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Abstract

Road runoff can be contaminated by heavy metals and organic substances mainly
due to traffic-related emissions. To enable a sustainable stormwater management,
decentralized treatment of stormwater on site is intended to restore the natural
water cycle and mitigate detrimental effects on the environment. One promising
option for decentralized stormwater treatment in space-constrained urban settings
are stormwater quality improvement devices (SQIDs). These commonly consists
of two-stage treatment trains using sedimentation to separate particulate-bound
contaminants prior to (sorptive) media filtration to retain fine particles and dissolved
contaminants. The treatment efficiency of SQIDs is subject to a variety of influencing
factors that have not yet been adequately described.

The overarching research goal of this dissertation was to identify, describe and
quantify factors influencing treatment efficiency of SQIDs to establish a well-founded
background to assess and design SQIDs. Based on the experience and samples of
monitoring four full-scale SQIDs that treated road runoff from a heavily trafficked
road, four main research topics were studied in this dissertation. Additional lab-scale
experiments were conducted to investigate these research topics in order to achieve
reproducible conditions.

Firstly, leaching of heavy metals retained in SQIDs by sorptive filter media was
studied to provide insights into the long-term treatment efficiency, because reten-
tion mechanism for dissolved heavy metals can be reversible. Three commercially
available filter media used for stormwater treatment were prestressed with copper
and zinc, which are the main heavy metals present in road runoff. Afterwards, these
prestressed filter media were exposed to three different synthetic road runoffs in
quiescent batch tests to simulate permanently submerged media filters during dry
periods. The results demonstrated that even after long contact times, of up to seven
days, and the presence of dissolved organic matter or de-icing salt, no leaching of
heavy metals was observed. Since the experimental conditions were closer to in situ
conditions compared to previous studies, the outcome of this study indicate that the
risk of heavy metal leaching from sorptive media was potentially overestimated in
the past. However, sediments trapped in a SQID exhibited considerable heavy metal
leaching in the same experiments, which can reduce the service life of consecutive
media filtration stages and/or result in worse effluent quality.
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Secondly, the treatment efficiency of SQIDs is commonly examined either at lab
scale or in field tests. However, the chemical boundary conditions and composition
of stormwater significantly affect the treatment efficiency of sorptive filter media
used in SQIDs. These can not be entirely replicated in lab-scale experiments. Thus,
sequential extraction was applied for the first time to analyze whether the mobility
of heavy metals in sorptive filter media shows a discrepancy after prestressing in
lab-scale tests or full-scale application. The analysis revealed that zinc exhibits high
mobility in filter media, as well as sediments trapped in SQIDs. The comparison of
filter media of different origin, displayed that the currently used lab-scale prestress-
ing results in significantly greater mobility of copper and zinc. Previous lab-scale
experiments therefore potentially overestimated heavy metal leaching.

Furthermore, dissolved organic matter (DOM) is well-known to affect mobility
of heavy metals in aquatic systems. However, the occurrence and properties of
DOM in road runoff have not been comprehensively described yet. In order to
enable an assessment of the effect of DOM on stormwater treatment, DOM in road
runoff and effluent of SQIDs was analyzed over the course of one year using UV-
vis and fluorescence spectroscopy as well as size exclusion chromatography. The
results demonstrated that DOM quantity and quality show a strong seasonality. In
summer, DOM was present in higher concentrations and showed more humic-like
properties. Treatment in SQIDs showed no significant impact on the DOM quantity
and properties. Furthermore, it was verified that most of the DOM can be attributed
to humic substances. Speciation prediction as well as principal component analysis
indicated that the mobility of heavy metals in road runoff and effluent of SQIDs,
especially of chromium and copper, is influenced by the presence of DOM due to
formation of DOM-metal complexes.

Lastly, further studies investigated the influence of temperature and de-icing
salt on the sedimentation of particulate matter in road runoff. These demonstrated
that even high de-icing salt concentrations do not significantly affect settling of
road-deposited sediment, in contrast to temperature. Furthermore, particle shapes
of road-deposited sediments were comprehensively analyzed. Yet, they appeared to
be negligible to determine settled fractions.

In summary, this dissertation contributes to the current knowledge about
stormwater treatment by describing and evaluating currently insufficiently studied
factors influencing treatment efficiency of SQIDs and other stormwater treatment
systems. Together with further studies that need to demonstrate the feasibility of
the widespread application of SQIDs, this facilitates a well-founded assessment and
selection of appropriate stromwater control measures.
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Zusammenfassung

Straßenabflüsse können vor allem durch verkehrsbedingte Emissionen mit Schwer-
metallen und organischen Schadstoffen belastet sein. Um eine nachhaltige Re-
genwasserbewirtschaftung zu erreichen, soll Niederschlagswasser dezentral vor Ort
bewirtschaftet werden, um, ggf. nach einer Behandlung, den natürlichen Wasserkreis-
lauf wiederherzustellen und schädliche Auswirkungen auf die Umwelt abzumildern.
Dezentrale Niederschlagswasserbehandlungsanlagen sind eine vielversprechende
Möglichkeit insbesondere für den Siedlungsraum mit begrenztem Platzangebot.
Diese verfügen in der Regel über zweistufige Behandlungssysteme mit einer Se-
dimentationsstufe zur Abtrennung von partikulär gebundenen Schadstoffen vor
einer Filtrationsstufe mit sorptiven Materialien zum Rückhaltung von Feinpartikeln
und gelösten Schadstoffen. Während es zahlreiche Untersuchungen zu dezentra-
len Behandlungsanlagen im Labormaßstab gibt und diese auch im Labor geprüft
werden, ist die Erfahrung mit solchen Anlagen im Praxisbetrieb begrenzt. Die Reini-
gungsleistung von dezentrale Niederschlagswasserbehandlungsanlagen unterliegt
im Praxisbetrieb einer Vielzahl von Einflussfaktoren, die noch nicht hinreichend
beschrieben sind.

Das übergeordnete Ziel dieser Dissertation war die Identifizierung, Beschrei-
bung und Quantifizierung von Faktoren, welche die Reinigungsleistung von dezentra-
len Niederschlagswasserbehandlungsanlagen unter Realbedingungen beeinflussen.
Somit kann einen fundierte Grundlage für die Bewertung und Auslegung von de-
zentrale Niederschlagswasserbehandlungsanlagen geschaffen werden. Basierend
auf den Erfahrungen und Proben der Überwachung von vier großtechnischen de-
zentrale Niederschlagswasserbehandlungsanlagen, die Straßenabflüsse von einer
stark befahrenen Straße behandelten, wurden in dieser Dissertation vier Forschungs-
themen abgeleitet und untersucht. Hierfür wurden zusätzliche Experimente im
Labormaßstab durchgeführt, um reproduzierbare Bedingungen zum Vergleich zu
erreichen.

Zunächst wurde die Remobilisierung von Schwermetallen, die von den sorp-
tiven Filtermaterialien zurückgehalten wurden, untersucht, da Wirkmechanismen
dieser Materialien reversibel sein können. Hierdurch kann die langfristige Leis-
tungsfähigkeit beurteilt werden. Drei handelsübliche sorptive Filtermaterialien, die
in Niederschlagswasserbehandlungsanlagen verwendet werden, wurden mit den
relevantesten Schwermetalle in Straßenabflüssen, Kupfer und Zink, vorbelastet.
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Anschließend wurden die vorbelasteten Filtermaterialien drei verschiedenen syn-
thetischen Straßenabflüssen in Batch-Tests ohne Schütteln ausgesetzt, um dauer-
haft eingestaute Systeme während Trockenperioden zu simulieren. Die Ergebnisse
zeigten, dass selbst nach langen Verweilzeiten von bis zu sieben Tagen und dem
Vorhandensein von gelösten organischen Substanzen oder Tausalz keine Remobili-
sierung von Schwermetallen auftrat. Da die Versuchsbedingungen im Vergleich zu
früheren Studien näher an realen Bedingungen lagen, deuten die Ergebnisse dieser
Studie darauf hin, dass das Risiko der Schwermetallremobilisierung aus sorptiven
Filtermaterialien in der Vergangenheit möglicherweise überschätzt wurde. Die in
dezentrale Niederschlagswasserbehandlungsanlagen eingeschlossenen Sedimente
zeigten jedoch in den selben Experimenten eine deutliche Schwermetallremobili-
sierung, was die Lebensdauer nachfolgender sorptiver Filtrationsstufen verringern
und/oder zu einer schlechteren Ablaufqualität führen kann.

Derzeit wird die Reinigungsleistung von dezentrale Niederschlagswasserbe-
handlungsanlagen üblicherweise entweder im Labormaßstab oder in Feldversuchen
ermittelt. Allerdings beeinflussen die chemischen Randbedingungen und die Zusam-
mensetzung des Straßenabflusses die Reinigungsleistung der sorptiven Filtermateria-
lien in Niederschlagswasserbehandlungsanlagen erheblich. Diese können jedoch in
Experimenten im Labormaßstab nicht vollständig abgebildet werden. Daher wurde
erstmals die sequentielle Extraktion angewandt, um zu analysieren, ob die Mobilität
von Schwermetallen in sorptiven Filtermaterialien abweicht, wenn die Vorbelastung
entweder im Labormaßstab oder im großtechnischen Einsatz erfolgte. Die Analyse er-
gab, dass vor allem Zink eine hohe Mobilität in Filtermaterialien aufweist, ebenso wie
in zurückgehaltenen Sedimenten. Der Vergleich von Filtermaterialien unterschiedli-
cher Herkunft zeigte, dass die derzeit verwendete Vorbelastung im Labormaßstab zu
einer deutlich höheren Mobilität von Kupfer und Zink führt. Frühere Experimente im
Labormaßstab überschätzten daher vermutlich die Schwermetallremobilisierung.

Außerdem ist bekannt, dass gelöste organische Substanzen (DOM) die Mobilität
von Schwermetallen in aquatischen Systemen beeinflussen. Das Vorkommen und
die Eigenschaften von DOM in Straßenabflüssen sind jedoch noch nicht umfassend
beschrieben. Um eine Bewertung des Einflusses von DOM auf die Niederschlagswas-
serbehandlung zu ermöglichen, wurde DOM in Straßenabfluss und Ablauf von dezen-
tralen Niederschlagswasserbehandlungsanlagen über den Verlauf eines Jahres mittels
UV-Vis- und Fluoreszenzspektroskopie sowie Größenausschluss-Chromatographie
analysiert. Die Ergebnisse zeigten, dass sowohl die Menge als auch die Zusammen-
setzung des DOM eine starke Saisonalität aufweisen. Im Sommer waren höheren
DOM-Konzentrationen vorhanden und die Eigenschaften waren eher Huminstoffen
ähnlich. Die Behandlung in Niederschlagswasserbehandlungsanlagen zeigte keinen
signifikanten Einfluss auf die Menge und Zusammensetzung des DOM. Außerdem
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wurde nachgewiesen, dass der Großteil des DOM auf Huminstoffe zurückzuführen
ist. Die Berechnung der Speziierung sowie die Hauptkomponentenanalyse zeigte,
dass die Mobilität von Schwermetallen, insbesondere von Chrom und Kupfer, im
Straßenabfluss und im Ablauf von Niederschlagswasserbehandlungsanlagen durch
die Anwesenheit von DOM durch Bildung von Komplexen beeinflusst wird.

Schließlich wurde in weiteren Studien der Einfluss von Temperatur und Tausalz
auf die Sedimentation von Partikeln im Straßenabfluss untersucht. Diese zeigten,
dass selbst hohe Tausalzkonzentrationen die Sedimentation von Partikeln nicht si-
gnifikant beeinflussen, im Gegensatz zur Temperatur. Außerdem wurde die Form
von auf Straßen abgelagerten Partikeln umfassend untersucht. Sie war jedoch ver-
nachlässigbar für die Bestimmung der Absetzbarkeit.

Zusammenfassend trägt diese Dissertation zum aktuellen Wissen über die Nie-
derschlagswasserbehandlung bei, indem sie derzeit unzureichend untersuchte Fak-
toren, welche die Reinigungsleistung von dezentralen Niederschlagswasserbehand-
lungsanlagen im Praxisbetrieb beeinflussen, beschreibt und bewertet. Zusammen
mit weiteren Machbarkeitsstudien zum flächendeckenden Einsatz von Niederschlags-
wasserbehandlungsanlagen ist diese Arbeit Grundlage für eine fundierte Beurteilung
und Auswahl geeigneter Niederschlagswasserbehandlungssysteme.
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General introduction 1
1.1 Problem definition

Increasing impervious cover in urban areas alters hydrology and consequently the
transport of sediment, nutrients, and pollutants, originating from traffic areas,
building materials and other land uses (Grimm et al., 2008; Sheldon et al., 2019).
These contaminants accumulate on impervious surfaces, and are washed off into
receiving water bodies during rainfall events. The altering of urban water bodies
results in low biodiversity, high concentrations of contaminants and nutrients, and
reduced nutrient retention (Grimm et al., 2008; Paul and Meyer, 2001; Walsh et al.,
2005). Besides toxic effects to the environment, contaminants in stormwater can as
well pose a risk to human health (Bartlett et al., 2012a; Bartlett et al., 2012b; Ma
et al., 2016; Jayarathne et al., 2018; Zgheib et al., 2011b).

Increasing vehicle ownership has led globally to a rise in traffic volume and
related traffic-generated contaminants (Goonetilleke et al., 2017). As a consequence,
vehicular traffic is one of the most important source of contaminants in the environ-
ment, especially in urban areas, and can pose a significant threat to the environment
and human health (Goonetilleke et al., 2017; Ma et al., 2016). The contaminants
accumulate in road-deposited sediments (RDSs) during dry periods on the road
surface, and are washed off by road runoff during rainfall events (Goonetilleke and
Lampard, 2019; Zafra et al., 2017) into receiving water bodies and the roadside
environment. Consequently, road runoff is one significant non-point source of con-
taminants, which needs to be treated appropriately to mitigate detrimental effects
on the environment (Huber et al., 2016c; Kayhanian et al., 2012a; Bannerman et al.,
1993).

Within this thesis the term road runoff was used. However, traffic-area runoff
exhibits comparable properties. It also considers runoff from parking areas and
other impervious surfaces, such as reloading sites with considerable movement of
vehicles.

1.1.1 Contaminants in road runoff
The priority contaminants in road runoff are heavy metals and polycyclic aromatic
hydrocarbons (PAHs) due to their occurrence, persistence and toxicity (Zgheib et
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al., 2011b; Ma et al., 2017; Järup, 2003; Chen and Liao, 2006; Fu and Wang,
2011). Heavy metals describe metals with a density from 3.5 g cm−3 to 5 g cm−3.
Although ’heavy metals’ is the most common term, there is no coherent basis (Duffus,
2002). More specific terms are ’toxic metals’ or ’trace metals’, which are as well
associated with problems (Alloway, 2013). As a consequence, the term ’heavy
metals’ was used within this thesis due to the common use. Heavy metals can be
separated into two groups: trace or micro nutrients, which are essential for the
metabolism of animals, microorganisms and plants (e.g. iron (Fe), manganese (Mn),
chromium (Cr), copper (Cu), nickel (Ni), and zinc (Zn)), and elements which are
not essential for the metabolism, such as lead (Pb), cadmium (Cd), mercury (Hg)
(Blume et al., 2016a, p. 496). However, higher concentrations of numerous heavy
metals show toxic effects (Gautam et al., 2014; RÖMPP-Redaktion and Blaß, 2016).
An overview of the classification is given in Table 1.1.

Most previous studies analyzed the heavy metals Cd, Cr, Cu, Ni, Pb and Zn due
to their occurrence in road runoff (Kayhanian et al., 2012a; Huber et al., 2016c;
Zgheib et al., 2011a). These metals are among the priority pollutant metals defined
by the U.S. Environmental Protection Agency, based on a potential hazard to human
health (National Research Council, 2003).

The partition of heavy metals (dissolved or particulate-bound) is element-
dependent and affected by various runoff parameters: pH, ionic strength, alkalinity,
redox conditions, particulate matter, dissolved organic matter (DOM) (Huber et al.,
2016c; Zgheib et al., 2011b; Kayhanian et al., 2012a; Sansalone and Buchberger,
1997; Transportation Research Board, 2014; Revitt and Morrison, 1987). Ni and Cd
are predominantly found in the dissolved fraction, Cu and Zn show an intermediate
behavior, and Cr and Pb are mostly particulate-bound (Huber et al., 2016c).
Besides heavy metals, other contaminants, such as PAHs, total petroleum hydrocar-
bons (TPH), pesticides, and other trace organic contaminants (TOrCs) are detected
in stormwater and road runoff (Eriksson et al., 2007; Zgheib et al., 2011a; Masoner
et al., 2019; Kayhanian et al., 2012a; Spahr et al., 2020; Fairbairn et al., 2018).
PAHs are the main organic contaminants (Loganathan et al., 2013), and are predom-
inantly found in the particulate phase (Zgheib et al., 2011b). The distribution of the
individual PAHs is depending on their source (Pengchai et al., 2005).

If de-icing salts are applied on roads for snow and ice control, these are another
source of contaminants. The most common de-icing salts are the chloride salts
calcium chloride (CaCl2), magnesium chloride (MgCl2), and sodium chloride (NaCl)
(Fay and Shi, 2012; Huber et al., 2015b). The main contaminant of concern
associated with de-icing salts is chloride (Cl-), which can be present in concentrations
causing acute toxicity to aquatic organisms and plants (Huber et al., 2015b; Schuler
and Relyea, 2018; Bartlett et al., 2012b). Furthermore, de-icing salts can increase the
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Tab. 1.1. Classification of a selection of heavy metals as essential or toxic for animals and
plants, adapted from Merian (1984) cited in RÖMPP-Redaktion and Blaß (2016)

Element Essential for animals Essential for plants Toxic for animals Toxic for plants

Cadmium • •
Chromium •
Cobalt •
Copper • • • •
Iron • •
Lead • •
Manganese • • •
Mercury • •
Molybdenum • • •
Nickel • •
Platinum •
Tin •
Vanadium • •
Zinc • • •

mobility and consequently the bioavailability of heavy metals present in road runoff
(Schuler and Relyea, 2018; Acosta et al., 2011). In addition, ferric ferrocyanide and
sodium ferrocyanide are common anti-caking agents added to de-icing salts, which
are water soluble and can be a source of toxic free cyanide after exposure to sunlight
(Novotny et al., 1998; Paschka et al., 1999; Field et al., 1973).

Besides the aforementioned contaminants, nutrients (nitrogen, phosphorus),
which are present in traffic-area runoff (Kayhanian et al., 2007; Zhang et al., 2019a;
Zgheib et al., 2011b; Lucke et al., 2018), can be of concern, if the receiving water
bodies are prone to eutrophication (Clark and Pitt, 1999).

In Table 1.2 the concentrations of relevant contaminants found in road runoff
are summarized.

The main focus of this thesis are suspended solids, since most relevant con-
taminants are found predominately in the particulate phase and heavy metals in
the dissolved and particulate phase. In addition, nutrients and other contaminants,
which have minor relevance and legal requirements, are also covered incidentally.

1.1 Problem definition 3
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1.1.2 Contaminant Sources

Most contaminants, present in road runoff, originate from multiple sources (Ta-
ble 1.3). In addition, most contaminants are particulate bound (Zgheib et al.,
2011b). Thus, RDS contribute significantly to the contamination of traffic-area
runoff, because RDS is washed off into the surrounding environment and receiving
waters during rainfall events (Zafra et al., 2017; Wijesiri et al., 2016). Hong et al.
(2020) were able to quantify contributions of different sources to the contamina-
tion of RDS. They reported that 33 ± 26% of RDS mass comprises of tire wear
particles (TWPs), which contributes to 28 ± 25% of the Zn content. Brake linings
contribute 59 ± 30% of the Cu content in RDS, and gasoline engine exhaust is the
main source of Cr (29 ± 28%) and Ni (20 ± 23%). Since RDS are washed off by
road runoff, similar contributions can be expected for traffic-area runoff.

Based on a literature review, Huber and Helmreich (2016) were able to approx-
imate the annual traffic-related heavy metal emission in Germany. According to
this study, 0.92 t a−1 Cd, 935 t a−1 Cu, 84.4 t a−1 Pb, and 2094 t a−1 Zn are emitted
every year in Germany due to traffic. The main sources were brake wear for Cu and
Pb, tire wear for Zn, and de-icing salts for Cd.

There are numerous factors affecting road runoff quality: traffic volume, an-
tecedent dry period, rain event characteristics (precipitation height, intensity, and
duration), previous rain event characteristics, climatic factors, land-use, road sur-
face, road design, and road sweeping (Opher and Friedler, 2010; Horstmeyer et al.,
2016). Analyses of roadside soil (of vegetated infiltration swales) indicate that
especially stop-and-go areas, roundabouts, crossings and areas in proximity to road
infrastructure like traffic lights, signs and guardrails, show a high contamination
level (Horstmeyer et al., 2016; Huber et al., 2016c).

Currently, tire wear has gained attention in the course of the growing awareness
of microplastics in the environment (Wagner et al., 2018; Vogelsang et al., 2019;
Järlskog et al., 2020; Kim and Lee, 2018; Liu et al., 2019; Lassen et al., 2015; Pant
and Harrison, 2013; Kreider et al., 2010; Essel et al., 2015; Wik and Dave, 2009;
Wik et al., 2008). TWP and bitumen worn off the surface of asphalt roads are one
major source of microplastics in the environment (Järlskog et al., 2020; Vogelsang
et al., 2019). Another source are road paint markings (Vogelsang et al., 2019).
Wagner et al. (2018) estimated that in Germany 133 000 t a−1 TWP are generated
due to traffic.

Furthermore, there are various sources of TOrCs for traffic-area runoff, such
as corrosion inhibitors, flame retardants, plasticizers, and pesticides (Spahr et al.,
2020; Burant et al., 2018; Zgheib et al., 2011a). These can appear distant from their
origin due to atmospheric transport and deposition (Burant et al., 2018). However,
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Gasperi et al. (2014) conclude that the contribution of atmospheric deposition is
low because of high local emission by urban surfaces, buildings and vehicles.

1.1.3 Toxicity
Results of various toxicity tests indicate that road runoff and RDS shows toxic effects
(Kayhanian et al., 2008b; Jayarathne et al., 2018; Bartlett et al., 2012a; Bartlett
et al., 2012b).

Especially the first flush, which describes elevated contaminant loads discharged
in the beginning of a runoff event, exhibits high toxicity, whereas most composite
samples of runoff events show no toxicity to freshwater test species (Kayhanian
et al., 2008b; Strecker et al., 2005). Kayhanian et al. (2008b) identified Cu and Zn
as the main sources of toxicity, however, they were not able to attribute further toxic
effects to other contaminants. This finding is supported by Schiff et al. (2002). In
contrast, Bartlett et al. (2012a) found no relation between concentrations of heavy
metals and PAHs with observed toxicity caused by water and sediment samples of
a stormwater management pond, although the concentrations exceeded threshold
values and effect levels. Subsequently, they identified Cl-, which is applied with
de-icing salt, as the main cause of toxicity (Bartlett et al., 2012b). Another study also
observed no toxic effects by water samples of stormwater ponds and sedimentation
tanks (Karlsson et al., 2010). However, they demonstrated that sediments trapped
in the treatment facilities exhibit toxic effects. Furthermore, increasing organic
contents in the sediments resulted in higher toxicity. In contrast, DOM can decrease
bioavailability and consequently toxicity of heavy metals (Koukal et al., 2003;
Lorenzo et al., 2002; Luider et al., 2004). Jayarathne et al. (2018) stated that
the heavy metals in RDS pose mostly a low ecological risk. Human health risk
assessment indicated that heavy metals in RDS pose a low non-cancer health risk.
The observed ranking of non-cancer risk associated with the respective heavy metals
was Pb > Cu > Cr > Zn > Ni > Cd. Only Cr showed carcinogenic risk. This
is supported by the findings of Chen et al. (2019). Gautam et al. (2014) give a
comprehensive overview over the adverse health effects caused by heavy metals in
water. Ingestion is the most important pathway of heavy metals in RDS for humans,
followed by dermal contact and inhalation (Hou et al., 2019). Besides traffic-related
emissions, industrial activities in the area can significantly affect pollution and hence
the risk associated with it (Hou et al., 2019).

Regardless of the partly contradicting results of toxicity studies, emission of
heavy metals into the environment must be limited due to the fact that these
contaminants do not decompose in contrast to organic pollutants and consequently
accumulate in the environment (Blume et al., 2016a; National Research Council,
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Tab. 1.3. Sources of contaminants found in road runoff, adapted from Müller et al. (2020),
Huber (2016), Ball et al. (1998), Van Wezel et al. (2009), and Vogelsang et al.
(2019)

Source Contaminants

Vehicle operation and
wear
Anti-freeze and hydraulic
fluids

Total petroleum hydrocarbons (TPH)

Batteries Cadmium (Cd), nickel (Ni), zinc (Zn)
Body paint Lead (Pb)
Brakes Total suspended solids (TSS), Cd, Cu, manganese (Mn),

Ni, Pb, antimony (Sb), Zn, polycyclic aromatic hydrocar-
bons (PAHs)

Catalytic converters Palladium (Pd), platinum (Pt), rhodium (Rh)
Electronic equipment Cu, Ni
Engine and vehicle body Cu, chromium (Cr), iron (Fe), Mn, Ni, Zn
Exhaust gases and particles TPH, polycyclic aromatic hydrocarbons (PAHs), nitrogen

oxides, Mn, Ni, Pb a, benzene, toluene, ethylbenzene,
and the three xylene isomers (BTEX)

Fuel TPH, ethyl tert-butyl ether (ETBE), methyl tert-butyl
ether (MTBE), Cd, Mn, Ni, Pb a

Oil and grease TPH, Ni, Pb, Zn
Tires TSS, Cd, Cu, Mn, Sb, Zn, PAHs, microplastics
Tire studs Tungsten (W)
Wheel balance weights Fe, Pb, Zn
Vehicle washing
Commercial car washing
facilities

Cd, Cr, Pb, Zn, phthalates, nonylphenols, nonylphenol
ethoxylates

Road abrasion
Abrasion by tires
(non-studded and studded)

TSS, PAHs, microplastics

Asphalt surfaces PAHs, nickel (Ni), microplastics
Concrete surfaces Calcium (Ca)
Road paint markings Microplastics
Road infrastructure (e.g.
guard rails, road signs)

Fe, Zn

De-icing salts Sodium (Na), Ca, chloride (Cl-), sulfate (SO4
2-),

cyanides, Cd
Atmopsheric deposition TSS, nitrogen (N), phosphorus (P)
Roadside Fertilizer N, P
Pesticides Cu, Cd, trace organic contaminants (TOrCs)
a Leaded gasoline was phased out during the last decades (Huber et al., 2016c)
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2003; Gautam et al., 2014). Furthermore, the bioavailable fraction of heavy metals
can increase, if conditions (e.g., redox conditions and pH) in the stormwater quality
improvement devices (SQIDs) or environment change (Karlsson et al., 2010).

Besides heavy metals, PAHs pose as well as significant threat to the environment
and human health, because these substances increase the carcinogenic risk (Burkart
et al., 2013; Chen and Liao, 2006). The assessment of risk associated with PAHs is
challenging, since PAHs describe a group of substances with varying toxicity. Liu
et al. (2016) highlighted that PAHs with high molecular weight (4–6 rings) are
associated with a higher risk. Thus, it is suggested to report not only the sum of PAH
concentrations.

The assessment of toxicity caused by TOrCs in stormwater is still a challenge due
to the complex chemical mixtures. Yet, previous studies indicate a significant contri-
bution to toxicity of contaminated runoff in addition to conventional contaminants,
e.g. heavy metals, PAHs (Spahr et al., 2020).

