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The risk of heavy metal leaching from sorptive filter media in stormwater control measures (SCMs) treating
road runoff is mainly assessed through lab-scale studies. In contrast, investigations with filter media
prestressed under real conditions are crucial. Therefore, the leaching potential of five traffic-relevant heavy
metals (Cr, Cu, Ni, Pb, and Zn) from field-scale and lab-scale prestressed sorptive filter media and road-
deposited sediments (RDSs) from a decentralized treatment facility was assessed using quiescent batch
leaching tests with and without adding de-icing salts. The hydraulic retention times of a maximum of 7
days should represent prolonged submerged conditions during dry periods. The leaching quantity order
was Zn > Cu > Ni, whereas no observed leaching was quantified for Cr and Pb for all tested materials.
Considerable loads of Cu only leached from the field-scale prestressed sorptive filter media, which was

Received 10th May 2024, mainly associated with the presence of dissolved organic matter. Regarding the tested filter media, zeolite

Accepted 28th October 2024 and carbonate sand revealed significantly higher leaching of Zn under the influence of de-icing salts. The
leaching of Cu and Zn concerning the mobile heavy metal fraction was less than 0.2%. The highest

concentrations of heavy metals were observed for the RDSs, where up to 0.3% leached of the potential
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rsc.li/es-water mobile fraction during one dry cycle.

Water impact

Stormwater quality improvement devices, which should be a sink for heavy metals from road runoff, can be a source of pollutant emission under
unfavorable conditions. The influencing mechanisms regarding the leaching of heavy metals were evaluated with in situ and artificial prestressed filter
media. The prestressing conditions were identified as key elements. The results can help predict heavy metal leaching.

1. Introduction Traffic-related heavy metals are chromium (Cr), copper
(Cu), lead (Pb), nickel (Ni), and zinc (Zn), whereof Cu and Zn
are found in the highest concentration in the runoff.>''™*?

The partitioning determines the mobility of heavy metals in

Traffic emission is a major contributor to the diffuse release
of pollutants into the environment. The main pathway of

dissolved and particulate contaminants such as polycyclic
aromatic hydrocarbons or heavy metals is through the wash-
off from the traffic areas during storm events."™ Heavy
metals can be named as the most relevant pollutants® and
have been the focus of numerous studies for decades due to
their prevalence, potential exposure to aquatic and non-
aquatic ecosystems, and toxicity.®™°
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the environment,'* and also, the toxicity is increased if the
metals are dissolved, i.e., bioavailable.'>*®

In traffic area runoff, heavy metals are more abundant in
particulate form.>'” Thus, road-deposited sediments (RDSs) are
critical parameters to assess the transport of heavy metals from
roads.>'® High RDS or total suspended solids (TSS)
concentrations were analyzed regardless of the traffic volumes."’
Winston et al.*® observed in a recent study that the highest and
finest loads of RDSs are found on an interstate highway with
higher traffic density. In contrast, fewer and coarser particles
were analyzed in residential areas. Some could conclude that
the speed of vehicles influences the particle size distribution,
which this study did not statistically prove. However, the
particle size distribution is an essential factor for RDSs as it

This journal is © The Royal Society of Chemistry 2025
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could be demonstrated that significantly higher metal loads are
found in finer fractions.”**

Generally, the RDS and heavy metal concentrations in
traffic area runoff depend on the annual average daily traffic
(AADT) and also on other factors like antecedent dry days,
rainfall characteristics, and local variables (e.g., wind and
land use).>**** Accordingly, the emission has a high spatial
and seasonal variation.”*” In particular, in cold climates,
two phenomena can be observed in the winter period: on the
one hand, the metals can accumulate in the snow/ice and
then be released continually over the melting period.'> On
the other hand, peak concentrations are found due to
increased tear and wear through studded tires and the
application of de-icing salts or gravel.>>>°

A recent study found even elevated concentrations of metals
in roadside soils near roads with a low traffic density,® which
amplifies the treatment need for stormwater runoff, especially
from traffic areas. Decentralized stormwater control measures
(SCMs), such as natural systems (e.g., swales) or engineered
systems (e.g., permeable pavements or filter channel systems),
are efficient ways to manage and treat stormwater from
roadways in dense urban areas.”” Technical SCMs are mainly
verified based on required pollutant retention®* and commonly
consist of a stage to remove particulate matter, e.g., a settling
tank and a stage with sorptive filter media mainly for the
removal of dissolved substances.”® The diverse removal
mechanisms of SCMs are sedimentation, filtration, sorption,
ion exchange, and precipitation, whereas the partitioning of
heavy metals in the runoff is crucial for the needed retention
mechanism.">*>'*?°  The major removal mechanism is
determined by the applied filter material.*'*

