(2012).

In the real world, the environment always contains mixtures of substances, such as
various metals in stormwater entering freshwater systems (EEA, 2018). Cr, Cu, Pb, Ni, Zn,
As, Cd and Co have been listed by the EEA (2018) as metals causing risking the ecological
status of water bodies. Water infiltrated through S had clearly the lowest joint concentrations
of substances, indicating the excellence of traditional sand filters over artificial, man-made
materials, which were themselves also sources of these elements. However, with the
exception of As in L, the concentrations in leachates were well below the limits set for

maximum values.

Total organic carbon (TOC)

Stormwater was rich in TOC, close to maximum values found by Valtanen et al.
(2014). Even higher levels were measured in discharge from L, Lb and Con, suggesting these
materials as sources of TOC, while Fil and S retained more than half of TOC. TOC carried by
stormwater probably stems from organic dust particles, originating from the combustion of
fossil fuels (Gobel et al., 2007). Similar to Henderson et al. (2007), this study found

negligible impacts of vegetation on the removal of TOC.
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Stormwater infiltration and the fate of MPs

Vegetation increased stormwater retention in the summer event. Another benefit of
plants was the greatly accelerated infiltration, in agreement with previous studies (Barrett et
al., 2013; Mangangka et al., 2015; Valtanen et al., 2017). Plant roots create air space,
improve water holding capacity and, regardless of season, hydraulic performance (Valtanen
et al., 2014). Roots form preferential pathways for water and associated substances, shown
for instance by the concentrated presence of MPs along root channels. As MPs were carried
by water via these channels, so were obviously also other particles, which — together with
associated substances — concentrated along root channels, where MPs were carried deeper in
the soil than in non-vegetated systems. No microplastics were detected in discharge,
highlighting the efficiency of biofilters in capturing MPs, similar to their capture of TSS. Due
to the slow degradation of MPs and, thus, persistence in the environment (Ajith et al., 2020),

it is important to develop measures to prevent them from entering water bodies.

Vegetation growth

L, Lb and S were favorable for the growth of plants, while Fil and Con with very high
pH were detrimental to grasses. Thus, if the latter two filter materials are to be used in
vegetated biofilters, they should be neutralized at least to some extent or diluted by mixing

with other materials.

CONCLUSIONS
High amounts of TSS, MPs, TP and total metals in stormwater can be reduced through
retention processes in biofilters. Especially important is the removal of P to prevent

eutrophication of adjacent water bodies. Road verges provide feasible sites for biofiltration,
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given the high loading of contaminants from traffic areas. Although none of the materials was
identified as ideal for treating both nutrients and metals, traditional sand turned out to be the
best filtering material for removing most nutrients and metals, as well as providing a suitable
growing medium for vegetation. Of the man-made materials, crushed concrete and Filtralite
were more effective in the removal of P than light-expanded aggregates or biochar. In sites
where P removal is important, Filtralite or concrete aggregates can be considered as
alternatives to sand, but high pH values are unfavorable for plant growth. Thus, man-made
materials provide an arena for further studies on how to improve their performance in
stormwater treatment solutions. As MPs were detected mostly around plant roots, future
studies should unravel whether plant roots can take up MPs <50 nm, or nanoplastics to be
more precise, and the possible ecotoxicological effects of their accumulation in plants.
Longer term studies are also needed to determine whether MPs percolate through filter layers
in due course. Another important reason for longer term studies spanning for years rather
than only weeks is the fact that in due course pollutants will accumulate in biofiltration

structures, which was not taken into account in this experiment.

Supplemental information: Appendix A
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Figure legends:

Figure 1. Event mean concentrations (averages of the two irrigations) of nutrients in the
added stormwater (sw; stars) and in discharge from the five filtration treatments without
vegetation (circles) or with vegetation (boxes). The top and bottom of each box are the 31
and 1™ quartiles, respectively. The average is shown with a cross (X) and median with a cross
line. Whiskers indicate maximum and minimum values. L = light-expanded clay aggregates,

Lb = L amended with biochar, Fil = Filtralite P®, Con = crushed concrete and S = filter sand.

This article is protected by copyright. All rights reserved.



ccepted Article

2.5- TP 0.6 - PO,
i o]
0.4 1 x
|

0.3 - =

1 4
02|
05| _ = oom)

=0
D T T |ﬂ-|@l=&| Dﬂ* T |m|ﬁ|'&(_|
sw L Lb Fil Con S sw L Lb Fil Con S
GR 6 -
TN o NO,
5 A 5 4
o O
4 4

bg L

i *5@ > @. ;*E . ;E

sw L Lb Fil Con S sw L Lb Fil Con S

Figure 2. Event mean concentrations (averages of the two irrigations) of dissolved cobalt
(Co), cadmium (Cd), arsenic (As), copper (Cu), chromium (Cr), lead (Pb) and nickel (Ni1) in
the added stormwater (sw; stars) and in discharge from the five filtration treatments without
vegetation (circles) or with vegetation (boxes). Also shown is the sum of dissolved metals
(final plot) calculated as standardized z-scores from the original concentrations. Treatment

abbreviations and box plot details are explained in Fig. 1.
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Figure 3. Top 5 cm of a biofilter structure with the dense root network and associated blue
color indicating the presence of microplastics (MPs) in daylight (upper photograph) and the

glowing fluorescent blue color of MPs concentrating along root channels in darkness (lower




Accepted Article

Tables:

This article is protected by copyright. All rights reserved.