Another aspect, which have not sufficiently investigated yet, is the impact of
contaminants present in road runoff on microbial communities. Recent studies indi-
cate that aquatic microbial communities are affected by heavy metal contamination
(Liu et al., 2020; Wang et al., 2020), which can foster the selection of antibiotic
resistant bacteria (Baker-Austin et al., 2006; Almakki et al., 2019).

1.1.4 Legal requirements in Germany
In Germany, there are currently no consistent national legal requirements for the
management of stormwater pollution (Helmreich and Rommel, 2020). Road runoff
is not specified as a waste water category in the ordinance for discharge of waste
water (Abwasserverordnung, AbwV (2020)). Consequently, there are no national
legal requirements for treatment of it. However, the Water Resources Law (Wasser-
haushaltsgesetz, WHG (2020)) defines road runoff as waste water, which must be
treated according to the state of the art to avoid deterioration of the water quality.
The state of the art is mainly specified in technical guidelines, which differentiate
between urban and non-urban areas. In urban areas, the technical guidelines DWA-
M 153 (2007), DWA-A 138-1 (Entwurf) (2020) and DWA-A/M 102 (e. g. DWA-A
102-1/BWK-A 3-1 (2020)) describe appropriate measures. Decentralized stormwater
treatment will be further described in DWA-M 179. In non-urban areas, the technical
guideline RAS-Ew (2005) is applied and in water protection areas the guideline
RiStWag (2016).

Depending on the water body, threshold values for the pollution of water
bodies are defined in the Surface Water Ordinance (Oberflächengewässerverordnung,
OGewV (2016)) or Groundwater Ordinance (Grundwasserverordnung, GrwV (2017)).
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If infiltration of treated road runoff poses a threat to the groundwater quality can be
evaluated based on the Federal Soil Protection and Contaminated Sites Ordinance
(Bundes-Bodenschutz- und Altlastenverordnung, BBodSchV (2020)) according to
Ettinger et al. (2018). It must be emphasized that the BBodSchV limits contamination
of groundwater e. g. by infiltration of treated road runoff, whereas the GrwV assesses
the condition of the groundwater volume.

Further legal requirements at the level of the federal states exist, but are not
presented in the scope of this thesis.

An overview of the threshold values for heavy metal contamination in water
bodies can be found in Table 1.5. The Geringfügigkeitsschwellenwerte (GFS),
insignificance threshold values, are not a legal requirement, though they can be
used as criteria to assess, if adverse effects can occur due to the impact on the
groundwater. The GFS are based on the Predicted No Effect Concentration (PNEC),
and thereby the ecotoxic and humanotoxic effects of road runoff can be assessed
(Moll and Quadflieg, 2014; LAWA, 2016). The effects of dilution and potential
percolation pathways need to be considered, since they can reduce contaminant
concentrations (Ettinger et al., 2018). Further information about the GFS and their
application can be found in Rösel et al. (2020).

Tab. 1.5. German threshold values for heavy metal contamination in receiving waters,
concentrations in µg L−1

Cd Cr Cu Ni Pb Zn Water body

BBodSchV
(2020),
exposure
pathway soil-
groundwater

5 50 50 50 25 500 Groundwater

GrwV (2017) 0.5 -a -a -a 10 -a Groundwater
LAWA (2016)*,
GFS

0.3 3.4 5.4 7 1.2 60 Groundwater

OGewV (2016),
annual average

0.08–0.25b, c -d -d 4c,e 1.2c,e -d Surface waterf

OGewV (2016),
permitted
maximum
concentration

0.45–1.5b, c - - 34c 14c - Surface waterf

* This document is not a legal requirement
a No value specified, however reference to other sources like LAWA (2016) is possible; b

depending on water hardness; c dissolved concentration; d only value for suspended
solids and sediment are specified; e bioavailable fraction determined with appropriate
models; f excluding saline surface waters
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1.2 State of the art
To mitigate the detrimental effects of urban development on natural waters, urban
planning have been increasingly considered aspects of water sensitive urban de-
sign (WSUD) since the 1980s (Radcliffe, 2019). The main aims of WSUD can be
summarized by the following bullet points (Radcliffe, 2019; Sheldon et al., 2019;
Boller, 2004; Dierkes et al., 2015):

• Management of stormwater quality

• Reduce the risk of flooding

• Restore the natural water cycle by decentralized infiltration

• Reuse of stormwater for potable and nonpotable use

• Reduce the heat island effect by plantation and enhanced evaporation

• Improve aesthetics of the urban environment

To manage stormwater quality, source control measures are applied to avoid diffuse
spreading of contaminants (Boller, 2004), which comprise a variety of measures:
e.g. street sweeping and litter control, permeable pavements, catch basin inserts,
gross pollutant traps, detention ponds or tanks, hydrodynamic separators, oil-water
separators, biofilters, constructed wetlands, and stormwater quality improvement
devices (SQIDs) or manufactured treatment devices (MTDs) (Hoban, 2019; Strecker
et al., 2005; Transportation Research Board and National Academies of Sciences,
Engineering, and Medicine, 2012). SQIDs are one promising decentralized treatment
option in space-constrained urban settings due to their small footprint and mostly
multi-process treatment, which can retain a variety of contaminants (Huber et
al., 2015a; Transportation Research Board and National Academies of Sciences,
Engineering, and Medicine, 2012).

Because the terminology in the field of stormwater management is diverse,
Fletcher et al. (2015) summarized the currently used terms. This thesis focuses on
SQIDs or MTDs due to their increasing relevance. While most SQIDs are MTDs, the
term MTD only includes manufactured systems. For example, systems which share a
comparable functionality and footprint to MTDs, but are constructed from commonly
available pre-cast parts, are only included by the term SQID. Consequently, this
term was used, since it closely describes the studied treatment systems and their
functionality. Other decentralized treatment systems like bioretention systems and
permeable pavements (PPs) are not considered. However, most of the knowledge
can also be applied to other systems.
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1.2.1 Stormwater quality improvement devices
Common SQIDs can be categorized into three types: catch basin inserts, filter sub-
stratum channels and shaft systems (Huber et al., 2015a). The SQIDs are designed
in dependence on the receiving water and local legal requirements (cf. Section 1.1.4
and 1.2.4). Discharge of treated runoff into surface waters generally sets lower
requirements than infiltration into the groundwater.

Most catch basin inserts solely separate particulate matter, though some designs
also utilize media filtration for further particle separation and retention of dissolved
contaminants (Figure 1.1, B). Filter substratum channels (Figure 1.1, C) use direct
media filtration with various media to retain particulate-bound and dissolved con-
taminants. The most common SQIDs are shaft systems (Figure 1.1, A), which can
be either one-stage devices enabling solely particle separation or two-stage devices
with subsequent media filtration after primary treatment. Filter substratum channels
have typically the largest ratio of filter surface to drainage area, resulting in a larger
footprint. Currently, only one catch basin insert is approved by the Deutsches Institut
für Bautechnik (DIBt) to treat road runoff for infiltration into the groundwater.

Fig. 1.1. Sketch of different types of SQIDs treating road runoff, A is a two-stage SQID
with a primary sedimentation stage and subsequent media filtration stage, B is a
catch basin with treatment insert, C is a filter substratum channel, D is a simple
catch basin without treatment except for coarse screening, in this example all
SQIDs discharge into an infiltration unit (E) to infiltrate the treated runoff into
the groundwater. Besides infiltration into the groundwater, discharge into surface
waters is another possibility.

Besides the aforementioned types, there exists as well oil separators. However, they
are usually not regarded as SQIDs, since they are solely designed to retain oil, gross
solids and coarse sediment (Transportation Research Board and National Academies
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of Sciences, Engineering, and Medicine, 2012). Consequently, they offer a very
limited treatment efficiency for other relevant contaminants (cf. Figure 1.7).

The treatment trains of the aforementioned SQID categories can be summarized
by three designs (Huber et al., 2015a): basic treatment, two-stage treatment and
direct media filtration (Figure 1.2). The utilized processes and related treatment
components of SQIDs, as well as their treatment targets, are described in the
following Section 1.2.2.

Receiving Water

(Surface Water, 

Ground Water)

Sedimentation 

Stage

Media Filtration 

Stage

Basic

Two-Stage

Direct

Filtration

Treatment

Train

Road

Runoff

Fig. 1.2. Common treatment trains used in SQIDs

1.2.2 Treatment processes

Most SQIDs use a combination of multiple treatment processes. The most important
processes belong to physical and chemical unit operations. In this section, the indi-
vidual processes are described in detail. Table 1.6 summarizes treatment processes
used in stormwater treatment, their targets and allocation to treatment stages or
designs.

Screening Screening is a primary treatment process based on size exclusion.
Screens separate solids (trash, debris) larger than the screen openings (Strecker
et al., 2005). This process mainly aims to protect subsequent treatment stages
(Strecker et al., 2005; Tchobanoglous et al., 2014). Screening devices can be nets
or screens (Transportation Research Board and National Academies of Sciences,
Engineering, and Medicine, 2012), which are able to separate solids up to one third
of the size of the screen openings (Strecker et al., 2005). To avoid clogging and
minimize headloss caused by a screen, it must be cleaned frequently (Strecker et al.,
2005).
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Filtration Filtration is another process based on size exclusion (Strecker et al.,
2005). In storm water treatment, filtration is utilized to retain fine particles, which
are difficult to remove by sedimentation (Transportation Research Board and Na-
tional Academies of Sciences, Engineering, and Medicine, 2012). Filters remove
particles either on their surface by straining (surface filtration) or with depth (depth
filtration) in the filter media (Strecker et al., 2005). The depth-filtration involves
multiple processes: straining, sedimentation within the filter, impaction, intercep-
tion by the filter medium, adhesion to filter medium, flocculation within the filter
medium and removal by the aforementioned processes (Tchobanoglous et al., 2014).
Because the particles are trapped in the pore space of the media, the head loss of the
filter increases over time and can clog (Transportation Research Board and National
Academies of Sciences, Engineering, and Medicine, 2012). Consequently, filters
need to be washed or replaced after a certain time.

If surface filtration or depth-filtration is the predominant mechanism can be eval-
uated based on the particle diameter of the filter medium (dm, mass-based median)
and the particle diameter in the runoff (dp, mass-based median). If dm/dp < 10, the
major mechanism is surface filtration. And if 20 > dm/dp > 10, the mechanism is
depth-filtration (Teng and Sansalone, 2004; Strecker et al., 2005).

Depending on the used filter medium, filtration stages utilize also other pro-
cesses, such as sorption, precipitation, microbially-mediated transformation (Strecker
et al., 2005), which are explained in the following paragraphs and the paragraph
about media filtration. Sorption is the predominant process, if dm/dp > 20 (Teng
and Sansalone, 2004).

Sedimentation Sedimentation is the most common unit operation in storm water
treatment. It separates suspended particles from water by gravity separation, which
is driven by gravity and the difference of density of the particles and water (Strecker
et al., 2005). The terms sedimentation and settling are synonyms (Tchobanoglous
et al., 2014). Under quiescent conditions, the terminal settling velocity of spherical
particles in the laminar region can be determined by Stoke’s law, following Eqauation
1.1 (Sansalone et al., 2009):

vt = g (ρs − ρf) d2

18ηf
(1.1)

where g = gravitational acceleration (9.81 m s−2), ηf = dynamic viscosity of the
fluid (kg m−1 s−1), ρf = density of the fluid (kg m−3), ρs = density of the particle
(kg m−3), and d = particle diameter (m). Equation 1.2 is only applicable for laminar
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flow, indicated by a Reynold’s number (Re) < 1 (Tchobanoglous et al., 2014), thus
Re needs to be calculated afterwards following Equation 1.2,

Re = vtd
νf

(1.2)

where νf = kinematic viscosity of the fluid (m2 s−1).
From Equation 1.1 the main influencing factors for sedimentation can be de-

rived: particle density, particle size, fluid density and fluid viscosity. The particle
density and size distribution is site-specific, particle density can vary with respect
to particle size (Kayhanian et al., 2012b). Density and viscosity of the fluid, in this
context water, are mainly functions of temperature (Kell, 1975; Laliberté and Cooper,
2004; Laliberté, 2007). Furthermore, particle shape affects settling (Tchobanoglous
et al., 2014).

There exists as well explicit formulas, which are sufficient to determine settling
velocity in the entire subcritical region (Re < 2 × 105), e.g. as proposed by Cheng
(2009). This enables a more straightforward implementation of terminal settling
velocity calculation.

The simplest form to quantify particulate retention is the surface overflow
theory, which determines the terminal settling velocity of the critical design particle
for a settling unit design vc, following Equation 1.3 (Strecker et al., 2005),

vc = Q
A

(1.3)

where Q (m3 s−1) = flow rate and A (m2) = surface of the sedimentation unit.
All particles which have a vt > vc are retained in the sedimentation unit. How-
ever, this a very simplified approach. In practice, non-ideal conditions occur due
to turbulence, short circuiting, and sediment storage, which can reduce particle
separation (Tchobanoglous et al., 2014). In order to evaluate these non-ideal condi-
tions and complex shapes of the settling units, more complex computational fluid
dynamics (CFD) models need to be applied (e.g. Spelman and Sansalone (2018)).

The aforementioned sedimentation process describes discrete settling (type I
settling). Yet, other types of settling exist. Above TSS concentrations of 200 mg L−1,
particle interactions resulting in so called flocculent settling (type II) (Strecker et al.,
2005; Sansalone et al., 2009). Under conditions where flocculent settling occurs,
discrete particles form larger flocs with differing settling properties. The floc size
depends on TSS, which determines collision frequency, hydrodynamic shear forces,
and the strength of cohesive forces on the particle surfaces, which depened on
multiple properties, such as mineralogy of the particles, surface properties, and the
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ionic strength of the water (Sansalone et al., 2009). Flocculent settling depends on
the depth of the settling unit (Ying and Sansalone, 2011; Strecker et al., 2005).

If the TSS concentration increases to >500 mg L−1 to 1000 mg L−1, hindered
settling (type III) arises. Particle interactions hinder settling of surrounding particles,
thus particles remain in proximity to each other and settle as a unit (Strecker et al.,
2005; Tchobanoglous et al., 2014). Compressed settling occurs, if the particles
already formed a structure due to the high TSS concentration. Type III and IV
appears at the bottom of settling units, and type IV is important for the resistance
of retained sediments against scouring, because it increases shear strength of the
sediment (Strecker et al., 2005).

Besides conventional sedimentation units, hydrodynamic separators exist, which
are designed to generate a vortex, which separates trash, debris and sediment in the
center of the vortex (Strecker et al., 2005).

Because particle retention by sedimentation units is a function of hydraulic
properties, they need to be designed with caution, especially with respect to max-
imum flow capacity. Otherwise scouring can occur. Hence, manufacturers limit
the flow by orifices or bypasses (Strecker et al., 2005). However, without further
treatment discharge of untreated runoff via a bypass is not allowed in Germany,
depending on the receiving water and water authority (Dierkes et al., 2015).

Flotation and skimming Like sedimentation, flotation is a process of density sepa-
ration. It utilizes the fact that solids and liquids of a lower density than water float
on the surface (Strecker et al., 2005). The floating solids and liquids, especially
petroleum hydrocarbons and grease, are then separated by baffles (Transportation
Research Board and National Academies of Sciences, Engineering, and Medicine,
2012). Commonly this process is used in oil-water separators, but it can be imple-
mented in sedimentation stages.

Sorption The term sorption includes multiple processes occurring at interfaces
between solid, and solution phases. It describes an enrichment of dissolved ions or
molecules at the surface of solids, which are called sorbents (Blume et al., 2016b, p.
136). In the context of stormwater treatment sorption is used to retain dissolved
heavy metals, nutrients and organic contaminants (Strecker et al., 2005). The
adsorbed substance is denominated as sorbate. The inverse processes is named
desorption. Sorption can be further specified by the interaction forces between the
sorbate and surface of the sorbent. Ion exchange describes the adsorption process
based on electrostatic forces. It interaction is relatively weak, but the process is
fast. In addition it is easily reversible. Stronger bonds occur, if the sorbate and the
surface of the sorbent form a coordinative bond, this is called specific adsorption or
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chemisorption. This bond is strong, but often much slower, especially desorption.
Some adsorbed metal ions can precipitate on mineral surfaces, and thereby form
a solid phase. This process is called surface precipitation. Organic molecules can
be adsorbed as well by formation of hydrogen bonds or hydrophobic interactions
(Blume et al., 2016b, p. 136). The previously described processes are difficult to
differentiate (Brezonik and Arnold, 2011, p. 526), thus the more general term
sorption is used within this thesis. It includes as well absorption, the transfer of a
substance into the solid phase of the sorbent, which can be hard to distinguish from
surface processes in the context of natural systems (Worch, 2012b; Brezonik and
Arnold, 2011).

Desorption occurs if the properties of the solution change, for example concen-
tration, temperature or pH (Worch, 2012b). Desorption is generally much slower
than sorption, therefore sorption is described as partly irreversible (Zhou and Haynes,
2010). Potential explanations of this phenomena are a shift of the sorbate to stronger
complexation sites and/or diffusion into the sorbent (Blume et al., 2016b; Zhou and
Haynes, 2010; McBride, 2000).

The sorption capacity is determined by the surface characteristics (charge
density, reactivity, hydrophobicity), and by the surface area and roughness (Blume et
al., 2016b, p. 137). Surfaces charges of solids are caused mainly by two effects. First,
isomorphic substitution, which describes the substitution of metal centers in hydrous
oxides by a different metal with lower charge, resulting in a net negative charge
of the surface. Secondly, ionizable function groups present on the surface, such as
hydroxy ( – OH), carboxylic( – COOH), amino ( – NH2), phosphate ( – OPO(OH)2),
thiol ( – SH) groups (Brezonik and Arnold, 2011, p. 520f).

The isomorphic substitution causes a permanent charge (Blume et al., 2016b,
p. 139f). In contrast, the charge caused by ionizable functional groups are pH
depended. At low pH, the surface charge is more positively charged and more
negatively at high pH. The pH, at which the sum of negative equals the positive
charges is named point of zero charge and is one important sorbent property (Worch,
2012a). This protonation/deprotonation process on the sorbent surface can be
exemplary described by the following equations 1.4 and 1.5, where ––– S is the surface
of a sorbent featuring a hydroxy group (Worch, 2012a). As a consequence of the
variable, pH-depended surface charge, the sorption affinity is also variable.

−−−S−OH + H+ −−⇀↽−− −−−S−OH2
+ (1.4)

−−−S−OH −−⇀↽−− −−−S−O− + H+ (1.5)
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In order to design processes using sorption, knowledge about the capacity and
kinetics of the filter media is viable. This knowledge is primarily gained by batch
experiments or column experiments. Sorption capacity is determined by sorption
isotherms, which describe the relation between content of the adsorbed sorbent
and the concentration in the liquid phase at specified experimental conditions. The
most common isotherms in the context of stormwater treatment are the linear, Lang-
muir and Freundlich isotherm (Tedoldi et al., 2019). The isotherms are described
according to Equation 1.6 to 1.8:

qeq = Kdceq (1.6)

qeq = Kfc
n
eq (1.7)

qeq = qmKLceq
1 +KLceq

(1.8)

where qeq is the adsorbed concentration of the sorbate in equilibrium in mg kg−1,
ceq is the equilibrium concentration of the sorbate in solution in mg L−1, Kd is
the constant distribution coefficient in L kg−1, Kf is the Freundlich coefficient in
mg1−nkg−1Ln, n is the unit-less shape parameter, which is commonly <1, qm is the
maximum sorption capacity mg kg−1, and KL is the Langmuir coefficient in L kg−1

(Blume et al., 2016b; Tedoldi et al., 2019). The coefficients Kd, Kf and KL reflect
the affinity of a sorbate to a sorbent.

The Freundlich and Langmuir isotherm are both able to describe a decreasing
sorption affinity with increasing sorbate concentration (Blume et al., 2016b, p. 149f).
However, only the Langmuir isotherm can reflect a sorption maximum (Figure 1.3).
The simple linear isotherm is often only applicable for low concentration ranges and
certain contaminants (Tedoldi et al., 2019).

Because these experimental conditions can differ from the conditions present
in the full-scale SQIDs, the retention efficiency between lab-scale and full-scale
can differ. Potential deviations can derive from following parameters: contact
time, liquid to solid ratio, which is the ratio between mass of the solution and the
sorbent, agitation, and water quality. Factors affecting water quality are the pH,
ionic strength, alkalinity, concentration of contaminants and their partition, other
competitive constituents, such as de-icing salts and DOM (Tedoldi et al., 2019;
Huber et al., 2016a; Genç-Fuhrman et al., 2016; Barrett et al., 2014; Huber et al.,
2016b). As a consequence of the limited capacity of the sorptive media, it must be
replaced before the capacity is exhausted to ensure sufficient treatment (Strecker
et al., 2005).
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Fig. 1.3. Comparison of the Freundlich and Langmuir isotherms

If the utilized medium uses ion exchange, it must be emphasized that different ions
are released, when ions are removed. Most of them are uncritical, but Clark and
Pitt (1999) noted that for example sulfate, potassium or sodium are released, which
increase water hardness (Strecker et al., 2005). However, this is only problematic,
if the ecosystem of the receiving water is sensitive to increasing water hardness.
Furthermore, this effect can potentially be used to regenerate the sorptive filter
medium (Wang and Peng, 2010).

Precipitation Precipitation describes the process of a dissolved constituent forming
a solid (Brezonik and Arnold, 2011). The speciation of metal ions in solution is
significantly determined by precipitation processes (Transportation Research Board,
2014). The degree of precipitation is depending on the concentration of the involved
species and other water constituents, which determine the ionic strength and pH
of the solution (Brezonik and Arnold, 2011; Transportation Research Board, 2014).
pH is the main influencing factor, because it determines the OH– concentration and
affects the concentration of other ligands by acid/base reactions (Transportation
Research Board, 2014). The fate and transport of heavy metals can be controlled by
precipitation of metal hydroxides, oxides, carbonates, and sulfates. Equation 1.9 and
1.10 show exemplary two solubility reactions of copper (Transportation Research
Board, 2014).

CuCO3(s) −−⇀↽−− Cu2+ + CO3
2− (1.9)

Cu(OH)2(s) −−⇀↽−− Cu2+ + 2 OH− (1.10)
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If precipitation of a substance occurs, can be evaluated based on the ion activity
product (IAP) and the solubility product constant Ksp or the saturation index (SI),
which is derived from the aforementioned values (Brezonik and Arnold, 2011; Blume
et al., 2016b).

The precipitates can be subsequently retained by sedimentation or filtration in
the storm water treatment train.

Genç-Fuhrman et al. (2007) showed that precipitation can dominate sorption
in batch experiments assessing filter media for SQIDs and therefore needs to be
considered in the experiment design and interpretation of the results. Furthermore,
they presented plots illustrating the speciation of the relevant heavy metals with
respect to pH. These can be utilized to estimate heavy metal speciation, however
speciation is highly depending on the solution constituents and therefore can vary
significantly. Thus, speciation of each solution needs to be calculated. Two common
geochemical modeling softwares are PHREEQC (Parkhurst and Appelo, 2013) and
VisualMINTEQ (Gustafsson, 2014a), which can further model sorption, amongst
other processes.

Microbially-mediated transformation Besides the previously described physical and
chemical processes involved in storm water treatment, microbially-mediated trans-
formation can remove or convert dissolved nutrients, metals and organic compounds
(Strecker et al., 2005). However, the transformation is relatively slow and con-
sequently demands long residence times, which are mostly not feasible in SQIDs.
Thus, biological processes are commonly of minor importance, except for green
sustainable urban drainage system (SUDS) like biofilters and constructed wetlands
(Transportation Research Board and National Academies of Sciences, Engineering,
and Medicine, 2012), which also facilitate plant growth. Furthermore, uptake of
organic and inorganic constituents by microbes is possible (Strecker et al., 2005). A
selection of potential microbe functions are: oxidation of simple organic compounds,
degradation of xenobiotic compounds, nitrification, denitrification, nitrogen fixation,
and iron oxidation/reduction (Strecker et al., 2005).

Media filtration In stormwater treatment, fixed bed media filters are utilized to
remove contaminants by multiple processes: retention of particles by entrapment
and straining; depending on the media properties, dissolved contaminants are
retained by surface complexation, sorption, precipitation and/or ion exchange.
Furthermore, organic pollutants can be microbially degraded (Strecker et al., 2005;
Dierkes et al., 2015; Transportation Research Board, 2014; Huber et al., 2015a).
If additional storage volume exists above the filter media, surficial sedimentation
can occur (Strecker et al., 2005). Depending on the design, the filter media can be
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permanently submerged or dry-running in between the runoff events (Huber et al.,
2015a).

The filter media need to fulfill multiple requirements (Transportation Research
Board, 2014):

• Structural stability against degradation under varying condition (wetting/dry-
ing and oxic/anoxic)

• Sufficient hydraulic conductivity

• Effective filtration (particulate matter (PM) separation and slow clogging)

• Sorptive performance (capacity, kinetics, resistivity against remobilization/leach-
ing)

• Operational (maintenance intervals, regeneration, disposal, cost)

Proposed filter media for SQIDs are limestone, carbonate-rich sand, manganese
or iron oxide/hydroxide coated substrates, granular activated carbon, cementious
media, perlite, zeolithe and organic/biogenic media like peat, lignite, and chitin/chi-
tosan (Okaikue-Woodi et al., 2020; Transportation Research Board, 2014; Clark and
Pitt, 1999; Liu et al., 2005). However, since biogenic-based material are degraded
under in situ conditions, the use of such materials should be avoided, because metals
and nurtients can be leached (Transportation Research Board, 2014). A comprehen-
sive review of conventional and emerging media for storm water treatment can be
found in Okaikue-Woodi et al. (2020).

Pretreatment before media filtration is strongly recommended to avoid pre-
mature clogging and consequently increase the service life (Clark and Pitt, 1999).
Clark and Pitt (1999) stated that aged media filters perform better because of a
potential build up of a biofilm, which enhance permanent retention of contaminants.
In addition, no wash-out of small particles occurs during filtration by an aged filter
(Clark and Pitt, 1999). Positive redox conditions should be maintained to assure
stability of the media and sorbed heavy metals (Liu et al., 2005).
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Tab. 1.6. Processes and treatment components involved in stormwater treatment trains
of SQIDs, • indicates that the design includes the unit operation or process, (•)
indicates a marginal influence of the unit operation or process, adapted from
Strecker et al. (2005) and Transportation Research Board and National Academies
of Sciences, Engineering, and Medicine (2012)
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Typical location in treatment train a P P P P P/S

Process category Unit operations
or processes

Targets

Hydrological /
Hydraulic

Flow attenuation Peak reduction (•)

Physical Screening Trash, debris, coarse
sediment

• • •∗

Flotation and
Skimming

Trash, debris, oil &
grease

• •

Sedimentation Sediment, debris,
particulate bound
conaminants and
nutrients

• •

Filtration Sediment, debris,
particulate bound
conaminants and
nutrients

• • •

Sorption Dissolved heavy metals,
nutrients and organics

(•) •

Chemical Sorption Dissolved heavy metals,
nutrients, organics

•

Ion exchange Dissolved heavy metals
and nutrients

•

Precipitation Dissolved heavy metals •∗

Biological Microbially-
mediated
transformation

Dissolved nutrients,
organics, heavy metals

(•)

a P, primary treatment; S, secondary treatment
* depends on filter medium
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1.2.3 Factors influencing treatment efficiency
All treatment processes used in SQIDs (Section 1.2.2) underlie various influencing
factors, which are described in the following. Figure 1.4 illustrates the relations and
effects of the influencing factors.