However, sorption processes are often reversible, although
sorption is typically faster than desorption.*>*® Prolonged dry
periods in SCMs operating under permanent submerged
conditions could lead to unfavorable conditions. The high
hydraulic retention time results in low redox conditions
through oxygen consumption, increasing heavy metal
remobilization risks. In winter, deicing salts also influences
the mobility of metals. Hereby, desorption mechanisms
contributing to the mobilization are cation exchange,
chloride complex formation, and colloid dispersion, and
further, a critical parameter is time.*”*' Thus, the NaCl-
induced heavy metal mobilization can harm groundwater
quality.*

An appropriate lab method to gain insight into the mobility
of heavy metals is to determine the strength of the association
through a sequential extraction procedure (SEP).**** Utilizing
SEPs, it is possible to determine potential mobile fractions and
assess the potential risk of heavy metal leaching.”*® Although
SEPs have limitations,”™° SEPs contributed to the scientific
knowledge regarding the mobility of heavy metals and have
been applied to traffic-related media like RDSs, roadside soils,
and soakaway sediment,>*84%°0:51

Moreover, a SEP revealed a higher mobile fraction of lab
prestressed sorptive filter media than that of field prestressed
media. Prestressed means, in this context, that the filter media
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already received polluted road runoff over a certain period. The
authors concluded that heavy metal mobilization is possibly
overestimated through lab prestressed media.’® To the best of
our knowledge, no study examined the possible risk of heavy
metal remobilization from in situ and lab prestressed sorptive
filter media with known mobile fractions. Nevertheless, gaining
deeper knowledge and obtaining more accurate estimates of the
leaching potential of heavy metals from filter media is essential.
We conducted leaching experiments with in situ prestressed
filter media compared to lab prestressed filter media under
different influencing factors to investigate this issue. In
summary, the main objectives of this paper are (i) to identify
the heavy metal leaching and the main influencing factors of
road-deposited sediments and in situ prestressed sorptive filter
media in comparison to lab prestressed filter media in a long-
term (7 days) quiescent batch leaching test, (ii) to ascertain the
relation of the mobile fraction of heavy metals detected by
sequential extraction and the analyzed leached heavy metal
fraction regarding a possible overestimation through lab scale
studies, and (iii) to compare the quiescent column leaching test
to a shaken batch extraction test (DIN 19529). Therefore, we
formulate the following hypothesis, which we aim to prove in
this article: heavy metals bound in the potential mobile fraction
(the sum of acid-extractable, reducible and oxidizable fractions)
on sorptive filter media evaluated by SEPs tend to remobilize
during dry periods in SCMs (= high hydraulic retention time)
operated under permanent impoundment (>5% within 7 days).

2. Materials and methods

2.1. Study site and stormwater control measures

The field-scale prestressed filter media were withdrawn
from three real-scale SCMs after 2.75 years of operation on
a highly trafficked road in Munich (AADT: 24000 vehicles
per day).>> The first SCM was a filter substratum channel,
Drainfix Clean 300 (SCM-D, Hauraton, Germany), filled with
carbonate sand and a catchment of 165 m”. The filter
media of SCM-D falls completely dry after a storm event in
the real application.

The second and third SCMs, SediSubstrator XL 600/12
(SCM-S, Friankische Rohrwerke, Germany) and ViaPlus 500
(SCM-v, Mall, Germany), were underground structures
(manhole devices) with a two-stage setup consisting of a
sedimentation stage and a downstream filter stage. SCM-S
used a permanently submerged iron-based medium with
added granular activated lignite and had a catchment of 1660
m®. In contrast, clinoptilolite, a zeolite from SCM-V, was not
permanently submerged and had a catchment area of 473
m?. The order of the catchment area-to-filter surface area
ratios was: SCM-S > SCM-V > SCM-D.

2.2. Sampling procedure

After 2.75 years of operation, we sampled the filter media of
each SCM in 5 cm increments in the flow direction with a
plastic spatula or stainless-steel soilcore-sampler, homogenized,
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stored them in a cool and dark place, and dried them at 38 + 2
°C for 24 h prior to the leaching experiment. Only the first 5 cm
of media, in the flow direction, was used to evaluate the
leaching behavior since the highest heavy metal load can be
found in the first centimeters.>>** Additionally, we sampled the
filter cake of SCM-D with a plastic spatula, which had a
thickness of ca. 4 cm and was accumulated on top of the 15 cm
thick carbonate sand layer (¢f Fig. S1f). The filter cake was
sieved to 2 mm to remove unrepresentative debris like pebbles
and cigarette butts. The filter cake (further referred to as RDS)
serves as an estimation of the leaching potential of the RDS,
because of the high particulate retention capacity of SCM-D
observed in the field and its comparable heavy metal content to
other studies.”>” Real sediments trapped in the SCM-V and
SCM-S sedimentation step were no longer available for
investigation.

