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Abstract: Stormwater runoff from roadways often contains a variety of contaminants such as
heavy metals, which can adversely impact receiving waters. The filter media in stormwater
filtration/infiltration systems play a significant role in the simultaneous removal of multiple
pollutants. In this study, the capacity of five filter media—natural quartz sand (QS), sandy soil (SS)
and three mineral-based technical filter media (TF-I, TF-II and TF-1II)—to adsorb heavy metals (Cu,
Pb and Zn) frequently detected in stormwater, as well as remobilization due to de-icing salt (NaCl),
were evaluated in column experiments. The column breakthrough data were used to predict lifespan
of the filter media. Column experiment operated under high hydraulic load showed that all technical
filters and sandy soil achieved >97%, 94% and >80% of Pb, Cu and Zn load removals, respectively,
while natural quartz sand (QS) showed very poor performance. Furthermore, treatment of synthetic
stormwater by the soil and technical filter media met the requirements of the Austrian regulation
regarding maximum effluent concentrations and minimum removal efficiencies for groundwater
protection. The results showed that application of NaCl had only a minor impact on the remobilization
of heavy metals from the soil and technical filter media, while the largest release of metals was
observed from the QS column. Breakthrough analysis indicated that load removal efficiencies at
column exhaustion (SS, TF-I, TE-II and TF-III) were >95% for Cu and Pb and 80-97% for Zn. Based on
the adsorption capacities, filtration systems could be sized to 0.4 to 1% (TF-I, TF-II and TF-III) and
3.5% (SS) of their impervious catchment area and predicated lifespan of each filter media was at
least 35, 36, 41 and 29 years for SS, TF-1, TF-II and TF-III, respectively. The findings of this study
demonstrate that soil—based and technical filter media are effective in removing heavy metals and
can be utilized in full-stormwater filtration systems.
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1. Introduction

Stormwater runoff from vehicle trafficked areas and roofs contains a heterogeneous mixture of
pollutants including solids, heavy metals, organic pollutants, such as polycyclic aromatic hydrocarbons
(PAHs), and mineral oil hydrocarbons (MOH), nutrients and compounds of de-icing salts, which can
cause significant hydrological and ecological impacts on receiving waters [1-3]. Heavy metals such
as cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), nickel (Ni) and zinc (Zn) are the most
frequently reported pollutants in roadway and parking lot runoffs, mainly emitted from vehicles and
traffic-related activities [3-6]. Heavy metals are mobile in natural water ecosystems, non-degradable
and potentially toxic, as they can accumulate in the environment causing both short term and long
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term adverse effects [7,8]. Furthermore, various studies noted that roadway runoff are likely to
induce mutagenic/genotoxic effects due to the combined effects of heavy metals and PAHs [9,10].
Consequently, treatment of stormwater has become increasingly important to mitigate its negative
ecological effects.

A diverse range of soil-based stormwater control measures such as filter strips and swales,
infiltration systems, storage facilities (e.g., detention basins, retention ponds and wetlands), filtration
systems (storm filter) and porous pavement have been widely used to reduce the adverse hydrological
and ecological impacts on receiving waters [11,12]. However, some of these treatment technologies
are not effective for the removal of dissolved pollutants, spatially too limited or usually suffer from
early clogging [2,13]. Stormwater infiltration/filtration systems that utilize granular adsorptive filter
media enabling high infiltration rates, which can be retrofitted in small compact systems, are receiving
increasing interest due to their ability to remove both dissolved and particulate pollutants [13-15].
The removal of pollutants is achieved via a number of processes including sedimentation, filtration,
sorption, ion exchange, surface complexation and transformation [5,12,16,17].

Studies both under laboratory [2,5,6,13,18,19] and field conditions [14,16,20] have investigated the
ability of adsorptive filter media mixtures and soils to retain pollutants from percolating stormwater.
For example, Thomas et al. [18] tested the performance of mixed filter media composed of crushed
aggregate and three active ingredients: perlite, dolomite and gypsum in column experiment using
synthetic stormwater reported over 90% removal efficiencies of copper and zinc. The Authors found
that the media mix has an estimated lifespan of 14 to 22 years for copper and zinc loading. Bioretention
systems with media mixes (sand, soil and mulch) achieved over 96% removal efficiency of oil/grease,
suspended solids and Pb [19]. In a large-scale laboratory filter system, Reddy et al. [13] evaluated the
efficiency of mixed media consisted of calcite, zeolite, sand and iron filings observed that over 90%
(Cd, Cz, Cu, Pb and Zn) and 75-88% nutrients were removed from synthetic stormwater. Soil-based
filters are efficient for the removal of solids, Cu, Ni, Pb, Zn and PAHs [5,21]. Unfortunately, results
regarding pollutant removal efficiencies, equilibrium/effluent concentrations and sorption capacities
were highly variable among the studies as well as these results may not be comparable to field
conditions. These variabilities could be related to many factors including single solute solution versus
multi-solute solution, influent concentration, pH, flow rate, flow direction (i.e., upflow vs. downflow
mode) and filter bed height [21-24]. Column sorption experiments were mainly conducted with
metal concentrations much higher than the levels in real roadway runoff waters [6,25] and also it is
important to consider the simultaneous removal of co-existing metals [23]. The candidate filter media
should be able to bind and adsorb multiple metals of significantly varying concentrations. In this
context, the results of both laboratory [13,21,24,26] and field experiments [14,16] have demonstrated
that soil-based and mixed media based decentralised stormwater infiltration/filtration are effective and
affordable. Metals adsorbed to the filter media might not be permanently immobilized. De-icing road
salts in winter periods may interfere with the operation of stormwater treatment facilities, for example
the release of chemicals [27,28]. In column study, Norrstrom [28] demonstrated that a large part of
Pb, Cd and Zn in highway roadside soils are vulnerable to leaching when exposed to a high NaCl
(5.84 g/L) concentration. From field studies, Bauske and Goetz [29] also found a strong effect of NaCl
solution on Cd and Zn. Additionally, studies have been conducted to examine the remobilization
of heavy metals adsorbed onto filter materials used for stormwater treatment [6,25]. In laboratory
column experiment, Huber et al. [6] have shown that pure NaCl (10 g/L) had a minor effect on the
remobilization heavy metals. Recently, NaCl solution has been used to investigate the remobilization
of previously adsorbed heavy metals, which is a crucial test criterion for the certification of filter media
in Austria [30] or filtration systems in Germany [31].