Flow ↑

Sedimentation ↓

Temperature ↓

Effluent Water Quality ↓

De-icing salts ↑

Heavy metal 

mobility ↑

Stratification ↑ 

pH ↓

Ionic strength↑

Dissolved 

organic matter ↑

Particulate 

organic matter ↓

Particulate 

organic matter ↑

Particle size & 

density ↓

Fig. 1.4. Factors influencing the treatment efficiency of SQIDs, arrows next to the labels
indicate an increasing (upwards arrow) or decreasing (downwards arrow) effect,
concentration or value; the larger arrows show the relations of the factors

Temperature Water temperature determines water density and viscosity (Semadeni-
Davies, 2006). Hence, low temperatures lead to reduced settling velocity and cause
stratification in sedimentation stages. Consequently, lower treatment efficiency are
achieved (Spelman and Sansalone, 2018; Roseen et al., 2009).

In addition, increasing temperature can increase sorption of dissolved heavy
metals (Joseph et al., 2019). However, this phenomena is probably negligible in
stormwater treatment, because only ambient temperatures occur in stormwater
treatment in contrast to other applications.

pH Speciation, mobility and retention of heavy metals are severely affected by
the pH value of water. While at neutral to low pH, heavy metals generally occur
in their cationic state, at which they are soluble, and consequently mobile and
bio-available (Joseph et al., 2019; Zhou and Haynes, 2010; Paulson and Amy,
1993). With increasing pH value, heavy metals form complexes with hydroxides
and other anions, and finally tend to precipitate. At low pH, competitive sorption
and repulsive charges of solid surfaces reduce heavy metal retention (Dijkstra et al.,
2004). Sorption increases with increasing pH, because of deprotonation of surface
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sites and more beneficial surface charges of (hydr)oxide minerals and organic matter
(Dijkstra et al., 2004). One exception is the decreasing sorption of Cr, due to its
occurrence as anionic species (e.g. HCrO4

2 – , CrO4
2 – ), if pH increases (Joseph et al.,

2019). At alkaline pH, inorganic and organic complexation of heavy metal cations
in solution reduces sorption (Dijkstra et al., 2004). The common behavior of heavy
metal solubility as a function of pH is illustrated in Figure 1.5.

The carbonate system mainly determines the pH value in natural waters by
dissolution/precipitation of calcium carbonate (Brezonik and Arnold, 2011). Fur-
thermore, it is closely related to the acid neutralizing capacity or alkalinity of water.
Phosphate, silicate and humic substances also increase alkalinity (Brezonik and
Arnold, 2011).

pH [-]

So
lu

bl
e 

[%
]

Anions
Cations

Fig. 1.5. Common adsorptive and precipitative behavior of heavy metal cations and anions
as a function of pH, adapted from Bourg and Loch (1995)

Ionic strength, de-icing salts Ionic strength can have various effects affecting sorp-
tion as well as desorption of heavy metals: change of solution pH with increasing
ionic strength, competitive sorption between heavy metal cations and major cations
in solution, changes of the activity of free heavy metals due to ion pair formation
with anions (e.g. Cl-, SO4

2 – ), and changes of surface charge of the sorbent (Zhou
and Haynes, 2010). In NaCl solutions a strong decreasing adsorption of heavy
metals on oxide and hydroxide surfaces has been observed with increasing ionic
strength (Criscenti and Sverjensky, 1999). Whereas no effect of the ionic strength
of NaNO3 solutions on adsorption of heavy metals was observed. In areas with the
risk of snowfall and ice, de-icing salts (CaCl2, MgCl2, NaCl) are applied to assure
safe traffic (Fay and Shi, 2012; Huber et al., 2015b). The effects of de-icing salts
on dissolved heavy metals are closely related to ionic strength, since de-icing salts
significantly increase ionic strength of road runoff (Huber et al., 2016a). Competitive
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sorption of heavy metals and major cations Na+, Mg2+, and Ca2+, as well as for-
mation of chloride complexes can lead to reduced sorption and even remoblization
of particulate-bound heavy metals (Bäckström et al., 2004b; Huber et al., 2016b;
Acosta et al., 2011; Schuler and Relyea, 2018; Kumar et al., 2013a). In addition,
de-icing salts promote release of DOM, which increases mobility of heavy metals, as
described below (Nelson et al., 2009).

Another effect caused by de-icing salts is an increase of density and viscosity of
water in sedimentation stages, resulting in reduced settling velocity and stratification,
which consequently reduce treatment efficiency (Semadeni-Davies, 2006; Roseen
et al., 2009).

Particle properties Particle size distribution (PSD) and particle density are the main
factors influencing settling of particles (Ying and Sansalone, 2011; Tchobanoglous
et al., 2014). Decreasing particle size and density reduce settling velocity, which
results in lower treatment efficiency. In addition, particles in RDS show irregular
shapes, which reduce settling velocity (Kayhanian et al., 2012b; Tchobanoglous
et al., 2014). Smaller particles commonly show higher heavy metal concentrations
(Kayhanian et al., 2012b; McKenzie et al., 2008), thus sedimentation stages of SQIDs
need to enable high hydraulic residence times to consider the low settling velocity
of RDS.

Furthermore, particles present in road runoff (RDS) can affect the partition of
heavy metals, because they exhibit a high sorption capacity (Zhang et al., 2019b).
As a result, mobility and retention of heavy metals are affected. Sorption capacity of
RDS is related to the specific surface area of the particles, their content of organic
matter, oxides of Mn, Fe, and aluminum, and clay forming minerals (Gunawardana
et al., 2014; Gunawardana et al., 2015; Taylor and Robertson, 2009).

Organic matter DOM is well-known to influence mobility and bioavailability of
heavy metals by formation of complexes (Brezonik and Arnold, 2011; Blume et al.,
2016b). The treatment efficiency of SQIDs can be potentially affected by multiple
processes: competitive sorption of DOM and dissolved heavy metals, reduced sorp-
tion of DOM-heavy metal complexes on sorptive filter media, DOM-heavy metal
complexes adsorb strongly to sorptive media, dissolved heavy metals adsorb on pre-
viously adsorbed DOM on filter media (Haynes, 2015). These effects have not been
comprehensively studied yet in SQIDs. However, results of lab-scale experiments
showed reduced heavy metal retention in the prescence of DOM (Genç-Fuhrman
et al., 2016; Charbonnet et al., 2019; Barrett et al., 2014).

As indicated in the paragraph about particle properties, particulate organic
matter can increase sorption of dissolved heavy metals on RDS (Gunawardana
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et al., 2014; Gunawardana et al., 2015), which potentially increases retention of
heavy metals in SQIDs. Furthermore, it must be considered that DOM leaches from
particulate organic matter (Kumar et al., 2013a).

Organic matter (particulate and dissolved) is prone to microbial degradation,
which can alter binding sites availability and consequently heavy metal mobility
(Kumar, 2016; Kumar et al., 2013a). This phenomena is closely related to the redox
condition which affects oxidation of organic matter (Blume et al., 2016b; Kumar
et al., 2013b).

Hydraulic properties Hydraulic properties (flow and runoff volume) primarily
affect sedimentation, since hydraulic retention time determines the treatment effi-
ciency of sedimentation stages (Strecker et al., 2005; Tchobanoglous et al., 2014).
Hence, flow needs to be limited to avoid scouring of captured sediments, which can
lower the overall treatment efficiency of SQIDs (Strecker et al., 2005). This can be
achieved by the installation of flow-splitters, which bypass runoff, if the design flow
is exceeded.

Furthermore, increasing flow reduces the retention of dissolved heavy metals
by media filtration due to shorter contact times in the sorptive media filter (Huber
et al., 2016d).

Dry-wet cycles, redox conditions The impact of dry-wet cycles and redox condi-
tions on the treatment efficiency of SQIDs has not been investigated yet. However,
previous studies in related fields indicate a significant effect.

The heavy metal retention efficiency of biofilters decreases with increasing
antecedent dry period (Blecken et al., 2009). The authors of this study attributed
the reduced efficiency after drying of the filter media to worse treatment efficiency
during the first rain event, leaching of heavy metals accumulated in the filter media
and mobilization of (contaminated) fine sediment. However, the efficiency recovered
fast after re-wetting of the filter media. Worse treatment efficiency after drying
can be explained by shorter retention time due to preferential flow paths in the
filter media after formation of small fissures (Hatt et al., 2007). Nevertheless, the
increasing infiltration capacity after drying can be beneficial to assure long-lasting
hydraulic performance of the system. In constrast to the results of Blecken et al.
(2009), Hatt et al. (2007) observed no effect of dry-wet cycles on heavy metal
retention by biofilters.

In SQIDs, redox conditions are dominated by inorganic species (e. g., Fe, sulfur)
and biological processes (e. g., respiration, denitrification), which can establish
anoxic conditions, especially in subsurface treatment systems (Okaikue-Woodi et al.,
2020). This is relevant for the treatment efficiency, since heavy metal mobility is
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affected by the redox conditions (Young, 2013; Blume et al., 2016a). For example,
Fe and Mn oxides, which are used as filter media in SQIDs, can dissolve under
reducing conditions, which results in a release of sorbed heavy metals (Young,
2013). Hence, Liu et al. (2005) stated that positive redox conditions (oxidizing)
need to be maintained to assure stability of filter media. Consequently, permanently
submerged anoxic zones in SQIDs, like suggested by Blecken et al. (2009), should be
critically evaluated, especially if filter media contain Fe and Mn oxides. However, if
nitrogen removal is the treatment goal of the SQID, anoxic conditions are promising,
since they enhance denitrification (Blecken et al., 2009). Besides Fe and Mn, Cr
is known to be affected by redox conditions present in natural waters (Bourg and
Loch, 1995). However, it shows an opposing behavior with decreasing solubility at
reducing conditions. The mobility of other heavy metals is mainly indirectly affected
by redox conditions in dependence of the availability of complexing agents (Fe and
Mn (hydr)oxides) and redox-sensitive anions (e.g., reduced sulfur forms), which can
cause precipitation (Bourg and Loch, 1995). Furthermore, microbial degradation
and oxidation of organic matter is affected by redox conditions (Blume et al., 2016b;
Kumar et al., 2013b).

1.2.4 Treatment efficiency and evaluation
The required treatment efficiency of SQIDs is generally derived from local regulations.
For instance, SQIDs with approval of the DIBt are currently designed to achieve
effluent quality in accordance with the trigger values of the German Federal Soil
Protection and Contaminated Sites Ordinance, BBodSchV (2020) (Ettinger et al.,
2018). These devices are designed to treat the runoff prior to infiltration into the
groundwater (DIBt, 2017), hence the requirements are stricter in contrast to the
LANUV protocol, which sets the requirements for discharge into surface waters in
the state North Rhine-Westphalia (LANUV, 2012). The German technical guidelines
for drainage of urban areas into surface waters (DWA-A 102-2/BWK-A 3-2 2020)
and infiltration into the groundwater (DWA-A 138-1 (Entwurf) 2020) consider the
treatment efficiency of fine suspended solids <63 µm (SS63) by DIBt approved
SQIDs with 80%. Furthermore, the DWA-A 138-1 (Entwurf) (2020) considers the
treatment efficiency of dissolved heavy metals (Cu and Zn) with 65 to 75% in
dependence of the catchment category. Longer distances of percolation can reduce
the requirements.

In the US exist multiple state and multi-state approaches to evaluate SQIDs
(Water Environment Federation, 2014). To overcome this barrier, the National
Stormwater Testing and Evaluation for Products and Practices (STEPP) Initiative
formed, which develops currently a national testing and evaluation program for
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stromwater control measures (SCMs) and SQIDs. To given an overview of treatment
goals for SQIDs, Table 1.7 summarizes various international evaluation protocols.
The protocols of British Water (n.d.) and Stormwater Australia (2018) were added
for completeness, even though they do not state required removal efficiencies.

As illustrated in Figure 1.6, the number of SQID approvals per year based on
field or lab tests is increasing, which reflects the increasing interest in SQIDs and
the awareness that treatment efficiency needs to be evaluated using comparable
evaluation protocols.
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Fig. 1.6. Approvals of SQIDs per year, adapted from Huber (2016). Devices can appear
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All aforementioned protocols state required removal efficiencies as percent removal.
However, there exist various definitions to determine removal efficiency (Guo, 2017),
which limits comparability of different performance evaluations. Frequently used
definitions of removal efficiency are:

• Event mean concentration reduction for a single test of storm event

• Pollutant load reduction for a single test of storm event

• Pollutant load reduction for multiple tests or storm events

• Mean pollutant concentration removal efficiency

• Linear regression of line between inflow and outflow loads, the slope reflects
the treatment efficiency

• Relative achievable removal efficiency

• Effluent water quality relative to water quality standard

• Effluent probability method

Especially if the evaluation is based on field monitoring data, there are numerous
reasons against this criteria (International Stormwater BMP Database, 2007):

Percent removal is a function of the influent concentration, thus SQIDs with
higher influent concentrations can achieve higher percent removals. Percent removal
can vary significantly, although effluent quality is constantly good. There are nu-
merous influencing factors on the removal efficiency, which can not be reflected by
one value. Many contaminants show a non removable concentration, which can
not be described by percent removal. Depending on the determination method,
percent removal can be significantly biased by outliers. Depending on the number
of samples, the effluent quality can not significantly differ from the influent quality;
this can not be reflected by percent removal. SQIDs with low percent removal can
still be sufficient for certain applications. Maximum concentrations can cause acute
toxicity, this is not addressed by percent removal.

As a consequence in-situ treatment efficiency of SQIDs should not be evaluated
based on percent removal. One promising alternative, which avoids most of the
aforementioned issues, is the effluent probability method.

Based on an analysis of data retrieved from the International Stormwater BMP
Database (Wright Water Engineers et al., 2020), all categories of treatment devices
shown in Figure 1.7 achieve a significant TSS retention. Yet, media filters show a
superior TSS retention to all other treatment systems (Figure 1.7a). Furthermore, all
devices, which mainly use sedimentation as unit operation, show a minor retention
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efficiency. In order to be able to compare the achieved removal efficiency of the
analyzed devices to the requirements of the evaluation protocols (Table 1.7), the
mean pollutant concentration removal efficiency was determined. Catch basin inserts
achieved 40% TSS removal, hydrodynamic separators 53%, media filters 78% and
oil/grit separatos and baffle boxes 42%. This emphasizes that there is a discrepancy
between treatment goals and achieved treatment efficiency on site. Because TSS
is a good indicator for particulate bound contaminants (Kayhanian et al., 2012a;
Shinya et al., 2000), this tendency can be transferred to most heavy metals and
PAHs. No device category showed a significant retention of dissolved Cu (Figure
1.7b), indicating that the retention of dissolved heavy metals is still a challenge,
even for media filters. Even though, the media filters almost exhibited a significant
retention of dissolved Cu. Because treatment efficiency of different filter media
can differ greatly (Okaikue-Woodi et al., 2020), varying results can be expected, if
media filters are grouped by their filter media. The considered categories belong to
technical treatment systems, non-technical SUDSs were excluded.

Lastly, it must be highlighted that treatment efficiency of SQIDs is closely
related to their maintenance. As summarized by Blecken et al. (2017), appropriate
maintenance over the entire service life of SCMs is necessary to achieve good
treatment performance. For SQIDs, the most important maintenance is withdrawal
of sediments, since most contaminants are particulate-bound (cf. Section 1.1.1).
The sediments can be scoured off, resulting in significant pollution of receiving
waters. Furthermore, downstream media filtration stages can clog, which leads to a
hydraulic overload of the SQID. Consequently, backwater can flood the catchment
area or, if the design features an overflow, untreated road runoff is discharged. In
addition, filter media needs to be replaced to ensure sufficient sorption capacity and
hydraulic permeability.
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Fig. 1.7. (a) TSS and (b) dissolved Cu concentration in the influent and effluent of various
technical storm water treatment systems, notches represent the 95% confidence
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Research objectives and
hypotheses

2
The increasing use and development of SQIDs require knowledge about factors in-
fluencing the retention of traffic-related contaminants. The scope of this dissertation
was to describe and quantify factors, which affect treatment of road runoff in SQIDs.
The key research topics were: (i) heavy metal leaching from RDS and filter media of
SQIDs, (ii) investigate the effects of varying physico-chemical boundary conditions
on the heavy metal fractionation and mobility in filter media, (iii) describe the
occurrence, properties, and effects on heavy metal speciation of DOM in road runoff,
and (iv) assess the impact of de-icing salt and low temperatures on sedimentation of
particulate matter. The gained knowledge will enable a comprehensive evaluation of
the contaminant retention performance of SQIDs and improves the basis for future
performance tests and developments.

Figure 2.1 illustrates the positions of the respective research objectives in a
SQID.

Fig. 2.1. Positions of the research objectives in a SQID, indicated by the section numbers
(Section 2.1 to Section 2.4). A is a simple catch basin without treatment except
for coarse screening, B is the sedimentation stage of a two-stage SQID, C is the
media filtration stage and D is an infiltration unit to infiltrate the treated runoff
into the groundwater. Besides infiltration into the groundwater, discharge into
surface waters is another possibility.
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2.1 Quantification of heavy metal leaching from
road-deposited sediment and prestressed sorptive
filter media during dry periods

Okaikue-Woodi et al. (2020) highlighted the need for characterization of leaching
and desorption in stormwater treatment. Previous lab-scale experiments showed that
heavy metals leach from sorptive filter media under the influence of de-icing salts
(Huber et al., 2016b). Comparable findings have been reported for a constructed
wetland as well (Tromp et al., 2012). Furthermore, previous studies showed the
influence of DOM on heavy metal mobility (Kumar et al., 2013a; Transportation
Research Board, 2014; Genç-Fuhrman et al., 2016; Zhang et al., 2016). Because
contact times during dry periods are considerably longer, if filter media are perma-
nently submerged, more intense leaching was expected during dry periods. Previous
studies assessed leaching of heavy metals from RDS in rain water, which features a
significantly different composition than road runoff in SQIDs (e.g. pH, ionic strength,
alkalinity). Furthermore, the experiments of Huber et al. (2016b) assessed leaching
from filter media, which reached their sorption capacity. If leaching occurs, it is not
likely that filter media reach their capacity limit.

Given the limitations of previous studies, the first research objective was to
quantify leaching of heavy metals from RDS and prestressed sorptive filter media
during dry periods in SQIDs. The assumed leaching was studied based on the
following hypothesis:

Research hypothesis 1 Remobilization of copper and zinc retained on commer-
cially available filter media for stormwater quality improvement devices occurs (>5%
within 7 d) during dry periods, if the filter media are permanently submerged.

To test this hypothesis, three filter media currently utilized in SQIDs were prestressed
under lab-scale conditions to achieve realistic Cu and Zn contents in the filter media.
Subsequently, dry periods were simulated by quiescent batch leaching experiment.
In these experiments, the prestressed filter media were exposed to three different
synthetic road runoffs, which reflect the composition of road runoff with and without
DOM or de-icing salt (NaCl). After (4), 24, 48, and 168 h the leachates were
sampled and analyzed to quantify the extent of leaching. The corresponding study
is presented in Chapter 4.
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2.2 Sequential extraction of heavy metals from
road-deposited sediment and sorptive filter media
prestressed in lab-scale experiments and full-scale
operation
Currently, media filters utilized in SQIDs to retain heavy metals are increasingly
tested in lab-scale experiments to assure comparability (Lucke et al., 2017; Haile
and Fürhacker, 2017). However, most of the applied test protocols are not able
to replicate all boundary conditions present in full-scale operation, e.g. runoff
composition, dry-wet cycles, permanently submerged filter media (Huber et al.,
2016d; Barrett et al., 2014; Monrabal-Martinez et al., 2017; Genç-Fuhrman et al.,
2016; Haile and Fürhacker, 2017). Okaikue-Woodi et al. (2020) and Huber (2016)
concluded that the chemical boundary conditions (e.g. pH, redox potential) and
composition of stormwater (suspended solids, ionic strength, competing cations,
dissolved organic carbon (DOC), microbes) significantly affect the performance of
filter media. Furthermore, Okaikue-Woodi et al. (2020) concluded that there is a lack
of research, which demonstrates that media filtration is feasible under real-world
application.

Hence, it is unknown, if the involved treatment processes and their contribution
to heavy metal retention are the comparable in lab-scale experiments and full-scale
operation. Consequently, it is viable to determine the geochemical fractionation
patterns of heavy metals in pre-stressed filter media of SQID to analyze the mobility
and thereby to assess the risk of remobilization (Sutherland, 2010). To investigate
the geochemical fractionation of heavy metals in filter media of SQIDs, the following
hypothesis was formulated:

Research hypothesis 2 The geochemical fractionation of heavy metals retained on
(sorptive) filter media of stormwater quality improvement devices is significantly
different if the filter media are prestressed in lab-scale experiments or full-scale
operation.

In order to test this hypothesis, three filter media used in SQIDs were prestressed
in lab-scale experiments according to the current German technical approval pro-
tocol and in full-scale operation for 2.75 years at a highly trafficked road. These
filter media were analyzed using sequential extraction to assess the geochemical
fractionation and mobility of the heavy metals. Consequently, the impact of different
boundary conditions can be assessed. This study is presented in Chapter 5.

2.2 Sequential extraction of heavy metals from road-deposited
sediment and sorptive filter media

35



2.3 Dissolved organic matter in road runoff -
Occurrence, seasonal fluctuations and its impact on
speciation of heavy metals
DOM is widely known to influence transport, fate and bioavailability of contaminants,
like heavy metals and organic microcontaminants (Brezonik and Arnold, 2011;
Artifon et al., 2019; Adusei-Gyamfi et al., 2019; Zhou and Haynes, 2010; Zhang
et al., 2020). While DOM in natural water bodies and effluent of waste water
treatment plants has been described comprehensively (Carstea et al., 2016; Ishii and
Boyer, 2012; Fellman et al., 2010), DOM in road runoff has not been extensively
described in the past. In order to estimate the effect of DOM on the retention
of heavy metals in SQIDs, knowledge about occurrence, chemical properties and
seasonal fluctuations are necessary. Recent studies showed that DOM decreases
heavy metal retention by filter media in lab-scale experiments (Genç-Fuhrman et al.,
2016; Charbonnet et al., 2019; Barrett et al., 2014). However, contradicting results
have been reported as well (Ray et al., 2019).

To investigate DOM in road runoff with respect to occurrence, seasonality,
degradation in SQIDs and its effect on heavy metal speciation, the following research
hypothesis was developed:

Research hypothesis 3 (a) Occurrence of dissolved organic matter in road runoff
shows strong seasonality and (b) affects the speciation of dissolved heavy metals.

To describe DOM, samples of untreated and treated road runoff were withdrawn
in the course of approximately one year (Chapter 3). DOM occurence, properties
and fluctuations were analyzed using UV-vis and fluorescence spectroscopy and
size exclusion chromatography (SEC). The chemical equilibrium model Visual
MINTEQ was used for the calculation of metal speciation and principal component
analysis (PCA) was used to analyze the mutlivartiate data of the monitoring. The
corresponding study is presented in Chapter 6.

2.4 Influence of temperature and de-icing salt on the
sedimentation of particulate matter in traffic area
runoff
Sedimentation is the primary process utilized in SQIDs and other SCMs to retain
particulate-bound contaminants (Strecker et al., 2005; Huber et al., 2015a). How-
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ever, studies have shown that in winter and spring the retention efficiency is reduced
under the influence of de-icing salt (Roseen et al., 2009; Semadeni-Davies, 2006).
Low temperatures, as well as de-icing salt, can reduce sedimentation efficiency by
stratification leading to disadvantageous flow paths, reducing retention time, and
increasing density and viscosity of the water in the sedimentation stage (Hendi
et al., 2018; Adamsson and Bergdahl, 2006; Marsalek et al., 2003; Tchobanoglous
et al., 2014). However, the influence of temperature and de-icing salt have not
been quantified yet. To close this research gap, the influence of de-icing salt and
temperature was evaluated based on following research hypothesis:

Research hypothesis 4 De-icing salt is the main influencing factor reducing sedi-
mentation of particulate matter in stormwater quality improvement devices under
winter conditions.

The analysis of monitoring data of a SQID showed that there are too many influenc-
ing factors affecting retention of particulate matter in full-scale application. Hence, a
simplified physical settling model was developed to approximate and rank the effects
caused by temperature and de-icing salts (Chapter 7). In a second study, lab-scale
settling experiments were conducted, the previously model further developed and
validated based on the experimental results (8). In addition, particle shape of RDS,
which also affects sedimentation (Breakey et al., 2018; Tchobanoglous et al., 2014),
was comprehensively analyzed and considered in the settling model. The studies
addressing this topic can be found in the Chapters 7 and 8, which build on each
other.

2.5 Dissertation structure
This dissertation is based on a cumulative collection of five research articles with
major contribution as stated in A.1. Three of them are already peer-reviewed
and published, two are submitted to the journals. The monitoring of full-scale
SQIDs (Chapter 3) was the basis for deriving research hypotheses and withdrawing
samples for the research objectives of this dissertation. However, the results of the
monitoring have not been published yet due to confidentiality agreements.

In addition, three research articles were written with major or minor contribu-
tion within the time frame of this dissertation (A.1). These were not implemented,
because they investigated other research topics.

The structure of the dissertation with the corresponding chapters, utilized
methods, hypotheses and publications is shown in Figure 2.2.
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Monitoring of full-scale
stormwater quality
improvement devices at a
heavily trafficked road

3

3.1 Introduction
Stormwater quality improvement devices (SQIDs) approved by the DIBt have been
installed for several years to treat road runoff (Rommel et al., 2020b). However,
only a few scientific studies of field monitorings exist, especially concerning the
service life, risk of clogging, as well as maintenance and operation of the devices
(Barjenbruch et al., 2016; Pick and Fettig, 2009; Sonnenberg et al., 2019; Vesting,
2018; Werker et al., 2011). Furthermore, theses studies monitored SQIDs without
DIBt approval. Besides the aforementioned studies, previous studies mainly focused
on lab-scale tests, which are not able to reflect all boundaries conditions present
in full-scale application, such as extreme rainfall, coarse particulate matter, street
sweeping, organic matter. In addition, there is little knowledge about logistic and
financial aspects of frequent use of SQIDs. Since treatment efficiency of SQIDs
is influenced by sufficient maintenance (Blecken et al., 2017), these aspects are
fundamental to assess the suitability of SQIDs. Furthermore, there is a knowledge
gap about the presence of antiknock agents (ETBE, MTBE), cyanides contained
in de-icing salts and fine suspended solids (SS63) in road runoff and effluent of
SQIDs.

To close the aforementioned knowledge gaps, multiple SQIDs were monitored at
a heavily trafficked road as suggested by Huber (2016). The results of the monitoring
have not been published yet due to confidentiality agreements, hence this chapter
describes the monitoring site as basis for the Chapters 4 to 7.

3.2 Materials and methods
To investigate the contamination of road runoff and the treatment efficiency of SQIDs
under equal conditions, we installed four different SQIDs at a heavily trafficked
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road in Munich, Germany (48.17940 latitude, 11.54018 longitude, WGS 84). The
layout of the monitoring site is illustrated in Figure 3.1. The colorized areas (except
green) indicate the different catchment areas of the SQIDs. Two traffic lanes, one
accelerating lane and one emergency lane formed the cross-sections of all catchment
areas. The material of the road surface was Stone Mastic Asphalt (SMA) and the
annual average daily traffic (AADT) was approximately 24,000 vehicles per day.
On the road in the opposing direction, an AADT of 22,000 vehicles per day was
determined. However, the lanes of the opposing direction were separated from
the catchment area by a greened median strip. Although an additional load on the
catchment area was expected due to dry and wet deposition. Next to the road was a
park located with lawns and trees. Especially in autumn, this increased the organic
load due to fall of leaves.