The same sampling and pretreatment procedure was
applied to the artificial prestressed filter samples (section
2.3) in lab-scale. Then, the materials are labeled RDS,
D_field, S_field, V_field, as well as D_lab, S_lab, and V_lab,
according to the prestressing method and respective SCM.

2.3. Prestressing of filter media in lab-scale

The lab-scale prestressed filter media were produced using
the blank filter media of the SCMs in a column test setup
using synthetic road runoff. The lab-scale prestressing of the
filter media was done according to Huber et al.,*® a technique
to evaluate the service life of technical SCMs.

Zn and Cu were used for the artificial prestressing as the
most relevant heavy metals in traffic area runoff. In
summary, annual dissolved metal loads of 15.5 mg m™> a™*
Cu and 135 mg m > a™' Zn were applied depending on the
connected catchment area and years of operation (here 2.75
years) under consideration of the model scale factor (field
filter-surface/lab filter surface, ¢f Table S17). Also, the feed
solution volume was derived by the catchment area from a
chosen rain intensity of 10 L s™* ha™". The column setup was
adapted to the conditions of the full-scale SCM regarding the
flow direction and filter height and to produce a sufficient
amount of sorptive filter media mass. The synthetic road
runoff was applied with spray nozzles from the top onto the
SCM-D and -V columns, unlike the SCM-S column, fed from
the bottom to the top, to mimic the permanent
impoundment present in the real scale SCM.

The synthetic road runoff was made by spiking copper(u)
sulfate pentahydrate (CuSO,-5H,0, Merck, Darmstadt
Germany) and zinc sulfate heptahydrate (ZnSO,-7H,0, Merck,
Darmstadt Germany) to reach the target concentrations of
3.67 mg L™ Cu and 32.0 mg L™ Zn in deionized water. The
pH was adjusted to 5.0 + 0.1 in the feed. Cu and Zn effluent
concentrations were measured using photometric cuvette
tests (LCK360 and LCK329, Hach Lange, Disseldorf,
Germany). The prestressing was successful if more than 90%
of the metals were retained. Otherwise, the pH was
readjusted, and the procedure was repeated. A more detailed
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description can be found elsewhere.’® An overview of the
prestressing conditions for the SCM filter media and further
parameters are in Table S1.}

2.4. Leaching experiment of filter media and RDS

The comprehensive quiescent column leaching test descriptions
were reported before.”” Briefly, 40 g of the substrate and 80 mL
of synthetic road runoff (SRR) (liquid to solid ratio of 2 L kg™
dry mass) are used in a chromatography column (& 20 mm)
with 10 mm of glass beads (@ 2 mm) beneath and on top of the
substrate. The substrate mass was reduced to 40 g instead of 50
¢ due to the limited availability of the field substrates. The
composition of the SRR was mainly adapted from Barrett et al.
(see Table S21)."* The concentrations of Zn and Cu were 100
and 50 pg L™, respectively.

Two SRRs representing summer and winter conditions
without and with the addition of a de-icing salt (NacCl),
respectively, were used and further referred to as SRR and
SRR + NaCl. The leachate was withdrawn at 4, 48, and 168 h
and performed as duplicates.

Additionally, blank samples without filter media were
obtained with every batch to exclude cross-contamination.
The examinations of the blank samples did not show any
conspicuity. During the experiments, a constant room
temperature of 19 + 2 °C was ensured and the columns were
wrapped with aluminum foil to avoid any photodegradation
of DOM.

2.5. Chemical analysis

A shaken batch extraction test (DIN 19529) was conducted for
the two substrates D_field and D_lab to identify the
difference between shaken and quiescent batch leaching
experiments with the same SRRs, sorptive filter media mass
and liquid-to-solid ratio. Only the filter media of SCM-D were
used, due to the limited availability of the other materials
and as this is primarily a comparison of the two methods
used.

The pH and electric conductivity (EC) (WTW MultiLine®
Multi 3620 IDS, SenTix® 940 pH electrode, TetraCon® 925 EC
probe, Xylem Analytics) were determined in all liquid samples.
Dissolved organic carbon (DOC) was measured after filtration
(0.45 pum, PES syringe filter) and acidification with 1% of 32%
HCI, and the samples for the dissolved heavy metals were
acidified to pH < 2 with HNO;. All presented metal
concentrations are in dissolved form. The concentration of Pb
was analyzed using an inductively coupled plasma mass
spectrometer (ICP-MS, NexION 300D, Perkin Elmer, Waltham,
USA) and the concentrations of Cr, Cu, Ni, and Zn with an
inductively coupled plasma optical emission spectrometer (ICP-
OES, Ultima 1II, Horiba Jobin Yvon, Kyoto, Japan). The limits of
quantification (LOQs) for Cr, Cu, Ni, Pb, and Zn are 10, 10, 10,
1, and 2 pg LY, respectively. The DOC was measured in the
liquid phase after filtration using a varioTOC Cube analyzer
(Elementar, Langenselbold, Germany) with an LOQ of 0.25 mg
L™ (DIN EN 1484). The heavy metal Cd was not measured,
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because already the concentrations in the sorptive filter media
were under the LOQ in preliminary experiments.