Increased mobility of heavy metals coincident with road salt applications have been observed in
road side soils and filter media used in stormwater filtration systems by various mechanisms, including
the competition of salt derived cations with positively charged heavy metal species for sorption sites
on the solid phase (ion exchange), lowered pH, formation of chlorocomplexes and possible colloid
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dispersion [27-29,32]. The mobility of heavy metals induced by NaCl application might not behave in
the same way. The mechanisms mentioned above exert their effect with different intensities depending
on the heavy metal type, total amount of heavy metal present, ionic strength, hydration radius and
number of electrolytes present in the system [32,33]. Filter media characteristics such as pH, organic
matter/clay content, amount and type of available charge sites and mineralogical composition are
also important factors to consider when investigating metal mobility. The cations of de-icing salt are
important driving forces for the mobility of heavy metals as a result of competition for adsorption
sites, so that adsorbed heavy metals could be displaced from the exchange sites into solution by Na
ions [28,32]. In the cation exchange process, selectivity of heavy metal displacement is determined by
the concentration of ions, their valence, their degree of hydration and hydration radius [34]. The order
of adsorption of heavy metals Ni > Cu > Co > Cd coincide reasonably well with the reversed order
trend of hydrated radius as Cd (4.26 A) > Co > (4.23 A) > Cu (4.19 A) > Ni (4.04 A) [35]. Thus, de-icing
salt is expected to have minimal effect on the mobilization of heavy metals with smaller hydration
radius and higher intrinsic binding constants. Another trigger process is an increase of the ionic
strength of NaCl promoting the release of sorbed Cd, Cu, Pb and Zn [33].

Results of both laboratory [6,27,28] and field experiments [29] have demonstrated de-icing road
salt indeed has the potential to increase metal mobility of heavy metals previously adsorbed by soil
and individual (single) filter media. We hypothesised that application of de-icing road salt (NaCl)
can mobilize major parts of heavy metals previously adsorbed by mixed mineral based filter media.
Consequently, the simultaneous removal of multiple heavy metals as well as the effect of de-icing
salt on the mobilization of adsorbed heavy metals at experimental conditions similar to real roadway
runoff were deemed necessary.

The objectives of this study were: firstly, to determine the influence of the hydraulic loading rate
on simultaneous removal of Cu, Pb and Zn from synthetic stormwater using five different filter media
in column sorption experiments; secondly, to investigate the impact of de-icing salt (NaCl) on the
remobilization of adsorbed heavy metal; and finally, the long-term performance of each filter medium
was investigated using a column breakthrough curve. To mimic heavy metal adsorption capacity
at natural environmental conditions, column sorption studies were conducted with experimental
conditions closer to real life of stormwater quality and treatment systems. The column study results
were used to predict filter media lifespan based on effluent quality and removal efficiencies.

2. Materials and Methods

2.1. Chemicals and Analytical Instruments

All chemicals used were analytical reagent grade (Merck KGaA, Darmstadt, Germany). Synthetic
stormwater solutions containing Cu, Pb and Zn were prepared using analytical grade 1000 mg/L
stock solutions (Titrisol®, Merck, Darmstadt, Germany) of CuCl,, Pb(NO3); and ZnCly, respectively
and mixed with de-ionised water to obtain the desired concentrations. The initial pH of the test
solutions was adjusted to the desired value by using dilute solutions of 0.1 M NaOH and 65% HNO3.
Conservation of samples was performed using 1% volume of 65% HNOj3 suprapure

2.2. Filter Media

The performance of natural commercial available quartz sand (QS) without pre-treatment,
sandy soil (SS) and three mineral-based technical filter media (TF-I, TF-II and TF-III) to remove
heavy metals (Cu, Pb and Zn) from synthetic stormwater runoff, has been investigated through column
tests. The sand soil was excavated from a newly constructed highway runoff infiltration basin and the
coarse gravel fraction (dimeter over 2 mm) was removed manually. There exist numerous adsorbents
of different nature and they can be utilized as mixed-media filter systems. According to the ONORM
B 2506-3 (2016) mineral-based mixture of adsorptive materials are defined as technical filter media
which is here denoted as “TF”. Studies showed that a combination of several filter media (for example
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zeolites, vermiculite, activated carbon, dolomite, sand and soil) are necessary to achieve effective
simultaneous removal of multiple contaminants [2,5,13,15]. The technical filter media (TF-I, TF-II and
TF-III) investigated in this study are combinations of various sorbents such as zeolite, vermiculite,
dolomite, activated carbon, coconut fibre, expanded clay and soil media. All tested filter media were
investigated without any physico-chemical treatment or modification. Physical characteristics and
composition of the filter media are summarised in Table 1.

Table 1. Composition and physicochemical properties of filter media used in the study.

Filter Media kgt (m/s) PH () U() PSD (mm) Porosity (%) Composition

QS 3.7 x 1073 6.7 0.95 0.8 (0.71-1.25) 35 Natural quartz sand

SS 41x 1074 8.4 14.3 3.1(0-11.2) 38 Sandy soil + gravel

TE-1 1.8 x 1073 8.1 2.3 2.3 (0.5-5.6) 43 Zeolite + vermiculite + crushed concrete

TF-II 1.5 x 1073 8.8 2.1 2.3 (0.5-5.6) 39 Zeolite + vermiculite + crushed concrete + dolomite
TF-1II 14 x 1073 8.6 6.7 1.1 (0.02-4.0) 41 Zeolite + coconut fibre + expanded clay+dolomite

PSD = Particle size distribution—dsp and range; U = uniformity coefficient (d60/d10).