Fig. 3.1. Layout of the monitoring site in Munich, Germany. The different colors (except for
green) indicate the catchments of the individual SQIDs. S was the SediSubstrator
XL 600/12, Fränkische Rohrwerke; L was the individually designed SQID for the
City of Munich; V was the ViaPlus 500 with upstream sedimentation shaft, Mall; D
was the Drainfix Clean 300, Hauraton; D in indicates the catchment were influent
samples of D were withdrawn and D eff the catchment of SQID D. Source of the
layout: City of Munich.

On the monitoring site four different SQIDs were monitored. Three of the four
devices (L, S, and V) were shaft systems and one was a filter substratum channel (H).
All SQIDs except for L were DIBt approved systems. The SQIDs L, S and V achieved
road runoff treatment by two-stage treatment trains with sedimentation stages
and downstream media filtration. SQID D utilized direct media filtration. The
used media and other characteristics of the SQIDs are summarized in Table 3.1.
In contrast to the other SQIDs, only the filter media of SQID S was permanently
submerged. Only D was installed on the surface, the other SQIDs were underground.
All SQIDs discharged the treated road runoff into infiltration shafts, which facilitated
percolation into the groundwater. Detailed flow schemes of the SQIDs can be found
in A.4.

The samples of runoff events were withdrawn volume proportionally during rain
events with automatic samplers (WaterSam WS 316, Edmund Bühler PP 84). The
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Tab. 3.1. Characteristics of the monitored stormwater quality improvement devices (SQIDs)

SQID D L S V

Product
name

Drainfix Clean
300

- a SediSubstrator
XL 600/12

ViaPlus 500

Manufacturer Hauraton,
Rastatt,

Germany

- a Fränkische
Rohrwerke,
Königsberg
(Bayern),
Germany

Mall,
Donaueschin-
gen, Germany

Catchment
area

165 m2 b 400 m2 1660 m2 473 m2

Sedimentation
stage

- 7.5 m3 5.1 m3 7.2 m3

(additional
upstream

sedimentation
shaft),

hydrodynamic
separator in

SQID
Filter
medium

Carbotec60,
carbonate rich

medium

Carbonate rich
sand, after
April 2019
Carbotec60
like SQID D

SediSorp plus,
iron-based

medium with
lignite

amendment

ViaSorp,
zeolite

a Constructed from commonly available pre-cast concrete parts; b influent samples were
withdrawn from a drainage channel without filter medium draining a 100 m2 large catchment
area next to the SQID
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monitoring of the SQIDs D, S, and V started in November 2017 and ended at the end
of October 2019. Sampling of SQID L was carried out from April 2016 to May 2020
with two interruptions. Influent and effluent samples were withdrawn. Monitoring
of L was conducted The sampling was triggered by electro-magnetic flow meters
(Optiflux 2300 C or 1300 C, IFC 300 C, Krohne Messtechnik, Duisburg, Germany,
DN250 for S, DN40 for L and V, DN25 for D). The flow data were recorded with a
frequency of 30 s. The sampling started, if the inflow exceeded the threshold value
longer than 1 min. If the inflow was 15 min below the threshold value, sampling
stopped. The threshold value was set to 0.4 L s−1 ha−1 discharge, based on the
determined catchment areas. The samples were kept in coolers at 4 ± 1 °C prior
to transportation to the lab and analysis. Composite samples per discharge event
and sampling position were prepared using the discrete samples of each automatic
sampler. The analytic methods are described in the respective chapters and their
supplementary information.

3.3 Results
The results of the monitoring have not been published yet due to confidentiality
agreements. However, the following research topics are based on the knowledge
gained during the monitoring and several research questions were investigated using
the data and samples of the full-scale monitoring.
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Leaching potential of heavy
metals from road-deposited
sediment and sorptive media
during dry periods in storm
water quality improvement
devices

4

This chapter has been previously published as follows:
Rommel, S. H., L. Noceti, P. Stinshoff, and B. Helmreich (2020d). “Leaching Potential
of Heavy Metals from Road-Deposited Sediment and Sorptive Media during Dry
Periods in Storm Water Quality Improvement Devices”. Environmental Science: Water
Research & Technology 6.7, pp. 1890–1901. DOI: 10.1039/D0EW00351D - Reproduced
by permission of The Royal Society of Chemistry

Author contributions: Rommel, S. H.: conceptualization, methodology, validation,
data curation, writing - original draft, writing - review & editing, visualization,
supervision; Noceti, L.: investigation, data curation, visualization; Stinshoff, P.:
methodology, investigation; Helmreich, B.: resources, writing - review & editing,
supervision, project administration, funding acquisition.

† Supplementary information are available in A.2. Research data is available on
Mendeley Data (Rommel et al., 2020c).

Abstract
Storm water quality improvement devices (SQIDs) mitigate the deteriorating effects
of traffic-related contaminants, especially heavy metals. Many SQIDs consist of a
settling tank to remove road-deposited sediments in the first treatment stage and
dissolved heavy metals are removed by sorptive filtration in the second treatment
stage. SQIDs are commonly operated under permanent impounding, resulting in
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high hydraulic retention times. In this study, we evaluate the leaching potential
during dry periods from road-deposited sediment trapped in the settling stage and
from three different sorptive media of SQIDs. For this purpose, a new experimental
procedure was developed using quiescent batch leaching tests. The sorptive media
were pre-stressed with realistic Cu and Zn loads. Three different synthetic road
runoffs were used to evaluate the influence of de-icing salts and dissolved organic
matter. Strong leaching of heavy metals from road-deposited sediment was observed.
In contrast to previous studies on the leaching of Zn from tire wear particles, the
process showed limitation by saturation or precipitation after 24 h. Furthermore, no
leaching from pre-stressed sorptive media was observed. This highlights that under
in situ conditions, leaching from sorptive media is rather unlikely. However, design
and operation of SQIDs should consider the leaching potential of road-deposited
sediments.

c/c0

t

Sediment 
of a SQID

Pre-stressing of 
sorptive media

Leaching with three

synthetic road runoffs

c/c0

t

Retention

or

 leaching?

Fig. 4.1. Graphical Abstract of the experiments conducted to evaluate the leaching potential
of heavy metals from road-deposited sediment and sorptive media during dry
periods in SQIDs.

4.1 Introduction
Storm water quality improvement devices (SQIDs) are utilized to mitigate the
deteriorating effects of traffic-related contaminants, especially heavy metals (i.e., Cd,
Cu, Ni, Pb, and Zn) (Dierkes et al., 2015). Since most of the heavy metals are found
in the particulate fraction (Kayhanian et al., 2012a), SQIDs use sedimentation as the
primary treatment stage. In this stage, road-deposited sediment (RDS) is trapped
and stored over a long period — mostly in permanently impounded compartments
— until withdrawal and disposal during maintenance of the systems. RDS is a
complex mixture of various sources, such as soils, atmospheric deposition, abrasion
products of road surfaces and vehicles (tire wear particles (TWP), brake linings,
etc.) and biogenic material (Loganathan et al., 2013; Sutherland and Tolosa, 2000).
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The duration until removal of RDS from SQIDs can vary between months and
years, depending on the maintenance schedule. Due to the high contact times, it
was hypothesized that heavy-metal leaching would occur, especially since leaching
of heavy metals was reported under percolation of roadside soils and RDS with
considerably shorter contact times (Bäckström et al., 2004b; Kumar et al., 2013a;
Nelson et al., 2009; Zafra et al., 2017).

In addition to the sedimentation stage, many SQIDs use a variety of sorptive
filter media as a second treatment stage to retain dissolved heavy metals (Dierkes
et al., 2015; Transportation Research Board, 2014; Haynes, 2015). The involved pro-
cesses are precipitation followed by filtration of the precipitant, as well as sorption —
including ion exchange, specific adsorption and surface precipitation (Transportation
Research Board, 2014; Huber et al., 2016b; Huber et al., 2015a). Since sorption
processes are often reversible (Blume et al., 2016b), desorption of heavy metals
from the utilized media can occur under certain conditions (Transportation Research
Board, 2014; Zhou and Haynes, 2010). However, desorption was observed to be
slower than adsorption and in general sorption can be partly reversible (Zhou and
Haynes, 2010). This sorption hysteresis is likely to be related to a shift from weaker
to stronger complexation sites and/or diffusion of the adsorbed metals into the
adsorbent (Blume et al., 2016b; Zhou and Haynes, 2010; McBride, 2000). Huber
et al. (2016b) showed that leaching of heavy metals from sorptive media occurs in
SQIDs during rain events under the influence of de-icing salts. Similar findings have
been reported for a constructed wetland (Tromp et al., 2012). Additionally, dissolved
organic matter (DOM) showed significant influence on the mobility of heavy metals
(Kumar et al., 2013a; Transportation Research Board, 2014; Genç-Fuhrman et al.,
2016; Zhang et al., 2016).

However, during a rain event, the contact time of the de-icing salt or DOM rich
solution with the sorptive media is limited. It is evident that during dry periods,
the contact time between the water matrix and the sorptive media is in orders of
magnitude higher than during rain events. Thus, leaching should be more intense.
However, no studies have yet covered leaching of heavy metals within SQIDs during
dry periods with or without de-icing salt influence or under the influence of DOM.
Previous studies focused on the leaching from RDS in rain water, which exhibits
significantly different water characteristics such as acidic pH and low ionic strength
or alkalinity in comparison to road runoff (Zafra et al., 2017). Thus, different results
can be expected. Furthermore, the contact of storm water to building materials,
such as concrete, will immediately increase pH and alkalinity, which is reproduced
in our experiments.
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The hypothesis of this paper is that heavy metals leach from sediment as well
as from sorptive media in SQIDs during dry periods, if the systems operate with
permanent impoundment.

To test that hypothesis, desorption needs to be quantified (Sun and Selim, 2019).
While stirred-flow experiments are preferred to observe fast adsorption/desorption
reactions (Sun and Selim, 2019), they may overestimate adsorption and desorption
due to the reduced limitation by diffusion rates and do not reflect the realistic
conditions in SQIDs during dry periods. Furthermore, re-adsorption of leached
heavy metals and limitation of the leaching caused by an equilibrium state between
the liquid and solid phase cannot be covered by stirred-flow experiments. Thus,
quiescent batch leaching tests (without agitation) were conducted in this study
to evaluate the leaching potential from RDS trapped in SQIDs and from three
pre-stressed commercially available sorptive media during dry periods.

Throughout this paper, the term leaching is used, since it incorporates multiple
processes such as desorption and dissolution, which can be hardly differentiable.

4.2 Materials and methods

4.2.1 Materials and chemicals
The examined sportive filter media were granular activated lignite (GAL, HOK© Ac-
tivated Lignite, Rheinbraun Brennstoff GmbH, Germany), granular ferric hydroxide
(GFH, FerroSorp©, HeGo Biotec GmbH, Germany), and zeolite (ZEO, ViaSorp©, Mall
GmbH, Germany). The media were sieved to the fraction >63 µm and GAL was
additionally sieved to ≤2 mm, taking the heterogeneity of grain sizes into account.

Furthermore, sediment of a settling tank (SED) treating road runoff from a
highly trafficked road with an annual average daily traffic (AADT) of approximately
24 000 vehicles per day for approximately two years was studied (Rommel and
Helmreich, 2019b). The SED was sieved wet to ≤1 mm to remove unrepresentative
trash and leaf debris. All materials were dried at 105 °C and stored in desiccators
prior to the analyses. SED needed to be crushed to single grains with pestle and
mortar. The physical and chemical characteristics of the materials before pre-
stressing are summarized in Tables 4.1 and S1 in the ESI.†

Synthetic road runoff (SRR) was prepared based on the solution of the Trans-
portation Research Board (2014) with MgSO4 · 7 H2O, KCl, KNO3, NaNO3, CaCl2,
CuSO4 · 5 H2O, ZnSO4 · 7 H2O with the concentrations listed in Table 4.2. The al-
kalinity was adjusted by adding 97.3 mg L−1 NaHCO3 based on own currently un-
published data, since the alkalinity suggested by the Transportation Research Board
(2014) seemed to be considerably high. To simulate application of de-icing salt,
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NaCl was added to the synthetic runoff (SRR + NaCl) for further experiments.11
Furthermore, experiments with synthetic runoff and DOM (SRR + DOM) were
conducted by adding humic acid sodium salt 40–70% (CAS-No. 68131-04-4; Carl
Roth, Germany). Preliminary dilution experiments determined a DOC concentration
of 12.6 mg L−1 of the SRR +DOM (Fig. S1†). This concentration is in accordance
with the median DOC in the highway runoff database (Granato and Cazenas, 2009).
All constituents were mixed in deionized water (DI water) with an electrical conduc-
tivity (EC) ≤0.5 µS cm−1 with a magnetic stirrer. The initial pH of the three SRRs
was 8.0 ± 0.1. Analytical grade chemicals were applied (Merck KGaA, Germany),
except for the humic acid sodium salt.

4.2.2 Experimental setup
Pre-stressing the sorptive media To simulate a pre-stressed state of the sorptive
media, the media was exposed in a liquid/solid (L/S) ratio of 5 to a solution
containing CuSO4 · 5 H2O and ZnSO4 · 7 H2O in a rotary shaker for 24 h at 5 rpm
and 20 °C. The sum of the dissolved Cu and Zn cation concentration was adjusted
to 10% of the cationic exchange capacity (CEC) of the individual sorptive medium
(GAL, GFH and ZEO) under the assumption of equal sorption kinetics for Cu and Zn.
In order to assess the influence of the pre-stressing extent, experiments with a load
of 40, 60 and 80% of the CEC were carried out for ZEO. For the experiments with
variable load, the L/S was raised to 10 to reduce the risk of precipitation of Cu and
Zn. The chosen molar ratio of Cu/Zn was 0.118, following the German approval
standard for SQIDs (DIBt, 2017; Huber et al., 2016d). The pre-stressing loads and
equations are summarized in eqn (S1) and (S2) as well as in Table S2.† In order to
avoid precipitation of Cu and Zn, the pH of the pre-stressing solution was adjusted
to 5.0 by adding 0.1 mol L−1 HNO3 . Pre-stressing was assumed to be successful if
the Cu and Zn concentration in the solution was <10% of the initial concentration
after the pre-stressing duration. Following the pre-stressing, the sorptive media was
washed twice with DI water (L/S of 5) and dried at 105 °C. Prior to the leaching
experiments, the pre-stressed media were stored in desiccators. Samples of the
pre-stressed media were withdrawn for subsequent analysis of the total Cu and Zn
content.

SED was not pre-stressed, since it had a Cu content of 434 mg kg−1 and a Zn
content of 1367 mg kg−1 (Table 4.1).
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Tab. 4.1. Chemical characteristics of all materials before pre-stressing based on dry matter,
SED was not pre-stressed

Main elements
Al TC Ca Fe K Mg Mn Na TS Si

Unit wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

GAL 0.08 93.1 2.05 0.70 0.06 0.85 0.01 0.53 0.40 0.35
GFH 0.10 2.31 6.67 39.6 0.03 0.54 1.16 0.04 0.04 5.12
SED 2.54 15.6 12.0 2.52 0.85 2.98 0.04 0.42 0.39 13.0
ZEO 5.89 0.14 2.17 0.56 2.66 0.44 0.05 0.53 0.00 30.0

Heavy metals
Cd Cu Cr Ni Pb Zn

Unit mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1

GAL <0.1 <0.5 14.7 1.17 0.41 28.2
GFH 0.35 4.14 <0.5 48.8 0.70 35.4
SED 0.64 434 129 28.6 42.7 1367
ZEO 0.10 0.74 2.01 2.87 29.3 34.4

Tab. 4.2. Composition of synthetic runoffs

Leachate solution Chemical Molecular weight Concentration Source
[g mol−1] [mg L−1]

SRR MgSO4 · 7 H2O 246.5 55.0

Transportation
Research Board
(2014)

KCl 74.6 25.0
KNO3 101.1 90.0
NaNO3 85.0 90.0
CaCl2 111.0 200.0
CuSO4 · 5 H2O 249.7 0.196 (0.050 Cu)
ZnSO4 · 7 H2O 287.5 0.44 (0.100 Zn)
NaHCO3 84.0 97.3 Own data

SRR+DOM Same as SRR
Humic acid
Sodium salt (CAS
68131-04-4)

44.5 (12.6 DOC) FHWA database
(Granato and
Cazenas, 2009)

SRR+NaCl Same as SRR
NaCl 58.4 10,000 Huber et al.

(2016b)
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Leaching experiments The leaching experiments were carried out in glass columns
that had a diameter of 20 mm and height of 400 mm and were filled with 50 g of
pre-stressed media (GAL, GFH and ZEO) per column. The filter media was supported
by a fritted glass support and 1 cm of glass beads (2.0 mm to 2.4 mm diameter). In
order to avoid clogging of the fritted glass support, the experiments with SED were
conducted in 250 mL glass bottles with the same mass of material (50 g). Once the
containers were filled with pre-stressed media or SED, 100 mL of the three SRRs
(SRR, SRR+ DOM, SRR + NaCl) was added (L/S of 2). The containers filled with
SRR + DOM were wrapped in aluminium foil to avoid any photo-degradation. After
a contact time of 4, 24, 48 and 168 h, the leachates of the 10% pre-stressed sorptive
media was withdrawn respectively. During the other leaching experiments with
variably pre-stressed ZEO and SED, samples were withdrawn after 24, 48 and 168 h.
All experiments were performed as duplicates at ambient temperature 20.8 ± 2.0 °C.
Additionally, the oxidation – reduction potential (ORP) was measured online, with a
time resolution of 10 min, in a column or container filled with pre-stressed media
or SED and SRR + DOM leachate. Blank experiments without filter media were
conducted. Between each experiment, all glassware was thoroughly cleaned with
DI water, acetone and 0.1 M HNO3. The full cleaning procedure is described in the
ESI.†

4.2.3 Analyses
Analyses of sediment and sorptive media The bulk density, loss on ignition at
550 °C, particle size distribution (d10, d30, d60) and specific surface areas of SED
and the blank sorptive media were determined according to the standards DIN EN
1097-3:1998-06, DIN EN 15935:2012-11, DIN EN 933-1 and DIN ISO 9277:2014-01,
respectively. Particle size distribution of SED needed to be analysed using laser
diffraction (Mastersizer, Malvern Panalytical Ltd., Netherlands) according to BS
ISO 13320:2009 due to the small particle size (mean <0.063 mm). The total pore
volumes of the materials were determined by Hg intrusion in a pressure range from
0.004 MPa to 400 MPa (AutoPore III, Micromeritics GmbH, Germany).

The CECs of the media were determined in duplicates following DIN EN ISO
11260:2011-09 by saturation of the media with Ba and consequent exposure to a
defined MgSO4 solution, which results in precipitation of BaSO4. Total carbon (TC)
and total sulphur (TS) were determined using a multi EA 4000 element analyser at
1350 °C (Analytik Jena AG, Germany). The metal(loid) contents of the blank sorptive
media and SED were determined using ICP-OES (Avio500, Perkin-Elmer, USA) and
ICP-MS (Nexion D, Perkin-Elmer, USA) for Cd and Pb after microwave-assisted
hydrofluoric acid digestion at 200 °C. The digestion method is comprehensively
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described in the ESI.† The LOQs of the major metal(loid)s Al, Ca, Fe, K, Mg, Mn, Na,
Si were 100, 50, 50, 500, 2, 500 and 100 mg kg−1, respectively. The LOQs of Cd, Cu,
Cr, Ni, Pb and Zn were 0.5, 1.0, 2.0, 2.0, 2.0 and 2.0 mg kg−1, respectively.

The Cu and Zn content of the pre-stressed sorptive media were analysed using
flame atomic absorption spectrometry (AAS, Varian Spectrometer AA-240FS, USA)
according to Standard Method 3111 after aqua regia digestion (American Public
Health Association et al., 2017).

Analyses of leachates The pH and EC were measured immediately after with-
drawal of the leachates according to the Standard Methods 4500-H+ and 2520
B (American Public Health Association et al., 2017), respectively (SenTix 41 and
TetraCon 325, WTW GmbH, Germany). The ORP was measured following Standard
Method 2580 B (American Public Health Association et al., 2017) with a platinum
electrode (WTW Multi 3410 and SenTix ORP-T 900, WTW GmbH, Germany).

The leachates before and after the experiments were filtered with syringe
filters (0.45 µm, PES, VWR International GmbH, Germany; BGB Analytik Vertrieb
GmbH, Germany) to quantify the dissolved fractions of the metals and the DOC. The
leachates of the experiments with the SED needed to be centrifuged prior to the
filtration (3000 × g, 20 min). The liquid samples were preserved with HNO3 (pH <
2) for the metal analysis and 1% V of 32% HCl for the DOC analysis.

The concentration of Cu and Zn were analysed after the pre-stressing procedure
by photometric analyses using cuvette tests (LCK360 and LCK329, Hach Lange
GmbH, Germany) to ensure a sufficient sorption of the Cu and Zn.

All other Cu and Zn analyses were conducted using flame-atomic absorption
spectrometry (AAS, Varian Spectrometer AA-240FS, Palo Alto, USA) in accordance
with Standard Method 3111 (American Public Health Association et al., 2017) with
limit of quantifications (LOQs) of 50 µg L−1 Cu and 20 µg L−1 Zn. Samples with
Cu concentrations below the LOQ were analysed by graphite furnace AAS (Varian
Spectrometer AA-240Z with GTA 120, Palo Alto, CA, USA), following the Standard
Method 3113 (American Public Health Association et al., 2017), with a LOQ of
5 µg L−1. Considering the additionally found heavy metals in SED, the leachates of it
were analysed using ICP-OES (Avio500, Perkin-Elmer, USA) and ICP-MS (Nexion D,
Perkin-Elmer, USA) to determine dissolved Cd, Cr, Cu, Ni, Pb and Zn with LOQs of 1,
10, 10, 10, 1 and 10 µg L−1, respectively. Furthermore, the dissolved concentrations
of the major metals Ca, Fe, Mg and Na were analysed with LOQs of 500, 100, 100
and 1000 µg L−1. Measured concentrations below the LOQ were substituted by one
half of the LOQ value.

Additionally, the DOC concentrations of the SRR + DOM leachates and all
leachates of SED were determined after filtration using a varioTOC Cube analyzer
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(Elementar, Langenselbold, Germany) according to DIN EN 1484 with a LOQ of
0.25 mg L−1. The UV absorbance of the filtered samples were determined at 254 nm
(UVA254) using a 10 mm quartz glass cuvette by a spectrophotometer (DR6000, Hach
Lange GmbH, Germany). Leachates of SED were analysed with an Aqualog fluores-
cence spectrometer (Horiba Scientific, USA). Prior to the UVA254 measurements, the
samples were adjusted to 20 ± 1 °C, pH was not adjusted. Specific UV absorbance
(SUVA254) was determined by dividing the UVA254 by the DOC concentration of the
sample (Weishaar et al., 2003).

The Cl– concentrations of SRR + NaCl leachates were analysed using cuvette
tests with a LOQ of 1 mg L−1 (LCK 311, Hach Lange GmbH, Germany).

4.2.4 Hydraulic retention times in SQIDs
To estimate hydraulic retention times (HRTs) present in SQIDs, a SWMM model
was utilized. Precipitation data of the years 2010 to 2018 with 10 min frequency
of the weather station 3379 (Munich City, Germany) of the Deutscher Wetterdienst
was used. The total precipitation was assumed as rain. The model consists of
a 400 m2 impervious catchment area with 3% slope connected to a storage unit
with 2.00 m water depth and 3.14 m2 surface area. The represented system is
described in Rommel and Helmreich (2018c). The SQID was assumed to be empty
at the beginning. To export the HRT a proxy pollutant was defined with a constant
event mean concentration (EMC) wash-off and the treatment formula C = HRT .
The simulation was executed using the steady flow routing model with 1 s routing
steps.

4.2.5 Speciation with Visual MINTEQ
Visual MINTEQ (version 3.1, Gustafsson (2014a)) was used to examine the speciation
of Cu and Zn in the SRRs, as well as their saturation indices (SI). Therefore, the
three synthetic runoffs were entered in Visual MINTEQ with the elements present
in the composition of the SRRs. DOM was modelled by the NICA-Donnan model,
which is recognized as one of the most promising models for speciation of DOM
(Transportation Research Board, 2014; Blume et al., 2016b). The ratio of DOM
to DOC was assumed to be 1.65 (default setting, Gustafsson (2014a) and Sjöstedt
et al. (2010)). In this study, 100% of the DOM was assumed to be humic acids,
since the SUVA254 of the SRR + DOM (7.7 L mg−1 m−1) reflected properties of
pedogenic humic acids (Huber et al., 2011). The pH of the solutions were fixed
at the measured mean pH of the initial SRRs. Speciation was calculated at 25 °C.
In the first calculation, the precipitation was prohibited (default setting). If any
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oversaturated compound was found, then precipitation for the compound with
the highest value was allowed by specifying it as a possible solid. This step was
repeated until all oversaturated compounds were defined as possible solids. Finally,
the amounts of the precipitated compounds were determined.

4.3 Results and discussion
The data of the leaching experiments is available on Mendeley Data (http://dx.
doi.org/10.17632/vzn73d448s.2, Rommel et al. (2020c)).

4.3.1 Hydraulic retention times in SQIDs
By means of using the SWMM model, it was possible to estimate HRTs present in
a SQID for a long time series (2010–2018) based on real precipitation data. The
results show that HRTs need to be considered to understand processes involved in
SQIDs.

The estimated median HRT was 206 h and the HRT varied by a factor of 2.2
between the 25th and 75th percentile (Fig. 4.2a). Thus, the selected contact times
of the leaching experiments are supported by these findings. A strong seasonality
of the HRT was observed (Fig. 4.2b), with increasing HRTs at the beginning of the
spring and a sharp decrease hereafter. The course of the HRTs followed inversely
the observed monthly precipitation heights (Fig. S2†). To develop a full picture of
the HRT distributions in SQIDs, additional designs, concerning different hydraulic
loading rates, were evaluated. The studied settling tank of the SQID was designed for
a maximal surface loading qA,max of 0.7 m h−1 according to the German technical
standard (DWA-A 102 (Entwurf) 2016). Since the technical guideline suggests a
qA,max of 4 m h−1 to 6 m h−1, this is a very low surface loading. With increasing
qA,max, the determined HRTs decreased to a median HRT of 75 h for qA,max = 2 m/h)
and 36 h for qA,max = 4 m h−1. The results of the model indicate that in winter
and especially spring leaching of heavy metals is potentially enhanced by the high
HRTs.

These results are only applicable for a temperate climate, such as the climate we
experience here in southern Germany. In arid regions, the HRT could be significantly
higher. Another source of uncertainty is the simplification that SWMM assumes
behaviour of a continuous stirred-tank reactor (CSTR) to determine HRTs of storage
nodes (Rossman and Huber, 2016). Especially to model effluent quality, a cascade
of CSTRs could reflect the behaviour of SQIDs more realistically (Zahraeifard and
Deng, 2011; Zawilski and Sakson, 2008). To determine the appropriate number of
CSTRs in a cascade, tracer experiments would be necessary. It must be emphasized
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Fig. 4.2. (a) Histogram of the modelled HRT for the years 2010–2018, (b) time series of
the modelled HRT, black line shows the mean HRT for the years 2010–2018, grey
shaded area indicates the SD.

that the HRT prediction was utilized to gain indicative values of HRTs present in
SQIDs. Future experiments are necessary to validate the predicted HRTs.