The loss on ignition (LOI) was analyzed according to DIN
EN 15935 and determined in double determination in the
168 h sample of each tested media.

2.6. Data analysis

If the measured concentration was below the LOQ, we set the
value to half of the corresponding LOQ.*® Out of 96 samples, 14
samples for Cu and 1 for Zn were below the LOQ without
considering the blank and quality assurance measurements. For
Ni, we evaluated 18 out of 48 measurements under the LOQ. The
results from one of the duplicates of the sample V_field with SRR
+ NaCl at a timestep of 4 h were neglected because the measured
concentrations for Cu, Zn, and Ni differed considerably. To
analyze and evaluate the leached heavy metal loads from the
sorptive filter media, raw data for the same media from the study
of Rommel et al*® were used to compare with the potential
mobile fraction evaluated by a SEP. The potential mobile fraction
was defined as the sum of the heavy metals analyzed in the SEP's
acid-extractable, reducible, and oxidizable extraction steps.*® The
method can be found in the ESL}

The data were assessed for normal distribution before
conducting the statistical analysis. The evaluation was carried
out using the Shapiro-Wilk normality test. Due to the non-
normal distribution of specific parameters, the correlation
analysis was performed using non-parametric Spearman rank-
order correlation coefficients. Additionally, a permutation test
(n = 1000) was conducted for the correlation analysis to account
for the small sample size.

Further, the non-parametric Kruskal-Wallis test was used
to identify significant differences among groups. In case of a
significant difference, if more than two groups were
evaluated, a following Conover post hoc test with Bonferroni-
p-adjustment was performed to determine which group
differed. The statistical analysis was done in Python with the
libraries Scikit-Posthocs (0.7.0)*° and Scipy (1.10.1)°° unless
stated otherwise. A significance level of a = 0.05 was applied
for all hypothesis tests. A principal component analysis (PCA)
was conducted with the Scikit-Learn (1.3.0) library in
Python.®" Prior to the PCA, the data were standardized, and
the number of principal components was set to 2. The PCA
considered the following parameters: leached Cu and Zn [mg
kg™'], LOIL, pH, EC, and DOC. Other parameters like the
timesteps, Ni, Cr, and Pb were not used due to insufficient
data points or low influence on the total variance.

3. Results and discussion

3.1. Comparison of leaching in filter media prestressed in
field and lab-scales and the RDS

The eluent of the SRR had an EC of 853 uS cm™, SRR + NaCl
had an EC of 18406 uS cm™ and both have a pH value of
8.1. The pH and EC in the leachates changed for some of the
investigated materials but remained constant over the three
investigated timesteps: 4, 48, and 168 hours (Fig. S27).
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The highest EC was measured in the SRR leachate of RDS
with 2510 pS em™', mostly over twice as high as from the
sorptive filter media (Table 2). The EC in the field-tested
media was significantly higher (p < 0.002) compared to the
lab prestressed media. This observation can mainly be
explained by the fact that the field filter media also contains
fine RDS retained by mainly physical filtration. An increased
EC was only observed in the leachate of the lab filter media
from SCM-S which can be attributed to the dissolution of the
mineral phases (iron-based medium).

For the eluate SRR + NaCl, the EC was comparable
throughout all samples and mainly influenced by the NaCl
concentrations, with still the highest value for the RDS with
19605 uS cm . Formerly, a study found considerable
amounts of cations (Ca, Mg, Na, and Fe) leaching from
comparable RDS of a settling tank.®’

The pH values differed significantly (p < 0.001) between
the field and lab media and were generally higher for the lab
media. Overall, the pH value for the SRR varied between 7.8
and 8.0 for the field, 8.0 and 8.3 for the lab filter media and
slightly change from the initial pH.

Generally, lower pH values were found under the influence
of the de-icing salt, most likely due to the release of H;O"
ions caused by the high Na' concentrations through cation
exchange®® with a minor negative correlation of —0.4 (Fig.
S37). Therefore, the most substantial effect on remobilization
was expected for the zeolite, as the primary retention
mechanism is cation exchange.

For the LOI, it can be concluded that over the 2.75 years
of field operation, the sorptive filter media received
enrichment in organic matter through RDS. This fact is
supported by the exceptionally higher and significantly
different DOC leaching of the field media. In contrast, the
media of SCM-S contain granular activated lignite and have a
high initial LOI (¢f Table 1), and the enrichment with RDS
apparently leads to a decrease in LOI. However, the DOC
concentration of S_field increased by many folds compared
to S_lab.