2.3. Experimental Design

The column experiment was carried out using two different sized columns with inner diameters
of 32 and 100 mm, respectively. The aim of the 100 mm column experiment was to study the efficiency
of metal removal under high hydraulic loading rates. Subsequently, the effect of de-icing road salt on
the mobilisation of already retained metals was studied by flushing each filter column with sodium
chloride (NaCl) solution. In the second set, continuous adsorption experiments were conducted using
32 mm columns to investigate the long-term capacity of the filter media to remove metals and to
predict its effective lifespan.

2.3.1. High Hydraulic Loading Conditions

High hydraulic loading may lead to reduced stormwater retention times and could reduce
treatment efficiencies. The column test was designed to simulate treatment efficiency of five
different filter media at their maximum infiltration rates (saturated hydraulic conductivity, Ksat).
The experiments were conducted in 800 mm high and 100 mm internal diameter (cross-sectional area
of 78.5 cm?) plexiglass columns and an outlet diameter of 30 mm to allow the free flow of water by
gravity. The filter media in the column was packed to the desired depth of 300 mm, providing a filter
bed volume (BV) of 2.36 L. A drainage layer of 250 mm gravel (4/8 mm) and textile nylon mesh were
placed at the bottom of the columns to prevent particle wash out. In order to maintain uniform feed
solution distribution and flow rate, 50 mm gravel (4/8 mm) was placed on top of the filter media.
The feed solution percolated through the filter columns in downflow mode (from top to bottom) using
a precise peristaltic pump (Watson Marlon 520U, Falmouth, UK) dynamically adjusted to a flow rate
that resulted in a ponding depth of 50 mm to elucidate peak inflow. The flow rate was 2.1, 0.225, 0.980,
0.820 and 0.770 L/min for QS, SS, TE-1, TF-II and TF-III, respectively. For all technical filter media
(TF-I, TF-II and TF-III) and QS the flow rate remained almost constant throughout the experimental
period but for the column packed with sandy soil flow rate slightly reduce over time (0.225 L/min to
0.180 L/min).

The experiments were conducted in five successive runs simulating different stormwater sources
and impact of de-icing salt on metal mobility (Table 2). To assess the heavy metal removal efficiency,
84 L of synthetic stormwater was percolated per column per experimental run (Run 1-Run 4), therefore
each column received a total stormwater volume of 336 L. After passing this volume of water, the filter
columns were allowed to drain for at least 24 h. Finally, to investigate the impact of de-icing salt on
mobilization of retained metals each filter column was flushed with 42 L de-ionised water solution
containing 5 g/L of NaCl (Run 5). The concentration of NaCl was based on common concentrations
found in urban highway runoff in Austria [36] and the Austrian Standard Method [30].
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Table 2. Influent concentrations of heavy metals (ug/L) and NaCl (g/L) in different experimental runs

and influent pH.
. Parameters and Concentration 1
Experiment pH Possible Source
Cu Pb Zn NaCl
Run 1 100 100 100 - 5.8 Roadways (e.g., feeder roads)
Run 2 500 500 500 - 5.8 Urban highway
Run 3 3000 0 500 - 5.5 Cu-roof
Run 4 150 0 5000 - 5.5 Zn-roof
Runb5? 5

Note ! The synthetic stormwater solution used first flush mean concentrations and minimum pH levels reported in
the literature [1,22,37]; 2: Influent pH was not adjusted; Run 1—moderately polluted roadway runoff; Run 2—heavily
polluted urban highway runoff; Run 3—copper roof runoff; and Run 4—zinc roof runoff.

The influent pH level (Table 2) were selected as the optimum condition, while pH higher than this
would cause potential precipitation within the storage tank. Influent water samples were taken at the
beginning of every experimental run while effluent samples were collected after every flow through
of 28 L from each column (i.e., 3 effluent samples per experimental run per column) and analysed
for dissolved concentrations of Cu, Pb and Zn. For the experiments with NaCl solution, one influent
sample at the start of the experiment and several effluent samples at designated time intervals were
collected in 100 mL glass bottles and preserved with 1% volume of 65% HNOj. In addition, a mixed
sample was collected from total effluent volume of each column. Remobilized metal mass was
determined based on the effluent concentrations and effluent volume.

2.3.2. Column Breakthrough Experiments

Breakthrough curves of Cu, Pb and Zn using five filter media were studied in small-scale plexiglass
columns with an inner diameter of 32 mm and a length of 300 mm. The filter media was packed to a
depth of 200 mm (yielding a bed volume of 160 mL) and used for the continuous flow test. A 20 mm
layer of glass beads was placed at the bottom and top of the packed filter column to support the
filter media and to ensure uniform flow distribution. The ratio of the inner diameter to mean particle
diameter (dsp) was at least 10:1 in which wall effect can be negligible [38]. After packing, each column
was slowly flushed with approximately 20 bed volumes (BV) of de-ionized water in an upflow mode
in order to saturate the filter media and remove the air bubbles entrapped in the sorbent pores to
maintain identical experimental conditions.

The column breakthrough experiment was devoted to urban highway runoff, where the target
heavy metal concentrations were assumed to be 50 ug/L Pb, 100 pg/L Cu and 400 ug/L Zn at
an influent pH of 5.8 £ 0.20 based on a stormwater quality reviews [1,37]. The influent solution
was prepared in an aquarium tank and pumped in up-flow mode (from bottom to top) using a
high precision peristaltic pump (Ismatec IDEX, Laboratoriumstechnik GmbH, Wertheim, Germany).
The flow rates were 50% of the flow determined at saturated hydraulic conductivity (Ksat) each filter
media. Thus, the flow rate was different for each filter media. Firstly, the effect of flow mode on
heavy metal removal was examined by conducting column experiment in upflow and downflow mode
operated in parallel using TF-II, while maintaining all other experimental conditions constant. Finally,
the sorption capacity of all five filter media was evaluated in the upflow mode and their lifespan was
predicted using the maximum sorption capacity at filter media exhaustion. The experiments were
performed from Monday to Friday, thus during weekends, the filter media were closed and kept
saturated without flow in order to maintain similar experimental boundary conditions. The volume of
solution kept closed in the filter column over the weekend was insignificant (<<1%) compared to the
total flow though volume. Effluent samples were collected in 100 mL glass bottles from the exit of the
column at different intervals, preserved with 1% volume of 65% HNOj3 and analysed for dissolved
concentrations of Cu, Pb and Zn.
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2.4. Operation Criteria

In Austria, purified wastewater should fulfil the criteria of Groundwater Quality Ordinance
(QZV) of 9 ng/L Pb and 1800 pug/L Cu [39] and the criteria of the ONORM B 2506-3 [30]. Therefore,
the operation target of all filter columns was terminated (i.e., filter media exhaustion) when: either Pb
concentration in the effluent exceeded 9 pg/L, the Cu removal rate fall below 80%, Zn removal rate
fall below 50% or a combination of these criteria.