4.3.2 Leaching from road-deposited sediment
The analysis of the SED from the settling tank after two years of operation showed
high traffic-related contents of heavy metals. The high Zn content of 1367 mg kg−1

can be attributed to TWP from the road runoff (Councell et al., 2004). Cu was the
second heavy metal in the order of their contents with 434 mg kg−1, followed by
Cr, Pb, Ni and Cd with contents of 129, 42.7, 28.6, and 0.64 mg kg−1, respectively.
According to the German Federal Soil Protection and Contaminated Sites Ordinance,
the contents of Zn and Cu exceed precautionary values severely (Blume et al., 2016a).
Furthermore, Cr, Pb, Ni and Cd surpassed the precautionary values, depending on
the referenced soil. Thus, SED can be considered contaminated material. Main
fractions of SED were quartz (SiO2) and organic carbon (Tables 1 and S1†). The high
Fe content of SED (2.5%) needs to be considered, since metal oxides and hydrous
oxides are key scavengers of heavy metals in the environment (Brezonik and Arnold,
2011). Cu, Pb and Zn were mostly found in RDS in the reducible fraction, associated
with Fe and Mn oxides (Sutherland et al., 2012).

The leaching experiments revealed that severe leaching of the heavy metals
Zn, Cu, Ni and Cd from SED occurred (Fig. 4.3). After 24 h equilibrium conditions
can be assumed for Zn, Ni and Cd. Only Cu showed a divergent behaviour with
decreasing dissolved concentrations after 48 h. Since Cu exhibits a high affinity to
organic matter (McBride, 2000; Hamilton et al., 1984; Stone and Marsalek, 1996),
this effect may be attributed to degradation of the DOM and particulate organic
matter (POM), resulting in a change of the complexation affinity. The effect of the
different SRRs on the leaching was not pronounced, except for SRR + NaCl on Zn
and Cd, which means that the risk of Zn and Cd leaching from settled particles is
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Fig. 4.3. Time-series of dissolved Zn, Cu, Ni and Cd in the leachates of SED from SRR, SRR
+ DOM and SRR + NaCl, respectively. Shown is the mean of two replicates. The
shaded area denotes the SD.

higher under the influence of de-icing salt in winter and spring. Comparable results
have been reported by Norrström (2005), who attributed this effect to the formation
of Cl– complexes with Zn and Cd. The highest mobility of Zn and Cd from RDS
was reported by multiple studies (Loganathan et al., 2013). Robertson et al. (2003)
found Zn associated with the exchangeable fraction, which reflects the present
results. Furthermore, this follows the stability of the metal-hydroxo complexes,
which affects adsorption on pedogenic oxides (Blume et al., 2016a). However, Ni
should exhibit a leaching behaviour between Cd and Zn following this theory. In
contrast to the aforementioned metals, Cr and Pb showed no significant leaching
(Fig. S3†). The initial concentration of Cr indicates an unknown contamination.
Pb was below the LOQ in all samples except for the initial sample of SRR + DOM,
which was slightly above the LOQ.

Within 48 h of contact time, up to 1.5% of the total mass of each heavy metal was
leached under exposure to the three SRRs, respectively. Previous studies reported
significantly higher leaching percentages: 27%, 9%, 8%, 13%, 6%, and 25% for
Cd, Cr, Cu, Ni, Pb, and Zn, respectively (Zafra et al., 2017). However, the studies
used either permanent agitation, leaching solutions with acidic pH and/or low ionic
strength (Zafra et al., 2017), which all enhance leaching potential. Furthermore,
these conditions do not occur in SQIDs.

Assuming equilibrium conditions after 48 h, the partition coefficients (Kd)
were 388, 6139, 462, 216, 85 356 and 455 L kg−1 for Cd, Cr, Cu, Ni, Pb and Zn,
respectively. Thus the order of mobility or leaching potential of the heavy metals was
Ni > Cd > Zn > Cu � Cr � Pb. The reported values were determined for SRR. Zafra
et al. (2017) determined a similar order of leaching, Cd > Zn > Cu > Pb > Ni > Cr,
using 24 h leaching experiments under constant agitation. Degaffe and Turner (2011)
determined a comparable Kd of 550 L kg−1 for Zn leached from TWP. In contrast to
the present results, they observed lower Zn leaching with increasing salinity. The
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observed leaching kinetic of Zn cannot be described with a linear model such as the
one proposed by Rhodes et al. (2012). This discrepancy could be attributed to the
ten-fold lower L/S ratio used in our study, which is closer to the conditions present
in the sediment trapped in SQIDs. Furthermore, the diffusion-controlled model
used by Degaffe and Turner (2011) failed to reproduce the observed concentrations
after 48 h (Fig. S4†). This shows that after 48 h, saturation of dissolved species
was reached, and not only diffusion-controlled mechanisms were involved. The
decrease of Zn, Cu and Cd could partly reflect precipitation of dissolved species.
Considering only the data up to 48 h, the rate constant of Zn was 488 µg L−1 h−1/2.
This is approximately two times higher than reported by Degaffe and Turner (2011).
However, they used an incredibly high L/S ratio of 1000, which would only be found
under turbulent conditions in the water column and not in sediments of artificial or
natural water systems.

Besides the aforementioned heavy metals, considerable amounts of the major
cations Ca, Mg, Na and Fe leached from the SED (Fig. S5†). The water matrix of
the samples was dominated by Ca. The major cations influenced leaching of the
heavy metals due to competitive sorption. Interestingly, the leaching of carbonate,
indicated by the increase of Ca, was not sufficient to avoid a considerable decrease of
pH of approximately one unit (Fig. 4.4). A significant effect to this can be attributed
to the considerable amounts of leached DOM. The lower pH values of SRR + NaCl
can be explained by the increased release of H+ from SED surfaces caused by the
high Na+ concentrations (Bäckström et al., 2004b).

The leachates of SED exhibited sever e leaching of DOM (Fig. 4.5). The DOC
reached after 24 h a mean of 906 mg L−1. Hence, significant influence of the DOM on
the speciation of the dissolved metals can be expected. After 24 h the DOC showed an
equilibrium state. Only slight variations between the different SRRs were observed.
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This is likely, since OM, present in the SED, dominated the leachate composition.
After 24 h, no significant deviations of the SUVA254 between the different SRRs
were observed (Fig. S6†). Furthermore, the SUVA254 remained constant. Thus, the
aromaticity of the DOM remained constant (Weishaar et al., 2003; Abbt-Braun et al.,
2004). The prior-to-hypothesized degradation of DOM was hereby not supported. Fe
concentrations in the leachates were expected to have a negligible influence on the
UV absorbance (Weishaar et al., 2003). Kumar et al. (2013a) attributed an increase
of isotopic exchangeability of heavy metals by a RDS to the alteration of binding
sites caused by degradation of OM. Furthermore, they observed that degradation
of DOM leads to a reduced heavy metal retention. The initial aromaticity of SRR
+ DOM was considerably higher with an SUVA254 of 7.7 L mg−1 m−1 in comparison
to the average of all leachates after 24 h of 1.2 L mg−1 m−1. This describes the
differences between the DOM found in situ to the SRR + DOM. However, for this
certain experiment, no effect can be assumed, since the by far largest fraction of the
DOM leached from the SED.

Bordas and Bourg (2001) showed that with an increasing L/S-ratio, the remobi-
lization of heavy metals from polluted river sediment is increasing. Thus, the results
of this experiment may show a reduced leaching effect. Furthermore, the repeated
exchange of the water in the systems could additionally provoke leaching of the
heavy metals from SED. However, contradicting results have been reported for soils
as well (Yin et al., 2002).

The temperature during the experiments may increase the leaching potential
slightly, since Zhang et al. (2018) showed an increase of Cu leaching at higher
temperatures. Changes between oxidizing-reducing conditions are likely to increase
heavy metal leaching additionally (Kumar et al., 2013a; Folkeson et al., 2009).
These changes can occur due to wet and dry cycles (Kumar et al., 2013a). In our
experiments, suboxic to oxic conditions were present (Fig. S7†). With increasing
duration, the conditions became more suboxic due to oxygen depletion.
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These findings suggest that high retention times in SQIDs lead to leaching of
particulate-bound heavy metals. Within 48 h, up to 1.5% mass of the individual
heavy metals leached from the SED. Considerably high concentrations of heavy
metals were observed, which additionally load sorptive media in the consecutive
second treatment stage. Thus, higher loads of the sorptive media can be expected
and/or worse effluent quality of the SQIDs. However, previous studies on leaching
of heavy metals from RDS potentially overestimated the leaching potential due to
permanent agitation, acidic pH and low ionic strength or alkalinity (Zafra et al.,
2017).

4.3.3 Leaching from sorptive media
Constant pre-stressing of sorptive media After the pre-stressing step (approxi-
mately 10% of CEC), the mean Cu content of the sorptive medium was 20.7 mg kg−1

for GAL, 78.8 mg kg−1 for GFH and 7.68 mg kg−1 for ZEO, respectively. The mean
Zn content was 164, 1073 and 345 mg kg−1 for GAL, GFH and ZEO, respectively.
None of the media reached the designated pre-stressing level of 10% CEC. The
reached pre-stressing loads were 7% CEC for GAL, 8% for GFH and 5% for ZEO.

A significant pH increase of the pre-stressing solution was observable. After
the 24 h-long contact time, the pH increased from 5.0 to 8.4 for GFH, to 9.0 for
ZEO and even to 12.2 for GAL, respectively. Furthermore, dissolution of the solid
phase was recognized by the distinctive increase of the EC to 5940 µS cm−1 for
GAL, in comparison to 861 µS cm−1 for ZEO and 1130 µS cm−1 for GFH, respectively.
Since adsorption and precipitation is mainly controlled by pH and ionic strength,
dissolution of the solid phase should be limited. Therefore, the pre-stressing with
higher loads was performed with an increased L/S ratio of 10. However, the present
results of GAL showed that even with significant dissolution of the solid material, a
pre-stressing level of 7% of the CEC was achieved.

Contrary to expectation, all leachates showed a decrease of the dissolved Cu
and Zn concentrations (Fig. 4.7). There are two possible explanations for this
effect. First, due to the low yet realistic pre-stressing of the media, the adsorption
capacity was still high enough to prohibit desorption. Secondly, leaching of the
metal occurred, however, the increase in the pH of the leachates (Fig. 4.6) resulted
in precipitation of Cu and Zn.

Since the pH of the GAL leachates showed the highest pH, the lowest Cu
concentrations have been observed for all GAL leachates, indicating precipitation of
Cu and Zn (Genç-Fuhrman et al., 2007).

Generally, the highest concentrations were measured in the SRR + NaCl
leachates. This highlights the impact of de- icing salts on the treatment of road
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runoff. The main involved processes are ion-exchange, decrease of the pH and
formation of chloride complexes (Bäckström et al., 2004b). Ionic strength typically
affects the outer-sphere surface complexes. In contrast, chemisorption binds ions
stronger (Blume et al., 2016b). Thus, relatively weakly adsorbed metals can desorb
in SRR + NaCl. After 48 h minor increases of Cu and/or Zn in the leachates were
observed. This phenomenon may be attributed to an increasing metal exchange-
ability with increasing contact time, as observed by Kumar et al.6 Furthermore, the
recorded ORP of the SRR + DOM leachates, except for ZEO, decreased after 50 h
(Fig. S7†), which suggests an influence of the oxidizing–reducing conditions (Kumar
et al., 2013a).

Huber et al. (2016b) stated a high remobilization risk associated with de-icing
salts even at short contact times (flow conditions). Compared to this study, the Cu
and Zn content of the pre-stressed GFH was considerably higher (up to a factor of
6 for Zn and 48 for Cu). Consequently, more sorption sites were occupied. Thus,
leaching occurred under exposure to de-icing salt rich solution, even during short
contact times. Additionally, the experiments were performed without adjustment of
the alkalinity and ionic strength of the synthetic runoff. Thus, a worst-case scenario
was illustrated by Huber et al. (2016b), which is not comparable to this study.

The Cu concentration of GFH with SRR + NaCl increased slightly at the end
of the experiment, however, it remained below the initial concentration. If only
1% of the mass had been leached, Cu and Zn concentrations >162 µg L−1 and
>931 µg L−1, respectively, depending on the media and its pre-stressing, should
have been observed. It must be emphasized that the results of the ZEO leachates
need to be interpreted with caution, since the pre-stressing level of the medium was
lower than that of the other two media.

One unanticipated finding was that no leaching from ZEO occurred with SRR +
NaCl, since it is known that regeneration of zeolites is possible using NaCl (Kesraoui-
Ouki et al., 1994).

The pH of the GAL leachate was significantly higher than of the GFH and ZEO
leachates. These differences can be attributed to the high TC of GAL (cf. Table 4.1).
Since GAL is a lignite-based product, most of the TC content was expected to be
present in form of coal. However, Huber et al. (2016b) found CaCO3 on the surface
of the media, therefore, dissolution of CaCO3 is a likely explanation for the steep pH
increase. The leachates with NaCl (SRR + NaCl) showed lower pH values for GFH
and ZEO, likely caused by release of H+ from the sorption sites of the media due to
competitive sorption with Na+ (Bäckström et al., 2004b). The EC of the leachates of
GFH and ZEO remained constant over time (Fig. S8†), whereas the GAL leachates
increased at the beginning of the experiments, additionally indicating dissolution
mineral phases, e.g., calcite.
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In contrast to the preliminary experiments (Fig. S1†), the added amount
of humic acid sodium salt was not sufficient to establish a DOC of 12.6 mg L−1

in the initial leachate SRR + DOM (Fig. 4.8). Only a DOC of 3.2 ± 0.1 mg L−1

was measured in the initial solutions. Since the SRR held a considerably higher
ionic strength than DI water used for the preliminary tests, it can be expected
that complexes formed that were larger than the pore size of the membrane filter
(0.45 µm). Due to the alkaline pH of the leachates, the solubility of the humic
substances should have been increased, because the functional groups of OM will
be ionized with increasing pH (Tuhkanen and Ignatev, 2018). In the course of the
experiment, the DOC remained almost constant, except for the leachates of GAL,
which exhibited an increase after 48 h. This effect can be attributed to a dissolution
and or degradation of the OM originating from the lignite. Hence, the stability
of the GAL media may be limited. The mean DOC at the end of experiment was
51.1 mg L−1. One unanticipated finding was that the leachates of GFH showed
remarkably high DOC concentrations (116–145 mg L−1). Since the tested GFH was
produced from by-products of a drinking water treatment plant, the media contained
residuals of adsorbed humic substances (DOM) and polymeric flocculants. These
residuals are expected to leach rapidly during operation.

Variable pre-stressing of sorptive media Huber et al. (2016b) showed that as pre-
stressing increases, leaching from GFH increases under the influence of de-icing salts.
To examine the influence of the pre-stressing load on the leaching of Cu and Zn,
additional experiments were performed with 40%, 60% and 80% CEC pre-stressing,
respectively. The experiments were performed with ZEO and SRR + NaCl, because
strong leaching was expected for this combination, since zeolites are regenerated
using NaCl (Kesraoui-Ouki et al., 1994).

The metal contents of ZEO increased linearly with increasing pre-stressing
intensity (10, 40, 60 and 80% of CEC). The corresponding mean Cu contents were
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7.7, 65.5, 127 and 200 mg kg−1, respectively. Zn contents were 345, 1663, 2593
and 3734 mg kg−1, respectively. The increase of the L/S ratio for the pre-stressing of
≥40% CEC was successful and the pH after pre-stressing was more than one pH unit
lower. Interestingly, the pH decreased with increasing pre-stressing level from 8.1
to 7.4. This is an indicator of the release of two H+ in exchange with Cu2+ and/or
Zn2+. Furthermore, the EC increased significantly with increasing pre-stressing,
from 1435 to 2310 µS cm−1. Thus, more solid phase of ZEO dissolved during the
pre-stressing procedure.

The leaching experiments of the variably pre-stressed ZEO showed that even
with increasing pre-stressing the Cu concentrations in the leachates were similar
(Fig. 4.9). In contrast, Zn varied significantly. With increasing pre-stressing, the
Zn concentration increased. However, only at the highest pre-stressing (80% CEC)
leaching was observed, resulting in higher Zn concentrations in comparison to the
SRR + NaCl. However, a pre-stressing of 80% of the CEC is rather unrealistically
high, due to the heavy metal concentrations present in road runoff (Kayhanian et al.,
2012a; Huber et al., 2016c) and the design of replacement intervals of sorptive
media in SQIDs. Thus, no leaching of heavy metals from sorptive filter media can be
expected under realistic conditions.

4.3.4 Speciation with Visual MINTEQ
The speciation and saturation indices of the present species of the three SRRs were
predicted using Visual MINTEQ. The results revealed that precipitation of tenorite
(CuO) and calcite (CaCO3) occurred in the SRR, thereby 15.2%, 23.7% and 83.9%
of the added Ca, CO3

2 – and Cu precipitated, respectively. This large percentage of
precipitated Cu was not supported by the analysis of the initial SRR, with a mean
loss of <2%. However, since tenorite is oversaturated in the solution, it will readily
precipitate, especially if pH increases during the experiments. The speciation of
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SRR + DOM suggested that no Cu (tenorite) precipitated. Yet calcite precipitated,
thereby Ca and CO3

2 – were reduced by 16.9% and 26.2%. The DOM in the SRR
+ DOM bound 100% of the dissolved Cu and 69% of the dissolved Zn. In SRR +
NaCl tenorite precipitated as well, resulting in 77% precipitated Cu. Again, this
does not reflect the lab analysis, where an average loss of 13% Cu was determined.
This loss indicates the limitation of species prediction; hence, these results should
be interpreted with caution and can just be used for further understanding of the
evolved processes.

In all SRRs, the most frequent inorganic Cu species were CuCO3(aq), Cu2+

and CuOH+. Zn occurred mostly in SRR and SRR + NaCl as Zn2+, ZnCO3(aq),
Zn(OH)2(aq) and ZnCl+ in SRR + NaCl. In SRR + DOM, the DOM complexes
involve 100% Cu and 69% Zn. Thus, negatively charged surfaces of the sorptive
media are preferred to retain Cu and Zn due to the cationic species. A full overview
of the predicted species is given in Table S3.†

The indicated precipitation of Cu is relevant for studies without pre-stressed
media or contaminated material, since Cu in solid form cannot be adsorbed. In our
experiments, the Cu was just used to establish a background concentration in the
SRRs, which affects leaching of particulate-bound Cu. Due to the comparably low
Cu concentration in the SRRs, even adsorption of the total Cu would have affected
the Cu content of the media by <1.5%.

4.4 Conclusion
The new experimental procedure was capable of describing the fate of heavy metals
during dry periods in SQIDs, which consist of a settling tank as first treatment stage
and a sorptive filter as second stage. Although SQIDs are gaining in acceptance, this
process has not been quantified in the past. Furthermore, most realistic conditions
were simulated, considering road runoff composition, L/S ratio and the pre-stressing
level of the sorptive media.

RDS, which accumulate in settling tanks, exhibited a high leaching potential
of heavy metals. Even if low-mass fractions leached within the duration of the
experiment, high heavy metal concentrations were measured in the liquid phase.
Thus, subsequent rain events can discharge heavy metals into receiving waters.
Furthermore, optional consecutive sorptive filter media will be additionally stressed,
reducing their service life. In contrast to previous studies investigating leaching of
Zn from TWP, equilibrium between the liquid and solid phase was reached after
24–48 h. Thus, previous results overestimated the leaching due to high L/S ratios,
which are not representative for conditions present in sediments. Without turbulent
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conditions, TWP would mainly be found in sediments. Furthermore, synthetic
runoffs for leaching experiments should consider the ionic strength, alkalinity and
neutral to alkaline pH of road runoff to avoid overestimation of the involved leaching
processes. Yet, the current results highlight the importance of regular removal of
sediments trapped in SQIDs to reduce the risk of heavy metal leaching.

Contrary to the hypothesis, no leaching of Cu and Zn from the three sorp-
tive media was observed. This indicates that under realistic pre-stressing levels,
even with long contact times, no significant leaching occurs. However, additional
experiments that exerted higher pre-stressing on one sorptive medium supported
previous findings that leaching can occur. Nevertheless, this high pre-stressing level
of sorptive media will not be reached under in situ conditions due to maintenance
and low dissolved heavy metal concentrations. Furthermore, if leaching occurs, this
high pre-stressing level is unlikely.

Based on the present results, all tested sorptive media are capable of preventing
leaching of heavy metals during dry periods under permanent impounding. However,
GFH offered the by far highest CEC, which results in a reduced volume of the
sorptive filter bed of the SQID at comparable treatment efficiency. GAL exhibited the
lowest CEC, thus SQIDs with GAL would require larger sorptive filter bed volumes.
Leachates of ZEO showed, in contrast to the other media, a significant pH drop in
the presence of de-icing salt, which potentially favours leaching of heavy metals.
Furthermore, the Cu retention of ZEO was lower in the presence of DOM, which
occurs in full-scale application.

Consequently, the main outcome of this study is that regular removal of sedi-
ments trapped in SQIDs can increase heavy metal retention and may increase the
service life of utilized sorptive media.

Acknowledgments
This research was supported by the Bavarian Environment Agency (AZ: 67-0270-
96505/2016 and AZ: 67-0270-25598/2019). Furthermore, we thank Harald Hilbig
of the Centre for Building Materials, Technical University of Munich, for the analy-
sis.

4.4 Conclusion 63





Sequential extraction of heavy
metals from sorptive filter
media and sediments trapped
in stormwater quality
improvement devices for road
runoff

5

This chapter has been previously published as follows:
Rommel, S. H., P. Stinshoff, and B. Helmreich (2021b). “Sequential Extraction of
Heavy Metals from Sorptive Filter Media and Sediments Trapped in Stormwater
Quality Improvement Devices for Road Runoff”. Science of The Total Environment
782, p. 146875. DOI: 10.1016/j.scitotenv.2021.146875

Author contributions: Rommel‡, S. H.: conceptualization, methodology, validation,
data curation, writing - original draft, writing - review & editing, visualization,
supervision; Stinshoff,‡ P.: investigation, methodology, data curation, writing -
original draft, writing - review & editing; Helmreich, B.: resources, writing - review
& editing, supervision, project administration, funding acquisition; ‡ these authors
contributed equally.

† Supplementary information are available in A.3.

Abstract
The performance of stormwater quality improvement devices (SQIDs), commonly
based on sedimentation and media filtration, is generally examined either at lab
scale or in field tests. However, there has so far been only little investigation into the
remobilization of heavy metals retained in sediments and sorptive filter media. It is,
moreover, unknown whether current lab-scale experiments are able to replicate the
conditions of full-scale operation. To assess the potential impact of differences in
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conditions between lab-scale and field tests on the strength of association of heavy
metals, filter media taken from three SQIDs were subjected to analysis by sequential
extraction after prestressing both on a lab scale and in field tests. Sediments and filter
cake trapped in the SQIDs were additionally analyzed. These displayed significantly
higher heavy metal content than filter media that had been prestressed in the field.
The zinc in the sediments and filter media displayed particularly high mobility.
This study reveals a discrepancy between field and lab-scale conditions that creates
differences in the content and strength of association of heavy metals. It is hence
possible to show that previous lab-scale experiments potentially overestimated the
risk of heavy-metal leaching, due to their predominant occurrence in more mobile
fractions.

Fig. 5.1. Graphical Abstract of the study "Sequential extraction of heavy metals from sorp-
tive filter media and sediments trapped in stormwater quality improvement devices
for road runoff".

5.1 Introduction
Road runoff transports a wide variety of dissolved or particulate- bound contaminants
(Huber et al., 2016c; Kayhanian et al., 2012a; Zgheib et al., 2011b; Spahr et al.,
2020; Opher and Friedler, 2010). These include heavy metals, particularly cadmium
(Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn), all of which
are of special concern by virtue of their prevalence, persistence and toxicity (Bartlett
et al., 2012a; Huber et al., 2016c; Kayhanian et al., 2012a; Zgheib et al., 2011b).
The mobility and resulting bioavailability of these substances is strongly determined
by their partitioning (dissolved or particulate-bound) and geochemical distribution
(Jayarathne et al., 2018; Bartlett et al., 2012a; Padoan et al., 2017; Stone and
Marsalek, 1996; Gunawardana et al., 2015). Most contaminants accumulate as
road-deposited sediments (RDS) during dry periods and are washed away in road
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runoff during subsequent rainfall events (Zafra et al., 2017; Padoan et al., 2017;
Hong et al., 2017). Such contaminants pose a threat to the aquatic ecosystems of
the receiving water bodies (Bartlett et al., 2012a; Bartlett et al., 2012b; Kayhanian
et al., 2008b). As they have a smaller footprint than other sustainable urban
drainage systems, stormwater quality improvement devices (SQIDs) or manufactured
treatment devices (MTDs) are examples of stormwater control measures employed
for retaining contaminants, especially in dense urban areas (Dierkes et al., 2015;
Sample et al., 2012; Fletcher et al., 2015). Commonly used multi-process SQIDs
consist of a sedimentation stage to remove particulate matter, and a downstream
(sorptive) media filtration stage (Leisenring et al., 2012; Dierkes et al., 2015;
Strecker et al., 2005). The filter media can be either organic, such as biochar or
activated carbon, or inorganic, such as carbonate-containing sand, zeolite, iron
oxides/hydroxides, or manganese oxide-coated sand (Okaikue-Woodi et al., 2020;
Reddy et al., 2014). There are various processes involved in media filtration, and
their relevance varies according to the filter medium and contaminant in question: on
the one hand, sorption (including adsorption, absorption, ion exchange, hydrophobic
interactions, and electrostatic attraction) and chemical precipitation of dissolved
substances, and, on the other, straining, physical filtration, and sedimentation of
particulate-bound contaminants (Okaikue-Woodi et al., 2020; Blume et al., 2016b;
Strecker et al., 2005). Even though multiple processes are involved in contaminant
retention, we use the term ‘filter medium’ in this publication on the basis of common
practice. Sorption is partly reversible, which means that desorption or leaching of
heavy metals previously retained by filter media can occur (Blume et al., 2016b;
Zhou and Haynes, 2010; Tedoldi et al., 2016). To ensure comparable assessments,
the performance and service life of filter media is frequently assessed in lab-scale tests
(Lucke et al., 2017). A number of protocols currently exist (Haile and Fürhacker,
2017; Washington State Department of Ecology, 2011; VSA 2019; Huber et al.,
2016d; Monrabal-Martinez et al., 2017; Barrett et al., 2014; Genç-Fuhrman et al.,
2016). However, none of them are able to replicate all boundary conditions that
apply under full-scale use in the field, i.e. pH, ionic strength, alkalinity, particulate
matter, concentrations of contaminants and other runoff constituents, dry/wet cycles,
permanent impounding of the media (if incorporated in the design), and dissolved
organic matter (DOM). This indicates a need to compare filter media that are
prestressed in the laboratory with those in the field, to evaluate whether lab-scale
tests are sufficiently able to replicate field conditions. According to the International
BMP Database, media filters achieve a significant reduction in particulate matter
and total Cu and Zn concentrations, but not in dissolved Cu and Zn (Leisenring
et al., 2012). Nevertheless, the dataset is limited and does not distinguish between
media, which poses the question of whether media filtration achieves the level of
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performance indicated by lab-scale tests in full-scale use. One way of evaluating
whether the treatment processes are comparable on a lab scale and in full scale is
to analyze the strength of association between heavy metals and filter media. The
strength of association of heavy metals is linked to their geochemical distribution
or fractionation. Sequential extraction procedures (SEPs) are used to characterize
the mobility of heavy metals bound to the filter media after prestressing at lab-scale
or in a full-scale application (Martin et al., 1987; Pueyo et al., 2008). SEPs have
been used for decades to investigate the potential risks of toxic trace elements and
are considered a suitable way of performing fractionation of heavy metals (Bacon
and Davidson, 2008). Unlike total or pseudo-total analyses, SEPs are capable of
revealing the mobility of heavy metals under a variety of ambient conditions present
in the environment (Sutherland, 2010; Zhao and Hazelton, 2016).