A considerably high organic content with an LOI of 10.2%
was analyzed in the RDS, with a severe leaching of DOC > 85
mg L. It is known that RDS can carry a wide variety of
organic constituents, acting as a source of pollutants,'”*%
but they can also affect the physical structure of RDS through
aggregation and the leaching of particles.®

The following general observations can be stated for the
leaching of heavy metals in the quiescent column leaching
test.

The heavy metals Cu, Ni, and Zn had a slight positive
correlation among themselves and were negatively correlated
to pH (Fig. S37), either due to higher dissolution at lower pH
values or precipitation effects. In particular, under the
influence of NaCl, the concentrations for Zn in the leachates
of the tested filter media, beside SCM-S, exceeded the initial
concentrations of 100 pug L', indicating leaching. Further,
significant positive correlation (0.6; p < 0.0001) and leaching
in the presence of NaCl were evaluated.
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Table 1 Characteristics of sorptive filter media and the heavy metal content (aqua regia digestion) after prestressing under field and lab conditions with
the potential mobile fraction (pMF) evaluated by a sequential extraction procedure according to ref. 50; a = column test; b = shaken batch test

RDS D_lab D_field S_lab S_field V_lab V_field
Iron-based medium
Road-deposited with granular
Media sediments Carbonate sand activated lignite Zeolite
Leaching test a a, b a, b a a a a
Cr mg kg™ 90.2 — 22.4 — 6.2” — 16.6
PMF* 9.3 — 2.9 — 65.7 — 68.1
Cu mg kgf1 214 52.9 41.1 1282 32.9 444 64.6
PMF%"“ 56.7 55.1 20.9 81.5 83.2 99.1 96.2
Ni mg kg™ 23.2 — 11.7 — 42.0 — 8.0
PMF%"* 11.6 - 3.5 — 74.8 — 75.5
Pb mg kg™ 24.7 — 5.0 — 5.0 — 42.0
PMF%"“ 65.1 — 20.9 — 57.9 — 92.0
Zn mg kg™ 1521 444 333 8204 274 3370 260
PMF%* 88.3 85.5 31.5 99.3 78.7 98.6 86.9
LOI % 10.2 0.5 2.0 26 23.6 5.2 6.6

“ Measured concentration was below the LOQ, we set the value to half of the corresponding LOQ. ” Important note: the percentage potential
mobile fraction (pMF) may not be directly linked to the mass concentrations from the aqua regia digestion. Please refer to ref. 50.

In contrast, no or only minor leaching of Cu was
identified for all filter media. Most concentrations lay below
the initial concentration of 50 ug L™, represented by the gray
area in Fig. 1. A significant influence of DOC on Cu can
explain the comparable higher dissolved concentrations of
copper in the field filter media compared to the lab
prestressed one. Cu is known to have a high adsorption
affinity to organic matter,*®> and former studies identified
complexation as an essential factor in the retention of metals
from road runoff."»***¢"%® Only a minor effect of NaCl on the
Cu leaching was found, in contrast to Adhikari et al.,*® who
described a negative correlation between Na and Cu in a
green stormwater infrastructure. The authors attributed this
to the influence of de-icing salts.

Neither Zn, Ni, nor Cu showed a time-dependent leaching,
indicating a fast adjustment of equilibrium conditions or
reaction. However, the RDS had declining concentrations of

Table 2 pH, EC and DOC in the leachate of the column experiment with
SRR or SRR + NaCl, reported as the mean over all timesteps

EC [uS cm™] pH [-] DOC [mg L]
SCM SRR SRR +NaCl SRR SRR+ NaCl SRR SRR + NaCl
Eluent 853 18406 8.1 8.1 1.0 1.0
D
RDS 2510 19605 78 7.6 87.1 104
Lab 873 18448 8.0 8.2 09 1.1
Field 1395 18720 78 7.8 21.2  22.6
S
Lab 1079 17476 82 8 2.7 3.5
Field 1302 17413 8.0 7.9 26.7 222
v
Lab 846 17425 83 6.6 22 09
Field 1430 18516 8.0 7.5 24.6 37

332 | Environ. Sci.. Water Res. Technol., 2025, 11, 328-340

Zn and Cu, corresponding to an increasing pH value over
time. In summary, the most important parameters
controlling the heavy metal leaching from sorptive filter
media and RDS were DOC, NaCl, and pH. Other studies also
reported similar findings.*>*%%7°