The expected lifespan (years) of each filter media was determined by dividing the cumulative
adsorbed mass of a heavy metal at filter media exhaustion point (Section 2.3.2) by the annual load of a
heavy metal entering the treatment systems. The annual heavy metal loads entering the treatment
systems were calculated under the following assumptions: a filter area of 8.04 cm?, a filter media depth
of 300 mm, annual precipitation of 700 mm, dissolved runoff concentrations 25 ng/L Pb, 50 ug/L
(Cu) and 200 pg/L (Zn) respectively which corresponds to 50% of the total concentration and size of
stormwater treatment system relative to its impervious catchment area. The size of the stormwater
infiltration systems relative to its impervious catchment area was estimated from the cumulative heavy
metal load retained in the filter column.

2.5. Analytical Procedures

All samples were filtered through a 0.45 um pore size non-sterile Phenex-RC 26 mm syringe
filter (Phenomenex LTD, Aschaffenburg, Germany) for analysing dissolved metal concentrations and
was preserved with 1% volume of 65% HNOj3 until analysis. Cu, Pb and Zn concentrations were
measured using inductively coupled plasma mass spectrometry (ICP-MS) according to DIN EN ISO
17294-2. The detection limits were 1.0, 0.5 and 3.0 pg/L for Cu, Pb and Zn, respectively. For simplicity,
effluent concentrations below detection limit were set equal to the detection limit, recognising that
this conservative assumption might underestimate the Cu, Pb and Zn removals by only 1.0%. The pH
was measured immediately after sample collection using a glass electrode (WTW pH 197i, Weilheim,
Germany) according to DIN EN ISO 10523-C5.

2.6. Data Analysis

Metal removal efficiency for a sample taken at time t over the course of the experiment was

calculated as follows (1):
Ci—C
1

where influent and effluent concentrations (ug/L) are denoted as Cj; and C,; respectively and 7 is
metal removal efficiency (%) of a sample taken at time .
Influent metal load applied to each column till media exhaustion or termination of the experiment,
(mg), was calculated as follows (2)
L(Ci*V))
%= =000 2
where C; is the influent concentration (nug/L) and V; is influent volume passed through the filter
column (L)
Mass of metal adsorbed till filter media exhaustion or termination of the experiment, g5 (mg),
was calculated using Equation (3):

~ 2(Gix Vi) = L(Ce % Ve)
qs = 1000 3)

where C; and C, are the influent and effluent concentration (ug/L) and V; and V, influent and effluent
volumes (L).
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Heavy metal adsorption capacity (g.) at column exhaustion or at the end of four successive dosing
of synthetic stormwater (Run 1-4), simulating different runoff sources per unit dry weight of filter
media packed in the column, (mg/g), was calculated using the following Equation (4):

o= 31 @

where M (g) the total dry weight of filter media packed in the column.
3. Results and Discussions

3.1. Effluent pH Variations during the Experiments

Although the pH of the feed multi-metal solution was adjusted to 5.8 £ 0.2 during all column
experimental runs, the effluent pH was higher than the influent for all tested filter media (Figure 1).
Effluent pH exhibited a general decreasing trend over the course of the experimental period for all
columns, decreasing from 8.6 to 7.1 for TF-1, 9.1 to 7.9 for TF-II, 9.1 to 7.8 for TF-III, 9.2 to 7.9 for SS and
6.7 to 5.6 for QS, respectively. At the end of the experiments the effluent pH of the columns packed
with soil based and mineral-based technical filter media remained consistently high ranging from 7.1
to 8.0. However effluent pH of the QS column dropped from 6.7 to 5.6.

10
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Figure 1. pH drift curves for column experiments conducted at influent pH value of 5.8 £ 0.2.

The increase in pH suggested that the soil and technical filter media have good pH buffering
capacity. The higher effluent pH observed in the technical filter media packed columns was mainly due
to calcite (dolomite) additive as an additional amendment in the mixed media. The dissolution of the
carbonate phase, impurities present in the filter media, adsorption of hydrogen ions from the solution
as well as cationic exchange causes a rapid increment of pH in the solid-water interface [4,13,17,40].
According to the ONORM B2506-3 [30] in column experiments with 100 mm inner diameter (2.36 L
bed volume) a filter media should achieve a minimum effluent pH of 6.0 = 0.1 while it is flushed
with influent pH of 3.0 £ 0.1 at a flow rate that produces 5 cm ponding level for at least half an
hour for filter media with ke over 2. 5 x 1072 m/s or a minimum flow through of 42 L when
keat is below 2.5 x 1073 m/s. In this regard, the investigated technical filter media and sandy soil
are suitable for utilization in stormwater filtration/infiltration systems but QS failed to meet the
minimum requirements.
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3.2. Effect of High Hydraulic Load