To ensure comparability to previous and future studies, this study uses the
widely adopted optimized BCR SEP method established by the Standards, Measure-
ments and Testing Program (formerly BCR) of the European Commission (Suther-
land, 2010; Ure et al., 1993; Rauret et al., 2001). In the optimized BCR SEP method,
heavy metals undergo three extraction steps and are separated into three fractions,
these being the acid-extractable (F1), reducible (F2), and oxidizable (F3) fractions.
A fourth step (F4) is often added to conduct pseudo-total digestion of the residual.
These fractions are attributed to the soluble, exchangeable, and acid-extractable
species (F1), manganese and iron oxyhydroxides (F2), organic matter and sulfides
(F3), and strongly bound species like alumosilicates (F4) (Bacon and Davidson,
2008; Hass and Fine, 2010). The majority of previous studies consider heavy metals
in F1 as bioavailable (Bacon and Davidson, 2008). However, the fundamental limita-
tion of SEPs is that all fractions extracted are operationally defined as species. They
neither have geochemical significance, nor is there any consistency, for example,
when changing the reagent (Bacon and Davidson, 2008; Bäckström et al., 2004a;
D’Amore et al., 2005). Nevertheless, SEPs provide useful information about the
mobility of heavy metals and have been widely applied to manifold sample media
(Sutherland, 2010). In the context of traffic-related contaminants, SEPs have been
used primarily in the analysis of RDS (Sutherland et al., 2000; Sutherland, 2002;
Sutherland et al., 2012; Zhang et al., 2019b; Kumar et al., 2013b), soakaway sed-
iment (Kumar et al., 2013b; Kumar et al., 2013a) and roadside soils (Bäckström
et al., 2004a; Kumar et al., 2013b; Kumar et al., 2013a; Sutherland and Tack, 2000).
Only Li and Davis (2008) and Wang et al. (2017) have used SEPs to analyze the
filter media employed in bioretention systems. To the best of our knowledge, SEPs
have not been used to analyze sorptive filter media of SQIDs.

The aims of this study were (i) to determine the fractionation patterns of heavy
metals present in the filter media of SQIDs after prestressing in field tests or on a
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lab-scale, (ii) to assess the comparability of prestressed filter media originating from
field tests and lab-scale experiments, and (iii) to evaluate the role of road-deposited
sediment in the heavy metal content of prestressed filter media.

5.2 Materials and methods

5.2.1 Study site, storm water quality improvement devices, and
sampling

The study site was located at a highly trafficked road in Munich (48°10’47" N,
11°32’24" E), Germany, with an annual average daily traffic of approximately 24,000
vehicles per day (Rommel and Helmreich, 2018c). The mean annual precipitation
depth in 2018 and 2019 was 955 mm (data source: Deutscher Wetterdienst, station
3379). The catchment area comprised two traffic lanes, consisting of one acceler-
ating and one emergency lane, both with an asphalt surface. In 2017 three SQIDs
– Drainfix Clean 300 (D, Hauraton, Rastatt, Germany), SediSubstrator XL 600/12
(S, Fränkische Rohrwerke, Königsberg (Bayern), Germany), and ViaPlus 500 (V,
Mall, Donaueschingen, Germany) – were installed in close proximity to each other
to test their treatment efficiency under equal on-site conditions and to monitor
the contamination of traffic area runoff over a period of 2.75 years (Figure 5.2).
SQIDs S and V consisted of underground chambers with sedimentation stages and
downstream media filtration, of which the filter media of S was permanently sub-
merged, and that of V was not. A sedimentation shaft with a volume of 7.2 m3 and a
diameter of 2 m was installed upstream of V to enable particle separation in addition
to that of the hydrodynamic separator in SQID V. The third SQID (D) was a filter
substratum channel. The three SQIDs were connected to different catchment areas
in accordance with their technical approval and the on-site boundary conditions,
these being 1660 m2 for S, 473 m2 for V, and 165 m2 for D. The filter materials used
were carbonate sand in D (Drainfix®Carbotec 60, Hauraton, Rastatt, Germany),
an iron-based medium with added lignite in S (SediSorp®plus, Fränkische Rohrw-
erke, Königsberg (Bayern), Germany), and clinoptilolite, a zeolite mineral, in V
(ViaSorp®, Mall, Donaueschingen, Germany). The properties of the blank filter
media are set out in Table S1†. The influent of the SQIDs (road runoff) was sampled
and analyzed during 30 runoff events, as described in the Supporting Information
(Appendices A and B†).

The filter media were withdrawn after approximately 2.75 years in operation.
To reduce the amount of samples and because previous studies of bioretention
systems reported only relevant heavy metal contamination in the first 5 cm to 10 cm
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Fig. 5.2. Layout of the monitoring site, the different colors (except green) indicate the
catchment areas of the stormwater quality improvement devices S (SediSubstrator
XL 600/12), V (ViaPlus 500) and D (Drainfix Clean 300). D in indicates the
catchment of the influent sampling for SQID D and D eff indicates the actual
catchment of SQID D. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

(Al-Ameri et al., 2018; Hatt et al., 2008; Muthanna et al., 2007), only the first
5 cm in the flow direction of each filter media were withdrawn, using a plastic
spatula or stainless-steel soil sampler (approx. 30 punctures); the samples were then
homogenized in a bucket and air-dried. The filter media samples withdrawn after
the field tests were subsequently denoted D Field, S Field, and V Field, according to
the respective SQID. Bacon and Davidson (2008) noted that sample pre-treatment
such as drying and grinding could result in more extractable forms of heavy metals.
Therefore, no further preparation of the samples was undertaken prior to the
extraction procedure. It should be emphasized that the filter media can therefore
contain a significant amount of particulate matter that was retained by straining
and physical filtration. Consequently, additional samples of trapped sediments were
withdrawn from the sedimentation stages of S and V and the filter cake from D to
evaluate the proportion of particulate matter among the heavy-metal contaminants.
These samples were subsequently labeled S Sediment, V Sediment and D Filter Cake.
The samples were sieved to ≤1 mm to remove unrepresentative trash and leaf debris.
To reduce microbial degradation, all samples were stored in a refrigerator at 4 ± 1 °C
prior to analysis.

5.2.2 Prestressing of filter media at lab scale
Blank filter media (the same as were used in the field tests) were prestressed in
lab-scale column tests using synthetic runoff, for comparison with the prestressed
filter media after the field tests. The method was adapted from Huber et al. (2016d).
This protocol is comparable to the evaluation of the service life of SQIDs employed
for testing the retention of Cu and Zn for German technical approval (DIBt, 2017).
Accordingly, the lab-scale tests were only concerned with Cu and Zn. The Cu and
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Tab. 5.1. Conditions and prestressing of the filter media on a lab scale

SQID Catchment
area

Full-scale filter
surface

Scale Zn load Zn retention Cu load Cu retention

Unit m² m² - mg % mg %

S 830a 0.41 1:82 3758 95.8 431 >97.3
D 165 1.55 1:197 1120 >99.3 129 >97.3
V 473 0.63 1:80 2194 99.0 252 >97.3
a This represents half of the connected catchment area, as only one of the two installed filter cartridges was
analyzed and the loads of the two filter cartridges were assumed to be equal

Zn load applied in the column tests corresponded with 2.75 years of operation in
field testing. The samples were withdrawn and preprocessed as described above
for the field samples. In the following, they are referred to as D Lab, S Lab and
V Lab, according to the respective SQIDs. The applied loads of dissolved Cu and
Zn were determined from the respective annual loads of 15.5 mg m−2 a−1 Cu and
135 mg m−2 a−1 Zn, multiplied by the number of years in operation, the size of the
catchment area of the full-scale SQID, and the model scale. The model scales were
determined by dividing the full-scale filter surface by the lab-scale filter surface
(Table 5.1). The filter media height was selected in accordance with the full-scale
design, and, in the case of circular filter cartridges, on the basis of the mean filter
surface and filter height. The sizes and designs of the columns were individually
chosen for each filter medium to reflect the flow conditions present in the full-scale
SQIDs (permanently submerged filter medium in S and percolation through the filter
media in D and V) and to produce a sufficient sample mass.

Copper(II) sulfate pentahydrate (CuSO4 · 5 H2O, Merck, Darmstadt, Germany)
and zinc sulfate heptahydrate (ZnSO4 · 7 H2O, Merck, Darmstadt Germany) were
dissolved in 35 to 117.4 L deionized water without buffer to achieve the aforemen-
tioned Cu and Zn loads. The pH of the solution was adjusted to 5.0 ± 0.1 to ensure
dissolution of the Cu and Zn salts. The electrical conductivity (EC) of the feed
solution was 116.0 ± 0.4 µS cm−1. The feed water volume was chosen to achieve
similar concentrations in all experiments: 32.0 mg L−1 Zn and 3.67 mg L−1 Cu. The
feed water was applied at a flow rate that reflected a rain intensity of 10 L s−1 ha−1

Huber et al. (2016d). The SQID S column was operated in upflow, in accordance
with the approval protocol for the device. The other columns were operated in
downflow and the water applied through spray nozzles. The total effluent from
each filter column was collected and the Cu and Zn concentrations analyzed using
photometric cuvette tests (LCK360 and LCK329, Hach Lange, Düsseldorf, Germany)
to ensure sufficient sorption. The limits of quantification (LOQs) were 0.1 mg L−1

for Cu and 0.2 mg L−1 for Zn. The pH and EC were measured immediately after the
prestressing experiments in accordance with the Standard Methods 4500-H+ and
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2520 B (SenTix 41 and TetraCon 925, WTW, Weilheim, Germany) (American Public
Health Association et al., 2017). If the Cu and Zn concentrations in the effluents
were found to be >10% of the initial concentrations, then the amount of prestressing
was insufficient. In this case, the pH of the collected effluent was then readjusted
to 5.0 ± 0.1 and the solution recirculated through the column. Only filter media S
required two recirculations to achieve sufficient prestressing. In these recirculations,
the EC of the feed was 207 and 248 µS cm−1. The pH values of the effluents from
the D, S, and V columns were 8.3, 7.4–7.6, and 9.2, respectively. The EC was 248,
168–265, and 285 µS cm−1, respectively. The analysis of the synthetic runoff can be
found in Table S2†.

5.2.3 Analysis of filter media, sediments and filter cake
The samples of the filter media, sediments and filter cake were analyzed using the
three-step optimized BCR SEP in accordance with Rauret et al. (1999), which is the
commonly adopted SEP method at the present time. The resulting fractions obtained
from the SEP were labeled as follows:

• F1: Acid-extractable fraction, extracted with 0.11 mol L−1 acetic acid

• F2: Reducible fraction, extracted with 0.5 mol L−1 hydroxylamine hydrochlo-
ride

• F3: Oxidizable fraction, extracted with 8.8 mol L−1 hydrogen peroxide and
1.0 mol L−1 ammonium acetate

• F4: Residual fraction, additional pseudo-total digestion (inverse aqua regia) of
the residual

It should be emphasized that the aforementioned fractions are commonly attributable
to certain geochemical fractions (e.g. acid-extractable, reducible, etc.). However
the SEPs cannot quantitatively determine heavy metals in relation to mineral phases
due to (i) the re-distribution of analytes among phases during the SEPs, (ii) the
non-selectivity of reagents, (iii) the insufficient extraction, and (iv) the undesirable
precipitation of other minerals during the SEPs (Bacon and Davidson, 2008). Nev-
ertheless, SEPs provide a useful indication of the mobility of certain heavy metal
fractions (Sutherland, 2010). The sum of the fractions F1–F3 was defined as a
potentially mobile fraction, and F1 as a highly mobile fraction (Bacon and Davidson,
2008).

The optimized BCR SEP was conducted in 80 mL PP centrifuge tubes (Hero-
lab, Wiesloch, Germany), and all laboratory ware was made of borosilicate glass,
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polypropylene (PP), or polytetrafluoroethylene (PTFE), as required. The centrifuge
tubes and PP vessels containing the reagent were cleaned using 4 mol L−1 HNO3 and
agitated for a minimum of 16 h in an end-over-end shaker at a speed of 15 ± 5 rpm.
The reagents were mixed in ultrapure water with a magnetic stirrer as specified by
Rauret et al. (1999). At the beginning of the BCR SEP, the centrifuge tubes were
filled with 1.0 ± 0.3 g of sample. 40 mL of reagent solution was added in the extrac-
tion step for F1 and F2, and 50 mL in the extraction step for F3. The tubes were
then sealed with PTFE tape. The 16 h extraction steps for F1–F3 were subsequently
performed in a mechanical end-over-end shaker at a speed of 30 ± 5 rpm and a
room temperature of 22 ± 3 °C. The extraction step for F3 differed from the other
two by way of its hydrogen peroxide digestion, which involved adding 10 mL H2O2

(8.8 mol L−1) twice in sequence and heating in a water bath at 85 ± 2 °C before
adding the reagent and shaking. This step is described in more detail in Rauret
et al. (1999). After the shaking procedure, the solid residue was separated from the
supernatant by centrifugation for 20 min at 3000 g and cooled to 20 °C. After the first
and second extraction steps, the interim residues were washed with 20 mL ultrapure
water, shaken for 15 min at a speed of 15 ± 5 rpm, and the supernatant discarded
after separation by centrifugation, as described above. All samples taken during the
BCR SEP were stored in a refrigerator at 4 ± 1 °C prior to analysis. Not only were
triplicates of each media analyzed but the certified reference material BCR-701 was
analyzed three times in different sample batches together with the other samples,
for quality control reasons (Rauret et al., 2001). The evaluation revealed a good
agreement with the certified values (Supporting Information, Appendix E†). Only
the F4 fraction displayed lower pseudo-accuracy due to the increased bias after the
extraction steps. Mean recoveries of 98–108% were achieved for Cr, Cu, Ni, Pb, and
Zn after pseudo-total digestion of the reference material. To correct the moisture
content of the samples, the dry mass was determined by drying a 1 g sample at
105 ± 2 °C for at least 16 h until constant weight was attained (DIN EN 15934:2012).
All analytical results in this study are reported in respect of the dry mass of the
samples. The dried samples were further annealed for 2.5 h at 550 °C to determine
the loss on ignition (LOI) in accordance with DIN EN 15935:2012.

Cd and Pb concentrations were analyzed using an inductively coupled plasma
mass spectrometer (ICP-MS, NexION 300D, Perkin Elmer, Waltham, USA) and
those of Cr, Cu, Ni, and Zn with an inductively coupled plasma optical emission
spectrometer (ICP-OES, Ultima II, Horiba Jobin Yvon, Kyoto, Japan). The LOQs
of Cd, Cr, Cu, Ni, Pb, Zn for the solution samples were 0.001, 0.02, 0.02, 0.02,
0.001, and 0.02 mg L−1, respectively. The residuals after the SEP and the filter
media samples for the pseudo-total analysis were digested prior to the HM analysis
using inverse aqua regia digestion (iAR, aqua regia digestion: DIN EN 13346:2001).
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Because of the high organic content of the samples, iAR digestion was employed
with an inverse HNO3:HCl ratio (3:1). The filter media were dried at 105 °C and
ground prior to iAR digestion to gain representative subsamples for the pseudo-total
analysis. The LOQs of Cd, Cr, Cu, Ni, Pb, Zn for the solid samples were 1.0, 5.0, 5.0,
2.0, 10.0, and 1.0 mg kg−1, respectively. The LOQs for the SEP fractions can vary
due to correction of the moisture content in the analyzed samples.

The pH values of the filter media and filter cake were determined in accor-
dance with DIN EN 15933:2012 by adding 0.01 mol L−1 CaCl2 solution to 5 mL
of sample volume. The suspension was agitated using an end-over-end shaker
set to 20 ± 2 rpm for 1 h prior to measuring the pH. Frozen retained samples of
the sediments were defrosted at ambient temperature, homogenized by manual
shaking, and left to stand for 30 min. The pH of the bulk sediment samples was
then measured without adding any CaCl2 solution due to the high water content, in
accordance with DIN EN 15933:2012. The pH values were determined according to
the Standard Method 4500-H+ (SenTix 41, WTW, Weilheim, Germany) (American
Public Health Association et al., 2017).

5.2.4 Data analysis

All concentrations determined below the LOQs were substituted by 0.5 times the
LOQ values. Depending on the hypothesis, either one- or two-sided t-tests were
applied using statsmodel (Seabold and Perktold, 2010). Road runoff data were
analyzed using either the Mann-Whitney rank sum test or the Kruskal-Wallis H-test
for more than two groups in Scipy (Virtanen et al., 2020), due to the non-normal
distribution of the data. All hypothesis tests applied had a significance level of
0.05.

Hierarchical cluster analysis (HCA) was used to evaluate the similarity (or
dissimilarity) between the measured parameters and the samples (Giacomino et al.,
2011). To map all the variables (measured parameters) to the same range from 0
to 1, the data was minimum-maximum transformed prior to the HCA (Xue et al.,
2011; Moreda-Piñeiro et al., 2001). Euclidean distance was used as measure for
distance and Ward’s method for agglomeration (Giacomino et al., 2011). The HCA
was visualized in a dendrogram, and HCA was applied using Scipy (Virtanen et al.,
2020).
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5.3 Results and discussion

5.3.1 Analysis of road runoff

The observed total concentrations of Cr, Cu, Ni, and Zn in the road runoff (influent
of the SQIDs in the field test, see Table 5.2) over the 2 years of field monitoring
were comparable to the concentrations found in the runoff from roads with a high
annual average daily traffic (>15,000 vehicles per day) (Huber et al., 2016c). In
contrast to the review, considerably lower total concentrations of Cd and Pb were
quantified in the field monitoring, only 2.5% of Cd and 13.0% of Pb. As expected, no
significant differences (p > 0.05) were observed between the influent concentrations
of the three SQIDs. The concentrations used as the influent load for the prestressing
procedure in the lab tests were considerably higher than those in the field test –
44 times higher for Cu and as much as 123 times higher for Zn (Table 5.2, Table
S2†). This is because the prestressing procedure in the laboratory is much shorter
but still has to reflect a similar period of operation (2.75 years) to achieve the same
prestressing of the filter media. It should be noted that the observed concentrations
of dissolved heavy metals in the field test were significantly lower (Table 5.2),
because the majority of heavy metals in the road runoff were particulate-bound, due
to the significantly higher pH than in the lab-scale tests. The median pH was 7.8
in the field, compared with 5.0 in the lab-scale tests. Consequently, 98% of the Cu
and 100% of the Zn were found to be dissolved in the lab-scale test. Because the
lab-scale test only assesses the retention of dissolved heavy metals (Huber et al.,
2016d), it is more appropriate to compare the dissolved Cu and Zn loads. Assuming
a discharge coefficient of 0.9 (DWA-M 153 2007), the dissolved loads of Cu and
Zn were 1.5 and 4.1 times higher, respectively, in the lab tests. Since the dissolved
concentrations of Cd were all below LOQ, this element was not considered further
in the study. The partition of the heavy metals (dissolved or particulate-bound) is
crucial to their retention on sorptive filter media, as only dissolved heavy metals
can be retained there by sorption processes. Particulate-bound heavy metals are
retained in the filter media solely by filtration (or, in the previous sedimentation
stage, by sedimentation). The particulate-bound heavy metals are present in the
total suspended solids (TSS). The median TSS concentration in the influent of the
SQIDs was 85.1 mg L−1. As a consequence, sediments accumulated in S and V, and
a filter cake formed in D. The non-settled particles from the sedimentation stages
accumulated in the filter media by physical straining and filtration.

In addition to pH, both alkalinity and DOM can also have an impact on heavy
metal retention in SQIDs (Barrett et al., 2014; Genç-Fuhrman et al., 2016). Increas-
ing alkalinity can increase heavy metal retention by precipitation of dissolved heavy
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Tab. 5.2. pH values, electric conductivity (EC), total suspended solids (TSS), total and
dissolved concentrations of Cd, Cr, Cu, Ni, Pb, and Zn in the influent of SQIDs in
field tests, reported as median (25–75th percentiles).

 pH EC TSS Cd Cr Cu Ni Pb Zn 

Unit - µS cm-1 mg L-1 µg L-1 µg L-1 µg L-1 µg L-1 µg L-1 µg L-1 

    Total 

n 90 90 89 90 78 90 90 90 90 

 7.8 

(7.6–

8.1) 

132 

(75.0–

317) 

85.1 

(36.0–

135) 

<0.10 

(<0.10–

0.12) 

13.3 

(5.3–

24.2) 

82.8 

(51.0–

119) 

6.4 

(3.0–

9.5) 

5.8 

(2.9–

9.3) 

261 

(139–

438) 

    Dissolved 

n    25 25 25 25 25 25 

    <0.50 

(<0.50–

<0.50) 

9.4  

(2.0–

15.7) 

12.2 

(6.4–

20.8) 

1.3  

(<1.0–

2.0) 

<1.0  

(<1.0–

1.0) 

38.2  

(25.4–

79.8) 

 

metals and increasing adsorption (Barrett et al., 2014). The presence of DOM can
also result in reduced heavy metal retention by formation of complexes with heavy
metals and competitive sorption (Barrett et al., 2014; Genç-Fuhrman et al., 2016;
Haynes, 2015). However, the conducted lab-scale test neither considers alkalinity
nor DOM. To gain knowledge about the alkalinity of the influent, this parameter
was additionally analyzed, commencing in November 2018. The median alkalinity
was 68.9 mg L−1, reported as bicarbonate (HCO3

– ). The 25th and 75th percentiles
were 59.6 and 80.5 mg L−1, respectively (n=25). Dissolved organic carbon (DOC)
concentrations of 7.0 mg L−1 (5.4 mg L−1 to 11.4 mg L−1, n=38) were determined
as representative parameter for DOM.

5.3.2 Analysis of sediment and filter cake
To evaluate the particulate-bound contamination of road runoff, the sediments
trapped in the sedimentation stages of SQIDs S and V were sampled, as was the
filter cake formed on the filter surface of SQID D. The sediments and filter cake
displayed the highest Cr, Cu, Ni, and Zn total content, expressed as sum of F1 to F4
(Table 5.3, Fig. S2†), which underlines the need for particle separation to retain the
heavy metals present in road runoff. The order of occurrence, based on total content,
was Zn � Cu � Cr > Ni ≈ Pb, which corresponds with the contamination of the
road runoff (cf. 5.3.1). The mean total contents (sum of F1–F4) of Cr, Cu, Ni, Pb,
and Zn in the analyzed sediments (from SQID S and V) were 171, 479, 51.6, 47.7,
and 1546 mg kg−1, respectively. The SQID V sediment was already sampled after
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approximately 2 years of operation and displayed a comparable content (Rommel
et al., 2020d). This indicates that the content is potentially constant over time, even
though the mass of sediment or filter cake will increase over time. To investigate
this further, sampling over a longer period of time is necessary. The levels of Cr, Cu,
Ni, and Zn detected in the sediment and filter cake samples exceeded those found
in the sediments of two sedimentation tanks and two detention ponds in Sweden,
which had already displayed effects of toxicity on bioassays using the luminescent
bacteria Vibrio fischeri (Karlsson et al., 2010). The observed contamination level was
comparable to previously reported heavy metal levels in RDSs (Sutherland et al.,
2012; Li et al., 2013; Pérez et al., 2008). Consequently, the levels of contamination
in RDSs and in sediments trapped in SQIDs are comparable, which makes sense,
since RDSs are the source of the sediments. The heavy metal content of the filter cake
in SQID D was comparable to that of the sediments, except that only approximately
half of the Cu content was present.

Sequential extraction indicates that the Cr in the sediments and filter cake
is predominantly associated with the residual fraction (61–97%, Figure 5.3, Fig.
S2†) and thus showed a high strength of association and a very low tendency to
remobilization. The Cu in the filter cake was mostly found in the oxidizable (45%)
and residual fractions (43%). In contrast, the Cu in the sediments was associated
with the reducible (52–55%) and oxidizable fractions (29–30%). The fractionation
of Ni and Pb also varied between the sediments and the filter cake. In the filter cake,
88% of Ni was detected in the residual fraction, while 57–63% was found in the
residual fraction of the sediments. Furthermore, the sediments showed a greater
acid-extractable Ni fraction (17–22%) com- pared to the filter cake (3%). Pb was
mainly associated with the oxidizable fraction (59%) in the filter cake and with
the reducible fraction (66–67%) in the sediments. Zn was predominantly found
in the acid-extractable (54–59%) and reducible fractions (21–28%) in both the
sediments and the filter cake. Surprisingly, larger Cu and Pb fractions were found in
the oxidizable fraction, which can be attributed to the presence of organic matter
(Davidson et al., 1998), even though the filter cake had approximately half of the
organic matter content (10% LOI) compared to that of the sediments (mean LOI of
S sediment: 19%; mean LOI of V sediment: 21%). This may be due to the aging
effects of the organic matter under varying conditions (e.g. oxidizing-reducing)
(Kumar et al., 2013a; Kumar, 2016). The sediments are permanently submerged,
whereas the filter cake is able to dry between runoff events. Kumar et al. (2013b)
found that Cu was predominantly detectable in the oxidizable, Pb in the reducible,
and Zn in the acid extractable fractions of soakaway sediment in a parking area.
In contrast to our results, Camponelli et al. (2010) detected Cu predominantly in
the residual fraction and Zn in the residual and reducible fractions. However, these
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Tab. 5.3. Cr, Cu, Ni, Pb, and Zn content found in sequential extraction fractions of the
filter media prestressed in the field test (D Field, S Field, V Field), sediments
(S Sediment, V Sediment) and filter cake (D Filter Cake) withdrawn from the
SQIDs after the field test, reported as mean contents and standard deviation
(±SD) in mg kg−1 dry matter. Bold values indicate the largest fraction; F1–F4
were analyzed as triplicates (n = 3); recovery [%] = (sum F1–F4 / pseudo-total)
× 100 (Unda-Calvo et al., 2019).