A deeper look into the tested media reveals that the
leaching of both heavy metals, Cu and Zn, was observed only
for the RDS (Fig. 1). The RDS also had the highest leaching
of Zn and Cu beside Zn for V_lab with SRR_NaCl. Higher
concentrations in the leachate were found with NaCl, but
more pronounced for Zn with approximately 100% higher
values. Due to its finer particle size distribution than the
sorptive filter media, it can be assumed that a larger inter-
phase surface area contributes to the increased desorption.
For RDS, a similar leaching order Zn > Cu > Ni > Cr was
also found by Zafra et al.* A previous study reported higher
concentrations of Zn, Cu, and Ni leaching from the sediment
of a settling tank (SCM-V) in a similar experimental setup.’’
However, the total metal contents for Cr, Ni, and Zn were
comparable, whereby Pb and Cu were about half in the RDS
of this study. Therefore, a higher risk of RDS trapped in
settling tanks, which are permanently submerged and subject
to anaerobic processes during longer dry periods, can be
assumed. Further, a higher mobile fraction was identified for
Cu, Cr, Ni, and Pb in the sediments, which was also
attributed to the different redox conditions in the settling
tanks. Another notable difference between the sediments was
the LOI, which was twice as high (~20%) compared to the
RDS in this study.”®

A more diverse image can be seen for the lab and field
filter media. For D_media, Zn leaching with and without de-
icing salt was observed, which increased with NaCl. A
possible reason might be the pH decrease with additional
high amounts of CI". Thus, chloride complexes are formed,
which increase with lower pH and compete with hydroxides
and carbonate complexes.”"”> Zn-ions bound in chloride

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Time series of the mean dissolved Zn and Cu concentrations in the leachate of the different media; the gray area indicates concentrations
below the initial concentration of the synthetic road runoffs; values above the grey area imply leaching; the standard deviation is represented by

the colored shaded area.

complexes are unavailable for sorption processes and
precipitation and can therefore leach from the carbonate
sand. The fluctuation of the Zn concentrations in Fig. 1
matches well with the development of the pH over the
experiment (Fig. S2t). Overall, D_lab leached more Zn but
less Cu compared to D_field. As already elaborated, this can
be attributed to the higher DOC concentrations in the D_field
leachate. Nevertheless, it must be pointed out that SCM-D
and SCM-V are not operated with permanent submerged
filter media, demonstrating that leaching during long
hydraulic retention times does not pose a real risk in these
systems.

As expected, a significant influence of the de-icing salts on
the Zn leaching in V_media was observed, with a
concentration of up to 2704 ug L™ in the V_lab leachate. This

This journal is © The Royal Society of Chemistry 2025

strong Zn remobilization can be attributed to the main
retention mechanism of zeolites - ion exchange. Due to the
high flushing of Na*-ions, the Zn>"-ions were washed off from
the exchange sites. It is known that NaCl can be used for the
regeneration and activation of zeolites.”*”® In contrast, there
was no leaching of Zn with SRR and only partial leaching of
Cu. Similar to D_media, the lab prestressed media had
higher Zn but lower Cu concentrations in the leachates.
Interestingly, the S_media showed no leaching, even
though the SCM had the highest catchment area-to-filter
surface area ratio. Thus, the highest total concentrations of
Cu and Zn were achieved in the substrate S_lab with the
highest discrepancy between the lab and field. As S_media
consists of a mixture of granular ferric hydroxide with
granular activated lignite, leaching for S_lab was expected as
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former studies showed heavy metal leaching under the
influence of de-icing salts from prestressed ferric
hydroxide.*"

In addition to Cu and Zn, the prestressed filter media
were analyzed for Cr, Pb, and Ni. All samples for Cr and Pb
were below the LOQ. Relevant leaching is, therefore, unlikely.
In contrast, elevated concentrations of Ni were determined
for all media in the leachate with SRR + NaCl. Only the RDS
had Ni concentrations over the LOQ with SRR. The highest
concentrations were found in the RDS and V_field with 50.8
ug L™ and 65.4 ug L%, respectively, and more than twice as
high as S_field and D_field (Fig. S4t). A significant positive
correlation was calculated between the EC and Ni, indicating
a strong influence of NaCl on the Ni leaching. The effect of
de-icing salts on the mobility of Ni was already reported by
others.’>”77?

The PCA results with the identified six main parameters
explaining the leaching behavior are presented in Fig. 2. In
summary, 70% of the variability is explained by the principal
components PC1 and PC2, with 43.6% and 26.5%,
respectively. PC1 can be interpreted as a leaching vector; it
increases with increasing leached Zn and Cu. Therefore, the
clustering of the EC and Zn loadings is well associated with
the positive influence of the de-icing salt on the leaching of
Zn. The most pronounced effect of EC and Zn leaching can
be determined for the V_lab substrate. This is in good
agreement with the correlation analysis and is explained by
the already elaborated reasons. The same applies to the
cluster of DOC and Cu concentrations. Higher leaching of Cu
is accompanied by increased DOC concentrations, which

View Article Online
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supports the former findings that the mobility of Cu is
mainly influenced by dissolved organic matter and less
through de-icing salts. Adverse effects on the leaching can be
attributed to the parameters such as the pH and the LOI A
low pH leads to a dissolution of the investigated metals and
can, therefore, leach from the sorptive filter media. The effect
of the LOI regarding the decreased leaching of Zn and Cu
can be linked to sorption processes onto the organic matter
and their reactive functional groups.*® However, the LOI
loading is way below the other five parameters and is
therefore less relevant.