The effect of hydraulic load on the adsorption of the selected heavy metals was carried out with
synthetic stormwater solutions representing first-flush highway and roof runoff (Table 2). As shown
in Figure 2, effluent heavy metal concentration trends suggest that the soil and technical filter media
were able to maintain high removal performance for all experimental runs (Run 1-Run 4). For the
soil and technical filter media effluent Pb and Cu concentrations were below the maximum allowed
(9 ug/L for Pb and 1800 pg/L for Cu) and the required minimum removal efficiencies (80% for Cu
and 50% for Zn) were reached during the whole experimental period. As can be seen in Figure 2,
the influent heavy metal concentration had a minor influence on treatment performance of sandy
soil and technical filter media. The QS filter column managed to effectively remove all three heavy
metals from the synthetic highway runoff (Run 1 and Run 2), however for experiments with synthetic
roof runoffs (Run 3 and Run 4) effluent concentration of Cu as well as removal efficiencies of Cu and
Zn were not met. It should be mentioned that the natural quartz sand (QS) turned out to contain
some metal iron impurities, which could potentially serve as adsorption sites for heavy metal ions
through surface complexes on iron oxyhydroxides. Metal ions that form outer-sphere complexes are
readily exchangeable and are expected to be more easily displaced from the adsorbent surface [41].
For the experiment with zinc roof runoff (Run 4), effluent concentrations of Cu were significantly
higher than its inlet concentration (150 pg/L) and exceeded the required levels of 1800 ug/L [39].
This phenomenon was due to the displacement of weakly adsorbed Cu from previous dosings (Run
1-Run 3) in favour of the increased Zn influent concentration. The displacement of Cu can also be
related to the relatively low influent pH, strength of complexation and adsorption order. The extent of
simultaneous adsorption of heavy metals is influenced by adsorbate concentration and presence of
competing metal ions [23]. This competitive adsorption also showed that adsorption of Cu decreased
significantly when high concentration of Zn was added in the influent. The effect competitive heavy
metal ions on adsorption efficiency was more pronounced in the QS filter column. For example, in
the experiment with copper roof runoff (Run 3), effluent Cu concentration reached 70% of the inlet
concentration while the effluent Zn concentration reached 100% of its inlet concentration (500 pug/L).
Accordingly, Cu outcompetes Zn in occupying available sorption sites of QS. This is in agreement with
the findings of Atanassova [42], that in a multi-component system, an increase in the Cu concentration
reduced the uptake of other heavy metals such as Ni, Cd and Zn.

In general, subsequent dosings of the columns with synthetic runoff showed that the soil
and technical filter media were able to remove the heavy metals, thus significantly reducing the
concentrations of Cu, Pb and Zn (Figure 2). The extent of heavy metal removal depends on the
initial heavy metal concentration and filter media type or composition [4,24]. The performance of
each filter media in reducing the heavy metal levels was assessed based on the influent and effluent
concentrations. All filters removed more than 98% of Pb. The mean removal efficiency of Cu was
89.6%, 97.4%, 98.5% and 90.5% through the filter columns packed with SS, TF-1, TFII and TF-III,
respectively. The mean removal efficiency of Zn was 93.4%, 96.6%, 98.7% and 89.2% through the
filter columns packed with SS, TF-I, TFII and TF-III, respectively. The results indicated that the mean
removal efficiencies of Cu and Zn by the sandy soil and technical filter media are not statistically
different. Nevertheless, it seemed that the composition of the studied technical filter media has played
an important role in treatment efficiency. The mineral composition of TF-I and TF-II were similar,
except for the 3% dolomite in the case of TF-II. However, the technical filter media with dolomite (TF-1I)
provided the best treatment performance indicating that carbonate content enhanced the removal of
the studied metals.
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Figure 2. Effluent concentrations of heavy metals with different synthetic stormwater dosings
(Run 1-Run 4, see Table 2) under high hydraulic load experimental conditions as a function of
treated volume.

Overall cumulative metal removal efficiency of each filter media was determined using the
total influent and effluent loads (Run 1-Run 4). The results of the calculated cumulative removal
efficiencies and the corresponding adsorption capacity are presented in Figure 3 and the influent
load added to each column was 51.8 mg, 334.6mg and 542.9 mg for Pb, Cu and Zn, respectively.
Load removal efficiencies through the soil based and technical filter media (SS, TF-1, TE-II and TF-III)
were >95% for Cu and Pb and more that 87% for Zn. These results demonstrate that all filter media
were effective for the simultaneous removal of heavy metals, except for QS which had significantly
lower removal efficiency of Cu and Zn. It is important to note that results presented in Figure 3 refers
only to the adsorbed amount following four successive dosing of synthetic stormwater (Run 1-Run 4)
simulating different runoff sources are not the maximum the adsorption capacities. Adsorption
capacity was in the order of Pb < Cu < Zn which coincide well with the order trend of the influent
load (influent concentration). The increase in adsorption capacity with increasing heavy metal influent
load is due to the increase in the driving force for mass transfer as well as an increase in electrostatic
interactions (physical adsorption relative to covalent interactions) [35]. Despite its high removal
efficiency, adsorption capacity of Pb was lowest. This is attributed to its very low influent load
compared to Cu and Zn. Similar to our findings, Hatt et al. [2,5] showed that a wide range of media
compositions (i.e., combinations of sand, sandy loam, vermiculite, perlite, compost, mulch, charcoal)
achieved more than 90% removal of Cu, Pb and Zn from synthetic stormwater. Results indicated that
the natural quartz sand (QS) has lowest sorption capacity compared to soil based and technical filter
media which is attributed to its low surface area and few sorption sites [4,6,24].
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Figure 3. Overall removal efficiency (left) and adsorption capacity (right) of heavy metals by each filter
media type following four successive runs (Run 1-Run 4) simulating different stormwater sources.

3.3. Remobilization of Heavy Metals

Table 3 shows the mean and range of heavy metal concentrations measured at the effluent after
each column was flushed with 5 g/L NaCl solution. Heavy metals were remobilized with different
intensities depending on metal and filter media type. Regardless of the filter media type, concentrations
of mobilized heavy metals were in the order of Zn > Cu > Pb, which coincide well with the order
trend of adsorbed mass. Effluent concentrations of metals measured after the passage of one bed
volume were higher but decreased successively over time with continued flushing. This suggested
that precipitated or slightly adsorbed fractions of the retained metals were remobilized easily during
the initial passage of NaCl solution. As displayed in Table 3, the de-icing salt (NaCl) solution had
similar effects on the soil based and technical filter media and the three metals. Except for effluents
from QS, remobilizations of metals were low and comply with the requirements noted in the ONORM
B 2506-3 [30]. This relative low release indicates that adsorption was stable and salts would not have
a major influence on the remobilization of previously retained metals. However, the heavy metals
that had retained in the QS filter column were released in highest amounts indicating a major effect of
NaCl so that this filter media is not feasible for utilization in stormwater filtration systems. The main
metal removal mechanism by QS is outer-sphere complexation or non-specific electrostatic adsorption
to negatively charged functional group sites on the sand particle surfaces.