E
le

m
en

t 
 

Sample F1 

Acid-

extractable  

F2 

Reducible 

F3 

Oxidizable  

F4 

Residual  

 

Sum  

F1–F4 a 

Pseudo-

total b 

Recovery 

[%] 

Cr D Field 0.4 ± 0.0 c 0.4 ± 0.0 c 2.4 ± 0.2 102 ± 0 108 ± 2 22.4 480 

 D Filter Cake 0.6 ± 0.0 c 0.8 ± 0.4 c 10.8 ± 1.3 116 ± 24 128 ± 25 90.2 142 

 S Field 0.5 ± 0.0 c 1.8 ± 0.3 5.5 ± 0.1 3.7 ± 2.0 c 11.5 ± 1.8 6.2 c 184 

 S Sediment 7.9 ± 0.4 20.1 ± 0.8 35.5 ± 1.5 97.9 ± 1.5 161 ± 4 131 123 

 V Field 0.5 ± 0.0 c 4.1 ± 0.1 3.0 ± 0.2 2.5 ± 0.0 c 10.2 ± 0.1 16.6 61 

 V Sediment 3.5 ± 0.0 20.0 ± 0.1 35.4 ± 1.6 121 ± 18 180 ± 17 113 159 

Cu D Field 3.6 ± 0.2 2.2 ± 0.3 22.8 ± .5 108 ± 9 137 ± 8 41.1 334 

 D Filter Cake 8.3 ± 0.5 20.9 ± 2.7 119 ± 11 113 ± 2 262 ± 10 214 123 

 S Field 1.7 ± 0.4 8.9 ± 1.1 33.2 ± 0.9 8.6 ± 5.7 c 52.4 ± 6.8 32.9 159 

 S Sediment 53.3 ± 2.0 240 ± 2 133 ± 8 36.0 ± 1.3 462 ± 9 399 116 

 V Field 16.1 ± 1.1 38.9 ± 0.4 10.5 ± 0.4 2.5 ± 0.0 c 68.0 ± 1.7 64.6 105 

 V Sediment 26.7 ± 1.7 272 ± 5 150 ± 2 48.6 ± 2.2 497 ± 8 444 112 

Ni D Field 0.4 ± 0.0 c 0.4 ± 0.0 c 0.5 ± 0.0 c 38.0 ± 4.1 39.4 ± 4.1 11.7 337 

 D Filter Cake 1.3 ± 0.7 c 0.9 ± 0.6 c 3.2 ± 0.3 40.7 ± 13.0 46.0 ± 12.9 23.2 199 

 S Field 10.1 ± 0.5 17.8 ± 1.2 10.5 ± 1.2 12.9 ± 2.2 51.3 ± 4.6 42.0 122 

 S Sediment 11.4 ± 0.9 5.5 ± 1.9 5.6 ± 1.4 29.1 ± 0.9 51.6 ± 3.9 34.1 151 

 V Field 0.5 ± 0.0 c 1.7 ± 0.2 0.9 ± 0.4 c 1.0 ± 0.0 c 4.1 ± 0.6 8.0 51 

 V Sediment 9.0 ± 1.4 5.0 ± 1.0 5.3 ± 1.4 32.3 ± 2.5 51.6 ± 0.5 34.3 150 

Pb D Field 0.1 ± 0.0 0.4 ± 0.1 4.0 ± 0.7 17.2 ± 3.0 21.7 ± 2.3 5.0 c 434 

 D Filter Cake 0.3 ± 0.0 2.3 ± 0.2 13.1 ± 1.9 6.7 ± 3.0 c 22.3 ± 1.5 24.7 90 

 S Field 0.0 ± 0.0 c 0.1 ± 0.0 c 3.6 ± 0.3 5.0 ± 0.0 c 8.7 ± 0.4 5.0 c 174 

 S Sediment 6.6 ± 0.2 31.6 ± 0.6 4.7 ± 0.6 5.0 ± 0.0 c 47.9 ± 0.3 46.8 102 

 V Field 0.1 ± 0.1 35.3 ± 11.0 8.3 ± 1.9 5.0 ± 0.0 c 48.7 ± 13.0 42.0 116 

 V Sediment 3.3 ± 0.3 31.7 ± 0.9 7.4 ± 2.5 5.0 ± 0.0 c 47.4 ± 1.9 49.8 95 

Zn D Field 117 ± 1 84.5 ± 5.4 54.1 ± 7.0 557 ± 37 813 ± 37 333 244 

 D Filter Cake 1024 ± 46 526 ± 54 123 ± 18 223 ± 7 1896 ± 120 1521 125 

 S Field 71.7 ± 3.0 165 ± 13 55.8 ± 6.2 79.2 ± 10.5 372 ± 21 274 136 

 S Sediment 917 ± 15 327 ± 4 137 ± 8 169 ± 37 1543 ± 50 1218 127 

 V Field 89.1 ± 5.0 144 ± 3 14.0 ± 1.1 37.3 ± 2.5 285 ± 5 260 109 

 V Sediment 855 ± 16 387 ± 4 171 ± 29 136 ± 14 1548 ± 53 1311 118 
a Sum of means of F1, F2, F3, and F4; b Mean of duplicate; c Analysis result contains values below limit of quantification (LOQ), 

which were substituted by 0.5·LOQ 

 

results are not fully comparable with ours, as they are based on a different SEP
method. Furthermore, previous studies found similar heavy metal fractionations
in RDS (Sutherland et al., 2012; Zhang et al., 2019b; Li et al., 2013; Pérez et al.,
2008).

Potential mobility can be deduced from the distribution of heavy metals in the
SEP fractions (Bacon and Davidson, 2008). The order of potential mobility of the
heavy metals in the sediments, determined by the sum of F1, F2, and F3 (Kumar,
2016), Cu ≈ Zn ≈ Pb > Ni ≈ Cr. In the filter cake, the order was Zn > Pb > Cu
> Ni > Cr and displayed considerably smaller potentially mobile fractions. These
mobility orders are supported by the results of RDS leaching tests conducted by Zafra
et al. (2017). In addition, Zn was present in large fractions in F1, which implies
that it is potentially highly mobile (Bacon and Davidson, 2008). The sediments

78 Chapter 5 Sequential extraction of heavy metals from road-deposited sedi-
ment and sorptive media



Acid-extractable (F1)

Reducible (F2)

Oxidizable (F3)

Residual (F4)

Fig. 5.3. Fractions of Cr, Cu, Ni, Pb, and Zn found in the respective sequential extraction
fractions of the filter media prestressed in the field test (D Field, S Field, V Field),
sediments (S Sediment, V Sediment) and filter cake (D Filter Cake) withdrawn
from the SQIDs after the field test; n=3 for each sample and fraction. The bars
indicate mean values and the error bars show the standard deviation.

5.3 Results and discussion 79



trapped in the SQIDs showed a higher risk of remobilization in comparison to those
in the filter cake. However, this interpretation is uncertain, because the potentially
mobile fractions F1, F2, and F3 are associated with the operationally defined acid-
extractable, reducible and oxidizable fractions, which describe conditions that are
potentially only present in the SQIDs for a short length of time, if at all. However, to
our best knowledge, no comprehensive data series are available on pH and redox
conditions in full-scale SQIDs. Hence, future studies need to characterize these in
order to enable an evaluation of the actual mobile heavy metal fractions. Datry et al.
(2003) demonstrated that oxidation of organic carbon lead to almost permanent
anoxic conditions in a stormwater infiltration basin. Comparable conditions can
be expected in SQIDs. The fact that bacteria occurring under anoxic conditions
were found more abundantly in the filter medium of SQID S than of SQID D further
supports this hypothesis (Liguori et al., 2021). Nevertheless, Datry et al. (2003)
only observed leaching of nutrients and DOC under anoxic conditions, not of heavy
metals. Nonetheless, the sediments and filter cake deposited in the SQIDs featured
different fractionation patterns, which most likely are a consequence of the anoxic
conditions in the permanently submerged sediments. This assumption is further
supported by dissimilarity between the sediments and the filter cake determined by
the HCA (cf. 5.3.5).

Previous leaching experiments based on synthetic runoff, sediment from SQID
V, and contact times of up to 7 d, displayed a partially contradictory mobility order:
Ni > Zn > Cu � Cr � Pb (Rommel et al., 2020d). This highlights the influence of
experimental conditions on the leaching of heavy metals. Nevertheless, the results
of both studies underline the risk associated with sediments trapped in SQIDs.

5.3.3 Analysis of filter media prestressed in the field
All filter media displayed increased heavy metal content after filtering road runoff
for a period of 2.75 years, with the exception of Pb in filter media D (Table 5.3, Fig.
S2†). This may be due to low recovery by pseudo-total digestion (Table 5.3). The
heavy metal contents were up to 26 times higher after the prestressing. Although the
quality control displayed good determination quality (Supplementary Information,
Appendix E†), pseudo-total digestion was generally not capable of extracting the
same heavy metal content as the sum of the SEP fractions plus the residual. The
samples of filter medium D point to a particularly low efficiency of pseudo-total
digestion, indicating that the carbonate-rich medium is a challenging sample matrix
for the selected pseudo-total digestion method. Consequently, the sum of F1–F4
was used to describe the total heavy metal content. Future studies should therefore
employ a different pseudo-total digestion method to enable the heavy metal content
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of filter media to be determined sufficiently. However, for this study, pseudo-total
content is of minor importance. Similar deviations between the sum of F1–F4
and pseudo-total digestion have been reported by Davidson et al. (1998), who
analyzed soil samples from an industrial site. Based on total heavy metal content
(sum of F1–F4), the sediment samples from SQIDs S and V revealed significantly
(p < 0.05) higher levels of Cr, Cu, and Zn than filter media after prestressing in
the field. This highlights that sediments or filter cakes trapped SQIDs feature a
higher contamination level than the filter media. This can be attributed to the
predominantly particulate-bound fraction of heavy metals due to the pH values
under real conditions. The SQID S medium showed no significant difference to the
sediment in terms of Ni content due to the higher initial content (Table S1†). The Pb
content of the sediment and filter medium of SQID V were not significantly different.
In SQID D, only Cu and Zn levels were significantly higher in the filter cake than
in the filter medium. This can be attributed to depth filtration, which leads to an
increased heavy metal content in the top layers due to interception of contaminated
particles.

Because particles in road runoff are predominantly present in the fine frac-
tion (<63 µm) (Kayhanian et al., 2012b; Selbig et al., 2016; Charters et al., 2015),
the particles cannot be completely retained by sedimentation. Thus, heavy metal-
containing particles are trapped in the filter media by surficial straining and depth
filtration (Teng and Sansalone, 2004; Strecker et al., 2005). Since it was not
possible to remove these retained particles inside the filter media, it cannot be
assessed whether the contamination in the filter media originates from dissolved or
particulate-bound heavy metals. However, it was possible to analyze the strength
of association between heavy metals and filter media for SQIDs (with intercepted
particulate matter) in full-scale application.

Disregarding filter medium S, the other two filter media featured higher organic
contents after prestressing, as expressed by the LOI (Tables S1 and S4). This
increase is most likely caused by the physical filtration of the particulate matter,
which contained a large amount of organic matter, as observed with the sediment
samples (Table S4†) and which had not been fully separated prior to media filtration
(SQID S and V). In the case of SQID D, there had been no pretreatment sedimentation
stage, which meant that the particulate matter was predominantly retained as filter
cake by straining on the filter surface and by filtration in the filter medium. The
filter cake also had a high organic content. The similarity between filter medium D
and the filter cake was further demonstrated by the HCA (cf. 5.3.5).

The fractionations of heavy metals in the various filter media differed greatly
(Figure 5.3, Table 5.3). Whereas all the analyzed heavy metals in filter medium D
were predominantly associated with the residual fraction (>68%), fractionations
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in the filter media S and V were more similar, and varied for each of the heavy
metals. Cr was mostly bound to the oxidizable (49%) and residual fractions (31%)
in filter medium S, and to the reducible (41%), oxidizable (30%), and residual
fractions in filter medium V (25%). In contrast, Cu was mainly in the oxidizable
fraction (64%) in filter medium S and 57% was found in the reducible fraction in
filter medium V. Ni fractionations were comparable in filter media S and V with
35% and 42%, respectively, in the reducible fraction, 25% in the residual fraction
of both media, and 20% and 21%, respectively, in the oxidizable fraction. Pb was
present in the oxidizable (42%) and residual fractions (57%) of filter medium S, in
contrast to filter medium V, where it was mostly present in the reducible fraction
(72%). Finally, Zn was primarily associated with the reducible fraction in filter
media S (44%) and V (51%). The largest acid-extractable fractions were observed
for Zn in all filter media. The fraction differences between the heavy metals can be
attributed to the varying retention processes employed by the different media. Filter
medium D consists of calcium carbonate-containing sand, which can significantly
increase the pH by dissolution of carbonate. As a result, heavy metals precipitate as
metal oxides and carbonates (Reddy et al., 2014; Acosta et al., 2009). In addition,
sorption is involved in the retention of heavy metals by calcium carbonate (Aziz
et al., 2001; Haynes, 2015). Filter medium S is an iron-based filter medium with an
amendment of lignite. Thus, the expected retention processes are sorption, surface
complexation, and precipitation due to the calcium carbonate content (Huber et al.,
2016b). Filter medium V is clinoptilolite, a zeolite mineral, which commonly exhibits
rapid and reversible cation exchange and a certain degree of specific adsorption
(ion sieving) (Colella, 1996; Young, 2013; Wang and Peng, 2010; Athanasiadis and
Helmreich, 2005). Because filter medium S is an iron-based medium, a dominant
reducible fraction was expected, since the reducible fraction is associated with iron
and manganese oxides (Beckett, 1989; Davidson et al., 1998). Only Ni and Zn were
present to a significant degree in the reducible fraction. However, filter medium V
showed even greater reducible fractions, even though this was not expected due to
the material properties. Since clinoptilolite displays ion-exchange behavior (Wang
and Peng, 2010), it was assumed that the heavy metals are associated with the
highly mobile, acid-extractable fraction, which is also linked to exchangeable heavy
metals (Davidson et al., 1998). This was only observed to a moderate extent for Cu
and Zn. Since the acid-extractable fraction also targets carbonates (Davidson et al.,
1998), it was remarkable that the D filter media displayed the smallest percentages
of this fraction.

Li and Davis (2008) analyzed biofilter media (sand, topsoil and mulch) and
also observed Zn as the most mobile heavy metal. They found Cu distributed in
all but the soluble-exchangeable fraction. Pb was mostly present in the carbonate
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and residual fractions. Wang et al. (2017) analyzed biofilter media, which also
consisted of zeolite with a lignin amendment, which was prestressed at lab scale.
They observed Cu mostly in the oxidizable, residual, and carbonate fractions, and
both Pb and Zn predominantly in the residual fraction. This is remarkable, since
a high mobility of Zn (as well as Cd) has been demonstrated by previous studies
(Sutherland et al., 2012; Zhang et al., 2019b; Jayarathne et al., 2017). The results
of the two aforementioned studies are only partly comparable with ours, since they
did not adopt the common optimized BCR method; this is therefore suggested for
future studies.

Fractionation revealed that filter medium D shows the greatest immobilization
of heavy metals, with potentially mobile fractions of 3%, 21%, 4%, 21%, and 32%
of Cr, Cu, Ni, Pb, and Zn, respectively. The respective values for filter medium S
are 69%, 84%, 75%, 43%, and 79%. Filter medium V showed the highest tendency
towards remobilization, indicated by potentially mobile fractions of 75%, 96%, 75%,
89%, and 87%. This can be attributed to the aforementioned processes supplied
by the medium and underlines the assumption that remobilization of previously
retained heavy metals can occur. Nevertheless, strong remobilization, as indicated
by Huber et al. (2016b) have not yet been demonstrated in full-scale application.
This is mainly attributed to the considerably lower heavy metal content in filter
media prestressed under field conditions, due to the fact that the heavy metals
were mostly particulate-bound. In addition, leaching experiments with long contact
times (up to 7 d), simulating submerged filter media during dry periods, did not
show remobilization of previously retained heavy metals (Rommel et al., 2020d).
In these experiments, the synthetic runoff more closely reflected properties of road
runoff (e.g. pH, alkalinity). Consequently, future studies need to evaluate whether
the potentially mobile fraction can be remobilized under full-scale application.
Nevertheless, the acid-extractable fraction found in the filter media – especially
that of Zn – poses a risk, since it is considered highly mobile (Bacon and Davidson,
2008). Another factor to be evaluated in additional studies is whether the good
immobilization of filter medium D is due to the design of the SQID. The filter medium
in D can become dry by virtue of its being located on the site surface, unlike the
other SQIDs investigated, which are located underground. Kumar et al. (2013a)
showed that intermittent flow conditions induce Cu retention and the release of Zn
and Pb. Opposing this assumption is the fact that a previous column experiment
using biofilter media (sandy loam, sand) displayed increased heavy metal retention
when the filter medium was partly submerged (Blecken et al., 2009). Furthermore,
bacteria occurring under anoxic conditions were found more abundantly in the
filter medium of SQID S than of SQID D (Liguori et al., 2021), which indicates
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that permanently submerged filter media are exposed to anoxic conditions that can
facilitate remobilization of heavy metals (Bourg, 1988).

Besides the retention of dissolved heavy metal species, the physical separation
of particulate-bound heavy metals by screening and filtration may be more relevant
for the total heavy metal retention, since it is mostly particle-bound heavy metals
that are found in road runoff (Kayhanian et al., 2012a; Zgheib et al., 2011b).
Nevertheless, dissolved heavy metals are more bioavailable and therefore contribute
more to the toxicity of road runoff (Karlsson et al., 2010; Paulson and Amy, 1993).
Furthermore, there are also studies that report large dissolved fractions (Huber et al.,
2016c). Assuming a mean grain size of 1 mm in the filter medium, particles of a
diameter of 50 µm to 100 µm are primarily retained within the filter medium by
depth filtration, and smaller particles by physical and chemical adsorption (Teng
and Sansalone, 2004; Strecker et al., 2005). Because particle sizes below 100 µm
are predominant in road runoff (Gelhardt et al., 2017), particulate matter inevitably
accumulates within the filter media, even with upstream sedimentation stages. This
accumulation of particulate matter in the filter medium is further suggested by the
results of the HCA (cf. 5.3.5).

5.3.4 Comparison of filter media prestressed in the field and
lab-scale
Compared with filter media prestressed in the field, the S and V media prestressed
at lab scale contained significantly (p < 0.05) higher contents of Cu and Zn (sum
of F1–F4, Table 5.4, Fig. S3†). Indeed, the Cu and Zn content after prestressing
at lab scale was 7 to 32 times higher. This is even more than the ratio between
lab and field loads calculated previously (cf. 5.3.1). It can therefore be assumed
that an increased retention of dissolved heavy metals takes place in laboratory
tests compared to field tests. This can mainly be attributed to the higher influent
concentrations in lab-scale tests, since sorption is concentration-dependent (Blume
et al., 2016b). To reduce this bias, the mass of the tested filter medium in the lab-
scale tests could be reduced to achieve a comparable prestressing load with lower
influent concentrations without increasing the required synthetic runoff volume. On
the other hand, filter medium D contained more Cu and Zn after prestressing in the
field. This can be potentially attributed to the retention of particulate-bound heavy
metals within the filter medium, which is not considered when prestressing at lab
scale.

All filter media in the lab-scale tests showed significantly larger acid-exchangeable
fractions of Cu and Zn compared with the filter media prestressed in the field, which
indicates a considerably higher mobility (Figure 5.4, Table 5.4). The filter media S
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Tab. 5.4. Cu and Zn content of sequential extraction fractions from filter media prestressed
either in the field or in the lab, reported as mean contents and standard deviation
(± SD) in mg kg−1 dry matter. Bold values indicate the largest fraction; F1–F4
were analyzed as triplicates (n=3); recovery [%] = (sum F1–F4 / pseudo-total)
× 100 (Unda-Calvo et al., 2019).

Element Sample F1 

Acid-

extractable  

F2 

Reducible 

 

F3 

Oxidizable  

F4 

Residual  

 

Sum  

F1–F4 a 

Pseudo-

total b 

Recovery 

[%] 

Cu D Field 3.6 ± 0.2 2.2 ± 0.3 22.8 ± .5 108 ± 9 137 ± 8 41.1 334 

 D Lab 33.5 ± 2.4 0.7 ± 0.4 c 21.7 ± 1.3 54.5 ± 4.5 101 ± 8 52.9 192 

 S Field 1.7 ± 0.4 8.9 ± 1.1 33.2 ± 0.9 8.6 ± 5.7 c 52.4 ± 6.8 32.9 159 

 S Lab 575 ± 5 345+8 430 ± 22 306 ± 22 1656 ± 4 1282 129 

 V Field 16.1 ± 1.1 38.9 ± 0.4 10.5 ± 0.4 2.5 ± 0.0 C 68.0 ± 1.7 64.6 105 

 V Lab 289 ± 2 195 ± 1 6.6 ± 0.3 2.5 ± 0.0 c 493 ± 2 444 112 

Zn D Field 117 ± 1 84.5 ± 5.4 54.1 ± 7.0 557 ± 37 813 ± 37 333 244 

 D Lab 457 ± 10 31.3 ± 2.5 11.6 ± 0.9 84.9 ± 5.8 585 ± 11 444 132 

 S Field 71.7 ± 3.0 165 ± 13 55.8 ± 6.2 79.2 ± 10.5 372 ± 21 274 136 

 S Lab 8410 ± 65 981 ± 47 57.9 ± 14.0 58.8 ± 33.8 9508 ± 110 8204 116 

 V Field 89.1 ± 5.0 144 ± 3 14.0 ± 1.1 37.3 ± 2.5 285 ± 5 260 109 

 V Lab 1730 ± 40 1693 ± 26 32.6 ± 2.8 50.5 ± 2.3 3506 ± 34 3370 104 
a Sum of the means of F1, F2, F3, and F4; b Mean of duplicate; c Analysis result contains values below limit of quantification 

 

and D prestressed in the field showed more similarity to the sediment and filter cake
samples (also from the field) than to the same filter media prestressed in lab-scale
tests (cf. 5.3.5). As a consequence, previous lab-scale experiments potentially over-
estimated the risk of heavy metal leaching due to their predominant occurrence in
more mobile fractions. There are multiple possible theories for this. At lab scale, it is
generally labile binding sites that are occupied, whereas heavy metals in field filter
media show higher strengths of association. This would imply either that the heavy
metals shift to stronger forms of association or diffuse into the filter media and are
therefore less readily desorbed during extraction (Zhou and Haynes, 2010) or that
the weakly bound heavy metals are remobilized in the field before sampling. Another
explanation could be that the amount and distribution of filter media sorption sites
change due to aging, as indicated by Kumar et al. (2013a). Also, the oxidizable
fractions of Cu and Zn were larger in the field samples (with the exception of the
Cu in SQID D). This implies that organic matter present in road runoff and not
considered in the current lab-scale tests also needs to be considered in an assessment
of heavy metal mobility. Lastly, the acidic synthetic runoff used in the lab-scale
experiments can alter the filter media properties. For example, filter medium D can
be dissolved under acidic conditions because it contains calcium carbonate, which
would significantly increase the alkalinity of the pore water, potentially resulting in
precipitation of the heavy metals. The iron-based components of filter medium S,
mainly hydroxides, are known to display a pH-dependent surface charge. At pH val-
ues below 7 to 9.5, the surface is positively charged and therefore exhibits repulsive
forces against heavy metal cations (Blume et al., 2016b; Young, 2013). However,
adsorption of anions can reduce this effect (Blume et al., 2016b). In addition, acidic
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conditions are used for the pretreatment of zeolite filter media (Wang and Peng,
2010), which would likely affect filter medium V as well. The porous concrete ring
that surrounds the filter media of SQID V in the full-scale design was not considered
in lab-scale prestressing. As a consequence, the pH of the V filter medium would be
even higher in the field as it is in contact with concrete surfaces. These limitations
demonstrate that the development of a lab-scale test protocol to assure comparability
is a very challenging task due to the varying properties of (sorptive) filter media and
the fact that dissolved heavy metals precipitate at higher pH values. Nevertheless,
future studies should quantify the aforementioned processes to gain further insights
into media filtration systems used in stormwater treatment. Moreover, the impact
of alkalinity and DOM in lab-scale tests also needs to be evaluated. Barrett et al.
(2014) state that heavy metal retention decreases at elevated DOM and alkalinity.

The practical implication of this study is is that current lab-scale tests have
potentially a limited validity to assess heavy metal mobility in SQIDs. In many cases,
current lab-scale tests focus only on the retention of dissolved heavy metals and
thus neglect other important factors, which are essential for the overall treatment
efficiency. Nevertheless, lab-scale tests are the only option to obtain reproducible
results and to study factors influencing heavy metal retention in detail. To replicate
field conditions in the laboratory, physical and physicochemical conditions still need
to be further monitored in the field. However, it needs to be acknowledged that
field tests are influenced by a wide range of uncontrollable local factors. The redox
conditions in SQIDs are currently one of the largest gaps in knowledge, which
should be studied in the field. To improve current lab-scale tests, the effect of
the composition of synthetic runoffs (e.g. pH, alkalinity, particulate matter, DOM)
on the heavy metal retention by sorptive filter media needs to be investigated
comprehensively. SEP can be a promising tool for this task. Furthermore, the
identification of surrogate materials for particulate matter and dissolved organic
matter in road runoff would be useful.
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Acid-extractable (F1)

Reducible (F2)

Oxidizable (F3)

Residual (F4)

Fig. 5.4. Fractions of Cu and Zn found in the respective sequential extraction fractions
of the three filter media, prestressed in lab-scale and field tests; n=3 for each
sample and fraction. Bars show mean values, and error bars indicate the standard
deviation.

5.3.5 Hierarchical cluster analysis
Hierarchical cluster analysis indicates that the pH values of filter media, sediments
and filter cake are closely related to the acid-extractable fractions of Cu and Zn
(Figure 5.5a), whereas the oxidizable fractions of Cu and Zn are clustered with
the LOI. The oxidizable fractions are thus related to the organic content of the
sample. The reducible fractions of Cu and Zn also formed a cluster in relation to
the oxidizable fractions. This can be attributed to a dispersion between subsequent
fractions. The other elements were not considered in this analysis, since the filter
media in lab-scale tests were only prestressed with Cu and Zn. The dendrogram
(Figure 5.5b) shows a clear separation between the samples withdrawn in the field
and the filter media samples prestressed in the lab (with the exception of the V
Field). This underlines the aforementioned discrepancy between prestressing at lab
scale and in field tests. The samples V Field and filter media prestressed in lab-scale
tests contain larger acid-extractable Cu fractions than the others, which results in
sample clustering. Furthermore, these samples exhibit the highest pH values. This
stresses that both the fractionation of heavy metals and the sorption process are
highly pH-dependent. The clustering of D Field and D Filter Cake supports the
assumption that particulate matter accumulates within the filter medium (cf. 5.3.3).
Furthermore, the sediment samples are not directly linked to the filter cake sample.
This suggests that the permanent submersion of the sediments, which is associated
with anoxic conditions, results in a different fractionation in comparison to the
filter cake, which dries in-between runoff events and hence is likely exposed to oxic
conditions.
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Fig. 5.5. Dendrograms obtained by hierarchical cluster analysis of the minimum-maximum
transformed mean pH values, losses on ignition (LOI), Cu and Zn percentages
of the potentially mobile sequential extraction fractions F1, F2, and F3 extracted
from the filter media prestressed in the field test (D Field, S Field, V Field), filter
media prestressed in lab-scale tests (D Lab, S Lab, V Lab), sediments (S Sediment,
V Sediment) and filter cake (D Filter Cake) withdrawn from the stormwater quality
improvement devices after the field test. (a) Dendrogram visualizing the clustering
of analyzed parameters; (b) dendrogram visualizing clustering of samples.

5.3.6 Conclusion

The results of this study can be concluded as follows:

• Sediments and filter cake deposited in SQIDs contained significantly higher
heavy metal contents than the filter media.

• Zn in the sediments and filter media displayed particularly high mobility.

• SEP was capable of characterizing the mobility of heavy metals in SQIDs. If
potentially mobile fractions are actually mobile needs further investigation.

• The discrepancy between field and lab-scale conditions in terms of the runoff
composition (pH, alkalinity, ionic strength, concentrations of contaminants and
competing cations), redox conditions, and hydraulic retention times creates
different heavy metal contents and strengths of association (mobility).

• Previous lab-scale experiments potentially overestimated the risk of heavy-
metal leaching, due to their predominant occurrence in more mobile fractions.

• SEP proved to be a promising method, which can be applied in future studies
to improve lab-scale experiments evaluating heavy metal mobility in SQIDs.
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Abstract
Dissolved organic matter (DOM) is ubiquitous and affects the fate of contaminants,
such as heavy metals, in the environment. Thus, the behaviour and interaction has
been comphrensivley studied in natural waters and water treatment. However, only
few studies have been published about the character of DOM in road runoff and its
impact on heavy metal retention. In this study, DOM in road runoff and in effluents
of strom water quality improvement devices (SQIDs) was analysed using UV-vis and
fluroescence spectroscopy and size exclusion chromatography (SEC). Seasonality
showed a strong effect on the quantity and quality of DOM. In summer, DOM was
more prevalent and humic-like. Soil and leaf-debris are the most likley sources of
DOM in road runoff. In addition, SEC was able to verify that most of the DOM
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can be attributed to humic substances. The effect of the treatment in SQIDs was
negligible, consquently DOM properties are assumed to be identical before and after
treatment. Predictions of speciation and principal component analysis indicate that
the mobility of heavy metals, especially of copper and chromium, is influenced by
the presence of DOM in road runoff.