It is essential to highlight that the resulting total heavy
metal content for the lab and field prestressed media differed
significantly (p = <0.001). The large discrepancy can be
explained by the assumptions made for the prestressing
method. Either there is an overestimation regarding the
applied dissolved loads of Zn and Cu, or the removal
efficiency of the SCMs under in situ conditions does not meet
the requirement of 90% removal chosen for the lab scale
prestressing. Interestingly, the loads of D_lab and D_field are
at a comparable level. This finding can be attributed to
higher removal efficiency compared to SCM-S and SCM-V or
a higher enrichment of particulate-bound metals through the
translocation of fine sediments from the filter cake.
Predominantly, the heavy metal accumulation in the different
sorptive filter media can be mainly attributed to the physical
filtration of particulate matter, also demonstrated by other
studies for bioretention facilities.”*

Generally speaking, lab studies try to mimic similar heavy
metal loads, but applied in a short time, resulting in
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Fig. 2 Scatter plots of the principal component analysis. The vectors represent the loadings of the variables. PC1 can be interpreted as a leaching
vector. The percentages in axis labels indicate the percentage variance explained by each principal component; variables n = 6, samples n = 84.
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significantly  increased influent concentrations, which
consequently results in different loads and strengths of
association.”

It is important to note that SCM-D and SCM-V are not
operated under permanent impoundment and the chosen high
retention times (>4 h) do not reflect the real conditions in these
systems. Nevertheless, it is relevant to examine different filter
media, especially as their temporal and spatial prestressing
conditions were equivalent and an impoundment for roughly 4
h is conceivable during heavy, prolonged storm events.
Furthermore, comparing SCM-D with a directly connected filter
substratum channel without an upstream sedimentation stage
against SCM-V and SCM-S with a two-stage setup is of high
interest.

The following recommendations can be concluded for
sorptive filter media: firstly, ion exchangers, e.g., zeolite, are
unsuitable for treating traffic area runoff if de-icing salts are
applied. Further, the leaching of Zn could be identified after
short contact times, whereby it is also expected to happen if
SCMs are not operated under permanent impoundment.
Secondly, a pronounced influence of the de-icing salt on the
Zn leaching for the carbonate sand also suggests an
application on roads without salts in the influent.

3.2. Relationship between the leached heavy metal loads and
the identified potential mobile heavy metal fraction

To further elaborate on the results obtained with the leaching
experiments, the analyzed leached heavy metal loads were
brought in relation to the total heavy metal load in the
mobile fraction (Fig. 3). The total leached mass for RDS,
D_field and V_field was 0.11-0.56 mg Cu per kg, 0.0-0.05 mg
Cu per kg and 0.0-0.09 mg Cu per kg, respectively.

For the field sorptive media, Cu-leaching occurred with only
a share of less than 0.1% of the pMF. The lab media showed no
leaching of Cu. Interestingly, the RDS not only had the highest

View Article Online
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released concentrations of Cu, but also shows the highest
tendency to leach, concerning its potential mobile fraction.

As described in the previous section, the general leaching
of Zn was only found under the influence of a de-icing salt.
On average, we evaluated notable leaching loads of 2.00 mg
Zn per kg for RDS, 0.29 mg Zn per kg for D_field, 0.46 mg Zn
per kg for D_lab, 0.41 mg Zn per kg for V_field and 4.04 mg
Zn per kg for V_lab. Despite significant differences in the
leached mass and total pMF, a uniform leaching ratio of Zn
was observed across all sorptive filter media with around
0.1%.

Therefore, the hypothesis of Rommel et al.” that experiments
with prestressed filter media in lab-scale likely overestimated the
leaching of heavy metals cannot be confirmed with the
performed quiescent column experiments on the assumption
that the pMF is known. This circumstance becomes even more
apparent if the leaching behaviors of Cu and Zn from the lab and
in situ prestressed sorptive filter media are directly compared and
standardized to their actual mobile fraction (Fig. 4).

For Cu, it can be clearly seen that when leaching occurred,
the lab filter media tended to underestimate the percentage of
leaching of the pMF. In this study, this is again due to the fact
that DOM contamination was not taken into account in the lab-
scale prestressing procedure. Yet, it is essential to mention that
DOM's properties can influence the interaction with heavy
metals,*>®" which must be considered when designing suitable
lab experiments. The leaching prediction of the Zn loads was
overall in good agreement, with an R* of 0.89.