Table 1. The average retention (%) of nutrients, metals, total suspended solids (TSS), total

organic carbon (TOC) and the volumetric retention of stormwater by the vegetated treatments

@ during the two irrigation events simulating spring and summer conditions. Note that the
~ retention of dissolved fractions of both nutrients and metals are computed against
< ’ concentrations of total (not dissolved) nutrients and metals in stormwater (Figs. 1 and 2 show
° ﬁ how much dissolved forms of pollutants in stormwater are retained by biofilters). Lines (-)
H indicate negative retention, which means that concentrations increased as compared to those
H in stormwater. Treatment abbreviations are explained in Fig. 1.
1* irrigation “spring” 2" irrigation “summer”
L Lbc Fil Con S L Lc Fil  Con S
Total nutrients
TP 75 5299 87 95 90 87 100 98 97
TN -431 -182 -142  -896 -69 -34 31 11 -102 37
Dissolved nutrients (as compared to total nutrients in stormwater)
TP 82 62 100 98 99 93 89 100 100 100
@ PO, 90 78 100 100 100 91 82 100 100 100
TN -348 -146 -139  -786 -37 -172 -46 -121  -387 -14
H NO, -67 9% 4 371 97 41 98 6 -146 98
Total metals, i.e. both solid and dissolved
Al 100 99 100 99 98
Cd 78 78 87 89 87
Co 98 98 99 98 97
® Cr 100 99 99 93 98
Cu 96 93 99 93 95
Ni 82 84 78 88 92
< ) Zn 96 98 99 99 97
As -95 99 97 93 89
Pb 98 97 95 88 93
Dissolved metals (as compared to total metals in stormwater)
Al 100 100 100 100 100
Cd 82 81 92 94 94 84 88 91 96 93
Co 98 99 99 99 99 99 99 99 99 99
Cr 100 100 100 93 100 100 100 100 95 100
Cu 96 94 99 94 98 96 97 99 94 98
Ni 83 8 74 85 95 86 93 82 89 98
Zn 98 99 100 100 100 100 100 99 100 100
As -127 -131 97 94 97 -75 32 98 96 97
Pb 100 100 99 96 100 100 100 97 95 100
TSS 100 96 99 97 98 100 99 99 99 99
TOC 9 4 77 -123 54
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volumetric 28 28 34 36 19 | 41 36 46 37 39

Table 2. Repeated measures ANOVA results on the effects of irrigation time and biofilters
(treatment) on the event mean concentrations of nutrients, metals, total suspended solids
(TSS) and total organic carbon (TOC) as well as pH in leachate waters collected from
vegetated containers following the two stormwater irrigation events. Also shown are
differences in the volumetric retention of stormwater. Total metals and TOC were measured
only following the first irrigation event. The last column shows the results of a post hoc
Tukey’s test indicating statistical differences among treatments. Treatment abbreviations and

box plot details are explained in Fig. 1.
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Time x
Time Treatment Treatment Tukey’s test
F p F p F p
Nutrients
TP 3.84  0.064 0.58 0.680 47.11 <0.001 Lb>L>Con>Fil|Lb>L>S>Fil
TP dissolved 6.26  0.021 1.63 0205 11.83  0.003 Lb>L>Fil, Con,S
PO, 11.85  0.003 0.86  0.502 968.14 <0.001 Lb>L>S>Fil Con
TN 11.91  0.003 215 0.112 409 0.014 Con>S
TN dissolved 29.31 <0.001 246  0.079 1424  0.012 Con>S
NO, 881 0.008 1.82 0.165 1297 <0.001 L>Lb|L>S|Fil>Lb|
Con>Lb| Fil>S| Con>S

Total metals

Cd 2.66  0.063

Co 2.57  0.070

Cr 15.16 <0.001 Con>L,Lb,Fil|S>Fil

Cu 13.47 <0.001 L,Lb,Con,S>Fil

Ni 6.81  0.001 L,Lb,Fil>S| Fil>Con

Zn 0.72  0.585

As 50.54 <0.001 L,Lb>Fil, Con,S

Pb 1549 <0.001 Con>L,Lb|Fil>L|S>L
Dissolved metals

Cd 0.20 0.66 1.17  0.352 8.87  0.001 L >Con,S]| Lb>Con

Co 63.22  <0.001 1.67  0.197 1.95 0.141

Cr 0.25 0.623 2778 0.055 11.68 <0.001 Con>L,Lb,Fil, S

Cu 3.15  0.091 412  0.013 10.03 <0.001 L,Lb,Con,S>Fil

Ni 69.94 <0.001 3.57  0.024 12.49 <0.001 L,Lb,Fil, Con>S

Zn 7.18  0.014 2.64  0.064 332 0.031 L>Con

As 28.31 <0.001 1.04 0412 153.03 <0.001 L,Lb>Fil, Con,S

Pb 0.01 0931 10.76 <0.001 34.16 <0.001 Fil,Con>L,Lb,S
TSS 6.27  0.021 243  0.081 8.19 <0.001 Lb,Fil,Con, S>L
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TOC 1396  0.003 L,Lb,Con>Fil|Con>S
pH 226  0.148 312 0.038 2695 <0.001 Fil,Con>L,Lb,S
volumetric 298 <0.001 244  0.080 3.11 0.038 S>Fil

Accepted Article

This article is protected by copyright. All rights reserved.