Table 3. Remobilization of previously adsorbed metals during road de-icing salt application (42 L
solution of 5 g/L NaCl). Mean effluent metal concentrations are indicated in bold numbers and the
Italic values in bracket are ranges.

Heavy ONORM B
Metal TF1 TE-II TE-II §S Qs 2506-3 (2016)
Pb 42(3.1-7.3) 3.3(2.7-54)  6.4(2.7-13.9) 3.6 (2.7-5.9) 83 (63.2-203) 9
Cu 8.6(5.1-24)  6.8(4-17.9)  20.3(13.8-39) 7.0 (4-15.8) 127 (43-305) 50
Zn 23.7(12-47)  17.3(12-37) 160 (121-186) 16.5(12-30) 825 (676-1377) 500

The mass and load fractions of each heavy metal remobilized from the filter columns as compared
to the total mass previously retained by each filter media are presented in Table 4. As shown in
Table 4, the effect of NaCl application was more pronounced for QS. The results showed that an
extensive mobilization of heavy metals from the QS column (5.4% Cu, 6.8% Pb and 22% of Zn the
total retained) occurred in response to NaCl application. Conversely, only a small fraction (<2.0%)
of the retained heavy metals were mobilized from the soil and technical filter media. This implies
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that chemisorption was the principal metal removal mechanism and salts would not have a major
effect on metal mobilization. Our study concluded that mobilization of Cu, Pb and Zn from the
technical filter media (TF-I, TF-II and TF-III) and sandy soil (SS) in response to NaCl application,
though not alarming, is more likely due to the combined effect of cation exchange and complexation
with chloride. Similar results were reported from column studies using alternative filter media other
than soil for treatment of highway runoff [6,25]. Monrabal-Martinez et al. [25] observed a small
release of Cd, Cu, Pb and Zn (<3%) by NaCl from filter columns (pine bark, olivine and charcoal)
preloaded with about 50 mg of each metal. Conversely, other studies with soils containing 17-50% clay
reported an extensive remobilisation of heavy metals as a result of exposure to high concentration of
NaCl [27,28,32]. This could be attributed to the fact NaCl promotes the dissolution of organic matter
and/or clay which favours mobilization of heavy metals. Mechanisms of metal mobilization were
association with coagulated or sorbed organic matter in combination with colloid dispersion, chloride
complexation and ion exchange. Norrstrom [28] evaluated the impact of de-icing salt on remobilization
of Cd, Cu, Pb and Zn from soils collected from two highway runoff infiltration trenches (1.5-2.7 mg/kg
Cd, 155-194 mg/kg Cu, 171-324 mg/kg Pb and 607-781 mg/kg Zn). They reported that 37-45% of Cd,
0.1-0.2% of Pb and 4.7-5.0% of Zn were leached by NaCl.

Table 4. Heavy metals adsorption and their remobilization/desorption using 42 L solution of

5¢g/L NaCl.
Adsorbed Mass (mg)  Remobilized Mass (mg)  Remobilized Fraction (%)
Filter Media

Pb Cu Zn Pb Cu Zn Pb Cu Zn

Qs 486 985 157 2.8 2.3 25.2 6.8 5.4 22

SS 52.1 303 526 0.15 0.29 0.86 0.29 0.1 0.16

TF-1 51.9 342 507 0.18 0.36 1 0.34 0.11 0.20

TF-1I 49.8 342 542 0.13 0.29 0.95 0.26 0.08 0.18

TF-111 54.6 309 393 0.28 0.85 12.6 0.51 0.28 1.7

Remobilization of heavy metals is a function of several mechanism including cation exchange,
colloid dispersion, chloride complex formation, metal characteristics and total concentration of metals
in the media [27,28,32]. Overall, results of the present study indicated that the heavy metals (Cu,
Pb and Zn) are strongly attached to the soil and technical filter media.

3.4. Effect of Flow Mode on Heavy Metal Removal

The breakthrough curves for Cu, Pb and Zn removal at two different flow modes are shown
in Figure 4. It has been observed that heavy metal removal efficiencies in the upflow mode were
generally high as compared to the downflow mode. As shown in Figure 4 both the shape and gradient
of the breakthrough curves were different with variations in flow direction. The breakthrough point
for Cu and Zn, set at Ce/C; = 10%, was almost 2300 BV for the downflow mode and 7600 BV for the
upflow mode. At 20% breakthrough of Cu 9700 BV of synthetic stormwater was treated by TF-II
operated in the upflow mode and the requirements of the Austrian regulation regarding Pb maximum
effluent concentration of 9 pg/L and Zn minimum removal efficiency of 50% were met. Accordingly,
exhaustion (lifespan) of the filter media (TF-II) was limited by Cu removal. The corresponding
adsorption capacities of TF-II at the 20% breakthrough point of Cu were 573.8 mg/kg, 1182 mg/kg and
4669 mg/kg for Pb, Cu and Zn respectively. On the contrary, in the downflow mode 20% breakthrough
of Cu was achieved at 7100 BV and exhaustion (lifespan) of the filter media was limited by Cu
removal at nearly 7100 BV. The sorption capacity at exhaustion point was 447 mg/kg, 771 mg/kg and
2771 mg/kg for Pb, Cu and Zn respectively. Similar to our findings, a short breakthrough time and
low adsorption capacity of metal ions was reported for a downflow mode as compared to the upflow
mode [22,43]. For example, Athanasiadis [22] reported that the adsorption capacity of clinoptilolite
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for Cu, obtained at breakthrough point (C,/C; = 10%), was 1144 mg/kg for the downflow mode and
1906 mg/kg for the upflow mode, respectively.
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Figure 4. Comparison of breakthrough curves of Cu, Pb and Zn in downflow and upflow mode as a
function of bed volume at a volumetric flow rate of 50 mL/min (50% of its maximum saturated flow
rate) and filter bed volume of 160 mL. Note that to facilitate visibility of the graph, the Y-axis is different
in each case.