In summary, the mobile fraction identified through the
sequential extraction tends not to leach in a high proportion in
quiescent column experiments. The leaching of Cu and Zn in
relation to the total mobile fraction in the sorptive filter media
is less than 0.2%. Nevertheless, it needs to be considered that
the experiment carried out here only represents one dry cycle.
Based on these results, further research is needed to determine
the development of heavy metal leaching during the life cycle of
an SCM and what proportion of the beforehand retained heavy
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Fig. 3 Percentage ratio [%] of the leached Cu (A) and Zn (B) loads to the potential mobile fraction (pMF) identified by the SEP of the lab or field
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metal load is leached in the consecutive dry period. Moreover,
due to the evaluated fast desorption of <4 h, the findings are
also valid for less intense storm events where challenging
conditions and a sufficient retention time are present in the
SCM. still, through the analyzed leaching dependence of Cu
and Zn on DOM and de-icing salts, it cannot be assumed that
there is permanent leaching throughout the year but rather
seasonal peaks.

3.3. Comparison of the quiescent column leaching test and
DIN 19529

The results obtained from the quiescent column leaching
experiments were compared to shaken batch leaching
experiments according to German Standard DIN 19529 to
understand better which mechanisms influence the Zn and
Cu leaching behavior. The analyzed concentrations of Zn
and Cu for the in situ or lab prestressed sorptive filter
material D are presented in Fig. 5. Interestingly, no distinct
difference in leached Zn was observed, particularly for
D_field. Higher Zn concentrations were only analyzed in
D_lab with SRR but not with SRR + NaCl. Therefore, the
shaken batch test revealed no generally increased Zn
concentrations. Previous studies indicated a possible
overestimation compared to quiescent experiments through
decreasing  dispersion limitations (high solid/liquid
movement) and possible physical altering of the media.”” In
summary, we concluded that the contact time, surface
interaction, and mixing are not limiting factors for the Zn
leaching in sorptive filter media, i.e. carbonate sand.

The same conclusion can be drawn for Cu leaching in
D_lab. No influence of the shaken batch test on the leaching
neither for the SRR nor SRR + NaCl was observed. In
contrast, a remarkable increase of the Cu concentration is

336 | Environ. Sci.: Water Res. Technol., 2025, 11, 328-340

determined for D_field with 144% and 121% for SRR and
SRR + NaCl, respectively. The pH could be excluded as a
driver of the mobilization as all experiments showed similar
pH values. A possible explanation could be the higher
concentrations of DOC found in the eluate of the shaken
batch being 38.2 mg L™ compared to 21.9 mg L™ in the
quiescent column leaching experiments. The high DOC
concentrations are directly linked to Cu leaching due to the
aforementioned tendency of Cu to form complexes with
organic matter. Therefore, in reality, Cu leaching in sorptive
filter media is expected due to the presence of DOM which is
not reflected by the lab-scale prestressed filter media.

150 A) Cu - SRR B) Cu - SRR+NacCl
1
=7 100 1
()]
=2
3 50 1
0l | .
C) Zn - SRR D) Zn - SRR+NacCl
B Column
300 A Shaken b 1
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Fig. 5 Comparison of the Cu (A and B) and Zn (C and D)
concentrations [ug L™ depending on the SRR leached from the
sorptive filter media of SCM-D prestressed in situ or in the lab with the
quiescent column (only timestep 4 h and 48 h) and shaken batch
extraction procedures (DIN 19529).
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4. Conclusion

The main findings of our study are:

e The highest leaching was determined for Zn in the RDSs
and filter media with a leaching order: Zn > Cu > Ni. No
leaching was observed for Cr or Pb. We evaluated no general
increased leaching of the lab prestressed media compared to
the field filter media, especially not for Cu. Leaching
depended on factors like filter media properties, NaCl
concentration, DOM in the liquid phase or prestressing
conditions, not hydraulic retention time. The PCA revealed a
strong relationship between Cu-DOM and Zn-NaCl, which
also depended on the properties of the raw material. This
also indicates strong seasonal differences in leaching.

e RDSs leached significantly higher heavy metal loads than
the filter media and had the highest shares considering the
possible mobile fraction. The higher heavy metal contents and
potential mobile fraction in the lab-scale prestressed sorptive
filter media did not necessarily lead to higher metal leaching or
leaching at all. A leaching assessment via the determination of
the potentially mobile fraction seems insufficient.

e No or only minor difference of the Zn leaching by the
shaken batch compared to quiescent column leaching
experiments suggests only minor limitations due to the
contact time and surface interaction. In contrast, higher Cu
leaching in the in situ prestressed filter media is linked to
higher mobilization of DOM.

e The aforementioned formulated hypothesis has to be
rejected, ie. that over 5% of the heavy metals bound in the
potential mobile fraction on sorptive filter media evaluated
by a SEP tend to remobilize during dry periods in SCMs
operated under permanent impoundment.

e Jon exchangers and also carbonate sand showed
increased leaching under the influence of NaCl and can,
therefore, not be recommended on roads with a high
application of de-icing salts.
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