The observed performance difference between the downflow and the upflow mode is explained by
variabilities in the liquid holdups and liquid maldistribution [43]. The upflow mode allows saturation
of all the vacant metal binding sites which leads to the achievement of higher equilibrium sorption
process. These differences are attributed to the liquid holdup in the upflow mode is 100%, while for
the downflow mode liquid holdup time is only a function of volumetric flow rate. Furthermore,
feeding the multi-metal solution in the upflow mode ensures saturated flow conditions and uniform
hydraulic distribution of the sorbate. Accordingly, under the same experimental conditions it becomes
apparent that the upflow mode resulted in a more effective use of the filter media. Results of the
present study demonstrated that the upflow mode was more efficient in maintaining a saturated flow
through condition leading to higher sorption capacity. Therefore, to predict the life span of filter media
based on sorption capacity, column experiment operating in upflow mode would be more appropriate.

3.5. Breakthrough Curves

The breakthrough curves of Cu, Pb and Zn in the column experiments are presented in Figure 5.
Subsequent dosing of the columns with synthetic roadway runoff showed that treatment by technical
filter media (TF-I, TF-II and TF-III) and sandy soil (SS) filters are effective in removing Cu, Pb and
Zn simultaneously to effluent levels below analytical detection limit (i.e., Ce/Ci < 0.01). After the
breakthrough (i.e., Ce/Ci = 0.1) metal effluent concentrations from all filter media started to increase
overtime as a function of treated bed volumes. The patterns of metals breakthrough curves (Figure 5)
were similar for all filter columns and the steepness of the breakthrough curves decreased in the order
of Pb > Cu > Zn for all filter media.
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Figure 5. Breakthrough curves of column experiments for metal mixtures. The lines are not fitting
functions; they simply connect points to facilitate visualization.

The volume of stormwater treated by all five filter media was different depending on the
sorption capacity and total flow through volume at exhaustion. It has to be noted that TF-II treated
more stormwater before breakthrough as compared to other filter media types. Zn breakthrough
(Ce/Ci < 0.1) occurred in the QS filter media first, followed by SS, TF-1II, TF-II and TF-1I, respectively
(Figure 5). The number of bed volumes to breakthrough was 55, 680, 1700, 2700 and 7600 for QS, SS,
TF-1, TE-III and TF-1I, respectively. Zn breakthrough generally occurred faster as compared to Cu and
Pb which demonstrates that the influent metal concentration has a significant effect on breakthrough
curve. This was in good agreement with earlier studies which showed Zn is relative mobile compared
to Pb and Cu [5]. As indicated in Figure 5 full breakthrough (i.e., Ce/Ci = 1) of Pb, Cu and Zn
was not observed in all filters within the experimental running time of three months, except for QS
filter column.

Experimental results with the QS filter column indicated a breakthrough of Cu, Pb and Zn
beginning at 50 BV and was nearly complete (Ce/C; ~ 1.0) after a total flow though of 1000 BV.
The filter column QS was found to be the worst with fair metal removal in the early dosing stages but
shortly effluent concentration of Pb exceeded the groundwater quality criteria value of 9 pg/L [39].
Similar to our findings, Genc-Fuhrman et al. [4] reported that among 11 sorbents, sand has a minor
efficiency for the removal of heavy metals which is attributed to its low specific surface area and cation
exchange capacity. Removal of heavy metals increased with increasing pH by processes such as surface
complexation between dissolved species and oxide and hydroxide groups [4]. The decrease in metal
removal was in line with the pH drift curve (Figure 1). Measured effluent pH levels showed that QS
has very limited pH buffering capacity, consequently its performance on heavy metal removal was
very poor as compared to other filter media (i.e., SS, TF-I, TF-II and TF-III).

The filter columns packed with soil and technical filter media showed a maximum breakthrough
value (Ce/C;) of around 0.3 to 0.5 for Pb and Cu and 0.21 to 0.91 for Zn. The column data suggest that
TF-II has high affinity for all tested heavy metals and the magnitude of the sorption (up to 7100 BV)
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remained constant with removal rates of over 93%. Initial metal ion concentration has a significant
effect on breakthrough time and filter media exhaustion. The breakthrough curves determined in this
study were slower and least steep, thus the number of BV passed at breakthrough time reported here
are much higher than those reported in other studies. It is difficult to compare these results directly to
those of other investigators because the influent concentrations are often higher than the levels used in
this study [6,15,23].

It is possible that the adsorption capacity of the filter media may be exhausted before clogging
occurs, resulting in high effluent concentrations exceeding discharge water quality and low removal
efficiencies of heavy metals [5]. The effluent concentration of Pb was exceeding the maximum allowable
of 9 ug/L for groundwater protection [39] after the passage of 300, 1060, 3360 and 3600 bed volumes
for QS, SS, TF-I and TF-III, respectively. Comparable bed volumes were treated to reach the 20%
and 50% breakthrough of Cu and Zn, respectively. On the contrary, for the filter column packed
with TF-II 20% breakthrough (80% removal) of Cu was achieved after the passage of 97,000 BV while
effluent concentration of Pb and Zn removal efficiency fulfil the requirements throughout the entire
experimental duration. Therefore, lifespan of TF-II was limited by Cu removal and after the treatment
of 9800 BV this filter media was considered as exhausted.

The cumulative heavy metal loads applied to each column, mass retained in the filter column,
cumulative load removal efficiencies and adsorption capacity at filter media exhaustion point are
summarized in Table 5. Due to the differences in volumetric flow rate and the exhaustion point,
the total flow though volume and total influent heavy metal loads were different for each filter. It can
be seen that the influent load of individual contaminants applied into the QS and SS was significantly
lower in comparison to the loads applied to the technical filter media. Nevertheless, the load removal
efficiencies of each filter column were comparable. Over 90% Cu and Pb dosed into the columns were
retained in the filter media, while Zn removal ranged from 62.6% (QS) to 93% (TF-II).

Table 5. Removal efficiencies and sorption capacity of each filter column at filter media exhaustion for
Cu, Pb and Zn.

q; (mg) qs (mg) Load Removal (%) q. (mg/kg)
Cu Pb Zn Cu Pb Zn Cu Pb Zn Cu Pb Zn

QS 392 192 179 339 187 112 838 975 623 137 7.6 45
SS 203 96 871 195 92 774 963 958 88.8 668 315 265
TF-1 684 323 306 669 313 306 979 968 945 523 245 2390
TF-1I 172 833 678 163 822 641 946 986 945 1124 567 4420
TF-III 640 302 2863 609 291 228 952 96.1 79.5 430 205 1558

Column

The adsorption capacity (mg/kg) of each filter media at column exhaustion point towards
individual heavy metal varied significantly. Values of breakthrough show that the adsorption capacity
decreases in the following order: Zn > Cu > Pb. This variability is possibly related to the differences
in influent concentrations, adsorption affinity (selectivity sequence) as well as weight of filter media.
Consequently, adsorption capacity of filter media was found to be in the order of TF-1I > TF-1, TF-III >
SS > QS. The adsorbent mixture components of TF-I and TF-II (Table 1) were similar, despite for the 3%
dolomite addition in TF-II. Comparison of the adsorption capacities of breakthrough curves evidenced
that adsorption of Cu, Pb and Zn onto technical filter media was enhanced in the presence of dolomite.
The results of this study eventually supported the theory that presence of dolomite increased the pH
of the solution above solubility point which caused metals to precipitate as metals oxide and probably
metals carbonate [13]. The lowest adsorption capacities observed in the filter column packed with
natural quartz sand (QS) could be due to its low affinity and non-reactive characteristics which is in
agreement with a previous study using sand for metal removal [4,26].
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3.6. Filter Media Lifespan

The lifespans will be dependent on needed removal efficiencies and effluent water quality
requirements. Size of the stormwater treatment system relative to its impervious catchment area
allows designers to predict lifespan of a filter media regarding adsorptive removal of heavy metals.
Based on the cumulative heavy metal loading (Table 5) the investigated filter media could be sized at
4% (SS), 1% (TF-I1 and TF-III) and 0.4% (TF-II) of their impervious catchment size. In order to meet
the required removal efficiencies of 80% for Cu and 50% for Zn, predicated lifespans of the filter
media were at least 35, 36, 41 and 29 years for SS, TE-I, TF-II and TF-III, respectively. The lifespans
determined in the present study are relatively high compared to other studies [18,25]. For example,
mixed media composed of perlite, dolomite and gypsum showed an estimated lifespan from 14 to
22 years for Cu and Zn [18]. The variability of estimated lifespan might be attributed to the filter
media composition, influent concentration, filter bed depth, size of the treatment system relative to its
impervious catchment area.

In practice, lifespan of stormwater infiltration/filtration is usually highly dependent on mitigating
sediment input to the system. Solids in stormwater might settled out at the surface of filtration system
forming a cake layer or are removed in the pores of the filter bed via filtration are considered to play
a vital role in reducing the hydraulic performance of the filtration system due to physical clogging.
Clogging of filter media is recognised as the main limiting factor regarding the operational lifespan of
stormwater infiltration/filtration systems [2,20]. A previous study of stormwater filtration systems
constructed with filter media similar to TF-I showed a significant decrease in the infiltration capacity
of the systems after five to seven years of operation due to the formation of a clogging layer at the
surface of the filters, while the lifespan regarding heavy metal removal was 30 years [20]. The authors
suggested that the hydraulic performance of the system could be recovered by scraping off the surface
accumulated particle layer and replacement or back flushing of the geotextile on periodic bases,
approximately every 7 years. Further research should seek to understand the clogging phenomena of
filter media receiving particles and contaminants that mimic the real conditions

4. Conclusions

In the present study, the simultaneous adsorption of heavy metals (Cu, Pb and Zn) from synthetic
stormwater runoff aqueous solutions using quartz sand (QS), sandy soil (SS) and three mineral-based
technical filter media (TF-I, TF-II and TF-1I) was investigated. The column study result was also used
to evaluate effect of de-icing salt (NaCl) on the mobility of retained metals, size of treatment system
relative to its imperious catchment area and predict infiltration/filtration system lifespan. The results
demonstrate that soil based and mineral-based technical filter media are potentially efficient for the
removal of heavy metals under high hydraulic loading conditions. Nearly all effluent concentrations
measured during the infiltration of synthetic highway and roof runoff fulfilled the requirements of the
Austrian regulations (9 ng/L Pb and 1800 ng/L Cu). Additionally, required removal efficiencies for
Cu (80%) and Zn (50%) were met during the whole experimental run. However, effluents of Cu from
QS column exceeded the required levels of 1800 pg/L, and the required removal efficiencies Cu and
Zn were not met. Application of the de-icing salt (NaCl) minor effect on the remobilization for most
heavy metals adsorbed heavy metals from the sandy soil and all technical filter media columns and all
effluent concentrations fulfil the Austrian regulations. However, results from the natural quartz sand
(QS) column showed approximately 6.8%, 5.2% and 22% of the retained Pb, Cu and Zn respectively,
were leached in response to NaCl application as well as effluent concentrations of Pb and Cu exceeded
the maximum allowable concentration.

Results of long-term treatment performance (Breakthrough curves) demonstrated that
mineral-based technical filter media are able to treat higher volumes of stormwater in small filtration
systems relative to their impervious catchment area (0.4 to 1.0%) so that they are potentially suitable
for utilization in compact stormwater treatment, particularly in urban landscapes where space is
very limited. Breakthrough of Cu, Pb and Zn is not expected to occur during the operating life of a
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filter. Physical clogging will occur first limiting the lifespan of infiltration/filtration treatment system.
The authors suggested that geotextiles could be installed at the top of the filtration system to act
as a barrier to avoid stormwater runoff particles from reaching and clogging the main filter bed.
The geotextile filter and accumulated particle layer could be scraped off and replaced at a desired time
interval depending on site constraints and clogging rates.
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