6.1 Introduction
Road runoff contains contaminants originating from traffic-activities, especially
heavy metals (HMs), e. g. cadmium (Cd) chromium (Cr), copper (Cu), nickel (Ni)
lead (Pb) and zinc (Zn) (Goonetilleke et al., 2017; Ma et al., 2017; Kayhanian
et al., 2012a; Huber et al., 2016c). To mitigate the harmful impact of HMs on
the environment, storm water quality improvement devices (SQIDs) are utilized as
storm water control measures. These devices use sorbents to retain dissolved HMs
(Transportation Research Board, 2014; Dierkes et al., 2015).

Dissolved organic matter (DOM) is ubiquitous in natural aquatic systems and is
widely considered to play an important role in understanding transport, fate and
bioavailability of contaminants, such as HMs and organic micropollutants, in the
environment (Brezonik and Arnold, 2011; Tipping, 2002; Akkanen et al., 2004;
Artifon et al., 2019; Adusei-Gyamfi et al., 2019; Zhou and Haynes, 2010; Zhang
et al., 2020). While DOM in natural water systems and effluent of waste water
treatment plants has been comprehensively studied (Carstea et al., 2016; Ishii and
Boyer, 2012; Fellman et al., 2010), far too little attention has been paid to DOM in
urban runoff, especially with respect to the increasing impact of impervious cover in
urban areas (Grimm et al., 2008).

The main DOM sources are partially decomposed plant or animal residues
and microbial biomass (Frimmel and Abbt-Braun, 2009; Tan, 2014). Thus, DOM
is characterised either as autochthonous, originating from bacteria and algae, or
allochtonous, deriving from terrestrial origin (Tuhkanen and Ignatev, 2018; Pernet-
Coudrier et al., 2011; Hudson et al., 2007; Croué et al., 2003). The sources of
DOM are affected by climate, season and geology (Transportation Research Board,
2014). Thus, DOM will vary from site to site. It can be expected that leaf debris
and surrounding soils are the main sources of DOM in road runoff (Lee et al.,
2019). The composition of DOM is described as a complex heterogenic mixture with
varying chemical structure and reactivity (Brezonik and Arnold, 2011; Transportation
Research Board, 2014). DOM can be divided into humic substances and non-humic
substances (Frimmel and Abbt-Braun, 2009). The humic substances (HS) are
further divided into humic and fulvic acids based on their solubility (Thurman
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and Malcolm, 1981; Tuhkanen and Ignatev, 2018; International Humic Substances
Society (IHSS), 2020). In aqueous systems, the main part of refractory DOM is
attributed to fulvic acids (Tuhkanen and Ignatev, 2018). Other minor sources of
DOM can be atmospheric particles (Graber and Rudich, 2006; Kristensen et al.,
2015), and anthropogenic compounds like surfactants and pesticides (Brezonik
and Arnold, 2011), which are not considered in this study. In the context of DOM
characterization, there are numerous other terms used: autochthonous, protein-like,
labile, microbial-derived organic matter can be attributed to fresh-like DOM, and
allochtonous, terrestrial, soil-derived, degraded organic matter can be attributed to
humic-like DOM (Hansen et al., 2016; Tuhkanen and Ignatev, 2018). Biodegradation
lead to a transformation of fresh-like to humic-like material (Hansen et al., 2016).

In road runoff, only a small percentage of the HMs is dissolved (Huber et
al., 2016c; Zgheib et al., 2011b; Gromaire-Mertz et al., 1999), bioavailable and
consequently ecotoxic (Bartlett et al., 2012a). The mobility of these dissolved HMs
can be affected by formation of complexes with DOM (Brezonik and Arnold, 2011;
Adusei-Gyamfi et al., 2019), which features multiple functional groups with different
strength: phenolic, carboxylic, nitrogen and sulphur groups (Croué et al., 2003; Hur
and Lee, 2011). Total HM concentrations are relevant, because an alteration of the
water matrix (e.g. pH, ionic strength, redox conditions) in the receiving waters can
lead to a remobilization of particulate HMs (Paulson and Amy, 1993; Blume et al.,
2016a). Assessing the effect of DOM on HMs mobility is very complex, because of
additional influencing factors, such as pH, ionic strength, presence of other ions,
composition of DOM and the oxidation state of the HMs (Transportation Research
Board, 2014; Joseph et al., 2019; Kumpiene et al., 2008; Chen et al., 2013).

There are multiple potential effects of DOM affecting the heavy metal retention
by sorbents: (a) competition between DOM and HMs for sorption sites, (b) DOM-HM
complexes are non- or weakly adsorbing, (c) DOM-HM complexes adsorb strongly,
(d) HM can adsorb to previously adsorbed DOM and (e) DOM alters electrostatic
properties of the sorbent surface (Haynes, 2015). While (a) and (c) potentially
decrease the treatment efficiency of SQIDs, (c) and (d) would facilitate the treatment.
(e) would presumably increase treatment efficiency as well, because adsorption of
DOM is known to add negative charge to mineral surfaces, which increases attraction
of HM cations (Blume et al., 2016b).

It is still unknown, how DOM in road runoff affects HM retention by SQIDs
under in-situ conditions. Lab experiments indicate a significant influence. Genç-
Fuhrman et al. (2016) showed that HS (humic acid, Sigma-Aldrich) decrease the
HM retention by sorbents in batch experiments to the half (except for Cr). Similarly,
Charbonnet et al. (2019) and Barrett et al. (2014) showed that Cu and Pb retention
decrease in the presence of DOM (humic acid, Sigma-Aldrich, and DOM isolated
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from highway runoff, respectively). Zn and Cd removal was only slightly affected.
In contrast, Ray et al. (2019) showed that DOM (isolated from Suwannee River)
can increase metal retention by sorption of DOM-HM complexes on the sorbent.
All aforementioned studies used different sorbents and synthetic runoffs, thus the
comparability is limited.

The results of sorption tests conducted by Murakami et al. (2008) indicate that
stable DOM-Cu complexes adsorb to solid surfaces of sediments present in road
runoff. Thus, retention of Cu could potentially increase due to the presence of DOM.
In contrast, they stated that DOM possibly enhances Zn release from soakaway
sediments (Murakami et al., 2009).

To assess the metal binding capacity of DOM in road runoff, knowledge about its
chemical structure (e. g. binding sites, aromaticity, molecular weight) is mandatory
(Xu et al., 2019). Recent studies indicated the potential of UV-vis and fluorescence
spectroscopy to infer DOM sources and predict DOM-HM complexation affinity
(Xu et al., 2019; Chen et al., 2018; Chappaz and Curtis, 2013; Ahmed et al.,
2014; Schamphelaere et al., 2004; Mueller et al., 2012b; Zhao et al., 2015). The
studies showed that DOM in road runoff could be characterised as originating from
terrestrial sources (Lee et al., 2019; Zhao et al., 2015; Chen et al., 2017). However,
these studies did not consider the variability of DOM caused by seasonal effects or
treatment of the road runoff with storm water control measures, such as SQIDs.
Furthermore, results of recent studies, analysing freshwater and lake sediment,
indicate that increasing molecular weight of DOM facilitates its affinity to form
DOM-HM complexes (Chen et al., 2013; Xu et al., 2019).

Another aspect of DOM is that its quantity and quality affects ecotoxicity of
dissolved HMs, since protective effects of DOM were observed (Schamphelaere et al.,
2004; Luider et al., 2004; Al-Reasi et al., 2011). Consequently, DOM potentially
reduces ecotoxicity of road runoff, even if HM retention of SQIDs is limited (Al-Reasi
et al., 2011; Koukal et al., 2003; Lorenzo et al., 2002).

The aim of this study was to describe DOM in road runoff comprehensively be-
fore and after treatment in SQIDs to gain further insights into its seasonal variability,
potential biodegradation in SQIDs, and impact on HM retention.

6.2 Material and methods

6.2.1 Study site
For this study, samples of road runoff and effluent of four different SQIDs at a heavily
trafficked road in Munich, Germany, were analysed. Three shaft systems (A, B, D)
and one filter substratum channel (C) were monitored. The shaft systems consisted

94 Chapter 6 Dissolved organic matter in road runoff



of two treatment stages, a sedimentation stage for the separation of particulate
matter and a (sorptive) filtration stage to retain fine particulate matter and dissolved
HMs. System A and B were pre-manufactured devices (SediSubstrator XL 600/12,
Fränkische Rohrwerke Gebr. Kirchner, Germany and ViaPlus 500 with an upstream
sedimentation shaft, Mall, Germany). Device D was constructed of commonly
available pre-cast concrete parts with a substratum filter using carbonate rich media.
The respective (sorptive) filter media used in device A and B were an iron-based
medium with lignite amendment and zeolite. Device C treated the runoff mainly by
filtration using carbonate rich media (Drainfix Clean 300, Hauraton, Germany). After
treatment of the road runoff, all devices percolated the water into the groundwater.
Further information to the monitored devices and a layout of the site and devices
can be found in the ESI Appendix A.† All permanently impounded compartments of
the SQIDs were underground and protected from sunlight, thus algae growth and
photo-degradation of DOM could be neglected. The catchment areas of the systems
A to D were 1,660 m², 473 m², 100/165 m² and 400 m², respectively. Two traffic
lanes, one accelerating lane and one emergency lane formed the cross-sections of all
catchment areas. The material of the road surface was Stone Mastic Asphalt (SMA)
and the annual average daily traffic (AADT) was approximately 24,000 vehicles
per day. On the road in the opposing direction, an AADT of 22,000 vehicles per
day was determined. However, the lanes of the opposing direction are separated
from the catchment area by an approximately 3 m wide greened median strip.
Nevertheless, the contaminant load in the catchment area may be increased by
wind-driven transport and splash water from the lanes of the opposing direction
(Goonetilleke et al., 2017; Kluge and Wessolek, 2012). A park with lawn and trees
is located next to the road, thereby an increased organic load is expected, especially
in autumn. A layout and further information to the study site can be found in the
electronic supplementary information (ESI),† and in Helmreich et al. (2010).

6.2.2 Sampling
The samples were withdrawn volume proportionally with automatic samplers (Wa-
terSam WS 316, Edmund Bühler PP 84) from the influent and effluent of the SQIDs.
The sampling was triggered by electro-magnetic flow meters (Krohne OPTIFLUX
2300 C, 1300 C or 1100 C, Krohne IFC 300 C, DN250 for A, DN40 for B and D, DN25
for C). The flow data were recorded with a frequency of 30 s. The sampling started,
if the inflow exceeded the threshold value longer than 1 min. If the inflow was
15 min below the threshold value, sampling stopped. The threshold value was set to
0.4 L s−1 ha−1 discharge, based on the determined catchment areas. The samples
were cooled at 4 ± 1 °C. Throughout this study road runoff and influent of the SQIDs
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were used as synonyms. It was not possible to sample all SQIDs at the same time,
due to technical malfunction and limited labour. Samples of device D were only
considered in the temporal analysis due to the low sample count. The water samples
were transported to the lab within 60 h. Composite influent and effluent samples
of each discharge event and SQID were prepared. Further analysis was performed
after membrane filtration with 0.45 µm syringe filters (PP and PES membranes, VWR
International, Germany). After filtration, the samples were stored in the dark at
4 ± 1 °C.

6.2.3 Physical and aggregate properties
The electric conductivity (EC) and the pH value of the samples were determined
according to the standard methods 2510 B and 4500-H+, respectively (American
Public Health Association et al., 2017). Dissolved organic carbon (DOC) concen-
tration was analysed using a varioTOC Cube analyzer (Elementar, Langenselbold,
Germany) of the filtered sample according to DIN EN 1484 with a limit of quantifi-
cation (LOQ) of 0.3 mg L−1. Prior to storage, the DOC samples were acidified with
1%V of 32% hydrochloric acid (Merck, Germany).

Alkalinity was analysed by acidimetric titration (standard method 2320) to the
pH endpoints 4.5 and 8.3 (American Public Health Association et al., 2017).

6.2.4 UV-vis and fluorescence spectroscopy
Absorbance spectra and 3D-fluorescence (EEM) were measured with an Aqualog®
fluorescence spectrometer (Horiba Scientific, USA) using a 10 × 10 mm quartz
glass cuvette within 24 h after sample preparation. The temperature of the sample
was adjusted to 20 °C, and the pH was not adjusted. The settings were: excitation
wavelength (Ex) 230–599 nm with 3 nm increments, emission wavelength (Em)
212–621 nm with 1.64 nm increments, integration time 1 s, medium CCD gain
(Hellauer et al., 2019). The EEM spectra were adjusted by subtraction of a daily
blank of deionized water (DI water) with an EC <0.5 µS cm−1. Inner filter effects
were corrected with the proprietary software Aqualog® (V3.6) using an absorbance-
based approach (Kothawala et al., 2013), first and second order Raman and Rayleigh
scattering were removed (width 10 nm, 10 nm, 20 nm and 20 nm, respectively).
The gaps were interpolated with staRdom (Pucher et al., 2019) and the EEMs were
normalized by the Raman peak area (at 350 nm) of a daily blank (Raman units,
R.U.).

The R package staRdom (version 1.1.3, Pucher et al. (2019)) was used to
analyse the UV-vis absorbance and fluorescence data. To describe the spectro-
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scopic characteristics of the DOM, following optical parameters were determined:
UV absorbance at 254 nm (UVA254), specific UV absorbance at 254 nm (SUVA254)
(Weishaar et al., 2003), the biological index (BIX) (Huguet et al., 2009; Hansen
et al., 2016), the humification index (HIX) (Ohno, 2002), and the ratio of the
fluorescence peak intensities A:T (A:T) (Ulliman et al., 2020; Hansen et al., 2016).
BIX is the ratio of fluorescence intensity at Em = 380 nm divided by the intensity
at Em = 430 nm at Ex = 310 nm (Huguet et al., 2009). HIX is the area under
the emission spectra between 435–480 nm Em divided by the sum of the areas
in the ranges of 300–345 nm and 435–480 nm Em, at 254 nm Ex (Ohno, 2002).
A:T is determined as the ratio between Peak A (Ex = 260 nm, Em = 450 nm) and
Peak T (Ex = 275 nm, Em = 304 nm) (Hansen et al., 2016). The aforementioned
indices are commonly used to assess DOM composition, and conclude sources and
degradation processes (Hansen et al., 2016). By using fluorescence indices, bias by
inorganic light absorbing constituents, such as iron or nitrate, was reduced (Gabor
et al., 2014).

6.2.5 PARAFAC

The parallel factor analysis (PARAFAC) analysis was carried out using the R package
staRdom (version 1.1.3, Pucher et al. (2019)). To account for the high noise in
low Ex and Em wavelengths, the region with Ex < 230 nm and Em < 230 nm
were removed. Sample data were normalized due to highly correlated components.
Non-negativity constraint was applied to build the model. One sample was removed
because of very high leverage. Additionally, eight samples have been excluded
because of non-random residuals. The removed samples are listed in the ESI.† Two
components were isolated from the EEMs with a model fit of >99% (R²). Split half
analysis revealed good stability of the model (Figure S3†). The Tucker’s Congruency
Coefficients (TCC) of the splits were >0.99.

Quantitative and qualitative information on fluorescent DOM was derived based
on the loadings of the PARAFAC components and the ration between these (Murphy
et al., 2013). The determined components were compared to the database OpenFluor
(Murphy et al., 2014).

6.2.6 Size-exclusion chromatography

The samples were filtered with 0.45 µm syringe filters (PP, VWR International,
Germany; after the 6 October 2019 PES, BGB Analytik Vertrieb, Germany), and
frozen at −20 °C pending the analysis. To avoid sample contamination, the filters
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were previously flushed with 60 mL DI water and the first 5 mL of the filtered
samples were discarded.

Characterization by size exclusion chromatography (SEC) with online DOC,
UVA254, and total nitrogen (TN) detection was conducted according to Huber et al.
(2011) and Huber and Frimmel (1991). A more detailed description of the setup
can be found in Fatoorehchi et al. (2018) and Huber et al. (2011).

The analysis was performed at the Engler-Bunte-Institut, Water Chemistry and
Water Technology at the Karlsruhe Institute of Technology. A Toyopearl TSK HW 50S
resin column (250 × 20 mm) was used for the chromatographic separation. The
exclusion and permeation volume of the SEC column was determined with dextran
blue (2·106 g mol−1, retention time: 28.8 min) and methanol (32 g mol−1, retention
time: 69.1 min), respectively. Due to the complex and the unknown composition of
the DOC, a calibration with authentic molecules is lacking. Hence, the calibration
was performed using polyethylene glycols (100,000 to 200 g mol−1), diethylene
glycol (106 g mol−1) and ethylene glycol (62 g mol−1). This result in the assignment
of nominal weight fractions in the range of 2·106–62 g mol−1 (retention time:
29.8–65.5 min). As eluent a phosphate buffer at a flow rate of 1 mL min−1 was used
(1.5 g L−1 Na2HPO4 · 2 H2O + 2.5 g L−1 KH2PO4). The samples were injected (1 mL)
into the system directly or after dilution with DI water to achieve comparable DOC
concentrations without further treatment.

For further characterization of the different size fractions, the DOC, UVA254-
and TN chromatograms were divided into five fractions based on the retentions time
(fractions I to V). The DOC-chromatograms were dived into different fractions ac-
cording to their elution behaviour. According to a classification introduced by Huber
et al. (2011), the different fractions have been attributed to following fractions: I,
high molecular weight substances, such as biopolymers; II, humic substances; III,
building blocks, which were defined as breakdown product of humic substances; IV,
the so-called salt-boundary peak which may be attributed to low molecular weight
organic acids; V, low molecular-weight neutrals.

Due to adsorption and ion-exchange phenomena occurring between the resin
material and the analytes, some compounds elute later than expected comparing the
elution behaviour with the defined standard used for calibration (Lankes et al., 2009;
Frimmel and Abbt-Braun, 2011). The different size fractions were quantified by
area integration using the program ChromCalc (DOC-LABOR Dr. Huber, Germany)
(Huber et al., 2011).

If specified in the y-axis label, the detection signals of the chromatograms
were divided by the DOC concentration of the injected sample to assure better
comparability.
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Since the separation process in SEC can be influenced by the ionic strength of the
sample (Brezonik and Arnold, 2011; Chon et al., 2017), the EC of the samples have
to be controlled. The analysed samples showed no impact of de-icing salts, indicated
by the low EC <175 µS cm−1. However, ECs of up to 20 mS cm−1 can be found in
road runoff (Hilliges et al., 2017), therefore comparability of the chromatograms
can be limited.

6.2.7 Metals and anions
The concentrations of dissolved calcium (Cad), chromium (Crd), iron (Fed), magne-
sium (Mgd), sodium (Nad) and zinc (Znd) were determined by ICP-OES (DIN EN ISO
11885) with LOQs of 20, 2, 10, 1, 20 and 1 µg L−1, respectively. Dissolved cadmium
(Cdd), copper (Cud), lead (Pbd) and nickel (Nid) were analysed using ICP-MS (DIN
EN ISO 17294-2). The LOQs were 0.5, 1.0, 1.0 and 1.0 µg L−1, respectively.

Bromide (Br– ), chloride (Cl– ), fluoride (F– ), nitrate (NO3
– ), ortho-phosphate

(PO4
3 – ) and sulphate (SO4

2 – ) were analysed by means of ion chromatography
according to DIN EN ISO 10304-1 with a LOQ of 0.05 mg L−1. The first 10 of 34
samples (until 15 March 2019) were analysed with the cuvette tests LCK311 for
Cl– , LCK153 for SO4

2 – , LCK339 for NO3
– and LCK349 for PO4

3 – (Hach Lange,
Germany). The LOQs were 1.0 mg L−1, 40.0 mg L−1, 1.0 mg L−1 and 0.2 mg L−1,
respectively.

6.2.8 Metal speciation with Visual MINTEQ
Metal speciation in the samples was predicted using Visual MINTEQ (version 3.1,
Gustafsson (2014b)). The pH was fixed to the measured values, ionic strength was
calculated, temperature was set to 25 °C, the option “adjust CO3 AF to pH 4.5”
was chosen because CO2(g) purging by N2(g) was not conducted for the alkalinity
analysis (Gustafsson, 2014b). DOM was simulated with the NICA-Donnan model
and the assumption that all DOM comprises of fulvic acid and a ratio of active DOM
to DOC of 1.65 (default value) (Gustafsson, 2014b; Sjöstedt et al., 2010). This
assumption is based on a large freshwater dataset (Sjöstedt et al., 2010), thus the
speciation predication for road runoff needs to be treated with caution. Cd values
have been neglected due to concentrations close to the LOQ. The NICA-Donnan
model considers carboxylic as well as phenolic functional groups of fulvic acids
Gustafsson (2014b). The abundance of DOM-HM complexes was reported as the sum
of the percentages of both functional groups. Concentrations of constituents below
LOQ were substituted with one-half of the LOQ. Results with a charge difference >
10% were discarded.
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6.2.9 Data analysis
All concentrations below LOQ were substituted with one-half of the LOQ. The non-
parametric Kruskal–Wallis H test was applied to test if data of different groups
are significantly different. To test for significant differences between two data sets
Mann-Whitney rank test was employed, depending on the question either one- or
two-sided. A significance level of α = 0.05 was applied, unless otherwise stated. To
describe the statistical dispersion of non-normal data, the interquartile range (IQR)
was reported (Altman and Bland, 1994). All statistical analysis were performed
with Scipy (version 1.2.1), unless otherwise stated (Virtanen et al., 2020). Device
D was not considered in the comparison between the SQIDs due to the low sample
count.

Principal component analysis (PCA) was used to analyse the influence of the
determined variables on the total variance of the sample data (Sleighter et al., 2010;
Xue et al., 2011). The PCA was performed using statsmodels (version 0.10), a
Python environment for statistical computation (Seabold and Perktold, 2010). Prior
to the PCA, the data was log-transformed to account for the highly skewed data,
except for the variable pH (Xue et al., 2011). Afterwards the data were standardized.
The number of principal components (PCs) was chosen based on the cumulative
proportion of variance explained by the number of PCs and the shape of the Scree
plot (Mudge, 2015). Following parameters were considered in the PCA: pH, EC,
major cations (Cad, Mgd, Nad), major anions (Cl-, SO4

2-), alkalinity, HMs (Crd, Cud,
Fed, Nid, Znd), DOC, spectroscopic parameters (UVA254, SUVA254, A:T, BIX, HIX),
and the ratio of C1:C2 of the PARAFAC components. Other parameters such as
PO4

3 – , NO3
– , Cdd, and Pbd, were not considered because of the low concentrations

and consequently low influence on the speciation of the metals.

6.3 Results and discussion

6.3.1 DOC
For traffic area runoff, dissolved organic carbon (DOC) concentrations have been
reported between 3.4 and 66.9 mg L−1 with a mean of 18.5 mg L−1 (Table 6.1).
The concentrations found in traffic area runoff are comparable to the range of
concentrations found in rivers (∼5 mg L−1), eutrophic lakes (∼10 mg L−1), marshes
(∼15 mg L−1), or even as in bog lakes (∼30 mg L−1) in some highly polluted rain
events (Thurman, 1985; Frimmel and Abbt-Braun, 2009). Thus, the DOC concen-
tration in traffic area runoff is moderate to high. In a first approximation, the DOC
corresponds to 30 to 50% of the DOM by weight (Brezonik and Arnold, 2011).
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Tab. 6.1. Literature review of DOC concentrations in traffic area runoff

DOC [mg L−1]

Source Location Mean Median

Han et al. (2006) Los Angeles,
USA

66.9 28.9

Caltrans’ state-wide data, state-widea California,
USA

19 -

Caltrans’ state-wide data, nonurban
AADT<30,000a

California,
USA

14 -

Caltrans’ state-wide data, urban AADT
>30,000a

California,
USA

22.4 -

Kayhanian et al. (2007), non-urban highways
AADT <30,000

California,
USA

13.0 -

Kayhanian et al. (2007), urban highways
30,000 <AADT <100,000

California,
USA

15.6 -

Kayhanian et al. (2007), urban highways
100,000<AADT

California,
USA

23.4 -

Maniquiz et al. (2010) Yongin City,
Korea

15.9 -

Helmreich et al. (2010) Munich,
Germany

21 17

Hilliges et al. (2017) Augsburg,
Germany

6.87 5.6

Wei et al. (2010), road Xiamen City,
China

- ∼20

Wei et al. (2010), parking lot Xiamen City,
China

- ∼18

MA Highway BMP datab Massachusetts,
USA

9.8 9.9

Caltrans 2003b California,
USA

19.7 12

TX Highway runoff data (1997)b Texas, USA 19.8 14
MA Highway runoff data (2010)b Massachusetts,

USA
4.1 3.4

Lee et al. (2019), parking lot Daegu area,
South Korea

4.51 4.51

a cited in Han et al. (2006). b withdrawn from Highway-Runoff Database
(Granato and Cazenas, 2009).
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Fig. 6.1. DOC concentration in the influent and effluent of the SQIDs (A, n = 8; B, n = 7; C,
n = 9); the lower and upper ends of the boxes indicate the first and third quartiles.
The bands inside the boxes shows the medians, the whiskers represent 1.5 times
the interquartile range (IQR), and values outside of the whiskers (rhombuses) are
considered as outliers.

The median DOC observed in the influent of the SQIDs was 6.9 to 8.6 mg L−1

(Figure 6.1). The effluent concentration was slightly elevated with 7.1 to 9.6 mg L−1,
which may indicate an accumulation of particulate organic matter in the SQIDs and
biodegradation of it, resulting in a release of DOC. However, the increase of DOC in
the effluent was not statistically significant. Hence, sorption of DOM on the sorbents
can also be neglected. No significant differences between the DOC concentrations in
the effluents were observed among the investigated SQIDs.

The highest DOC concentration was 88.0 mg L−1 in the influent after a 10 days
long dry period in the spring. No distinctive seasonal course of the influent DOC
concentrations was observed (Figure S4†).

6.3.2 UVA254

In contrast to the results of the DOC, the UVA254 data with higher temporal resolution
show a distinctive seasonal pattern with a peak in spring and summer. The lowest
values were observed in winter. By means of UVA254 it was possible to estimate
the DOC of the samples (Figure 6.2 and Figure S5†). The course of the UVA254 was
comparable to the course of monthly mean temperature (Figure S7b†), which can
indicate that during the growth period of surrounding vegetation larger quantities
of DOM can be found in road runoff. No relation between the precipitation pattern
(Figure S7a†) and DOM quantity was observed, in contrast to natural waters, as
described e. g. by Stedmon and Markager (2005).

No interference of the UVA254 measurement is expected by the inorganic con-
stituents NO3

– and Fed, due to the low concentrations, present in the samples (me-
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Fig. 6.2. UVA254 in the influent and effluent of the SQIDs (n = 28 for influent and effluent)

dian Fed = 71 µg L−1, NO3
– = 2.2 mg L−1) (Weishaar et al., 2003). Only two

samples exhibited Fed concentrations >0.5 mg L−1 (1.53 and 0.71 mg L−1), which
could slightly affect UVA254 (Weishaar et al., 2003). However, this effect showed no
significant effect on the approximation of DOC using UVA254 (Figure S5†).

The absorbance spectra of the analysed samples showed featureless spectra
(Figure S6†), which is well known for DOM in surfaces waters (Tuhkanen and
Ignatev, 2018).

The concentrations of Crd, Cud, Fed, Mgd, Nid, and Znd showed strong positive
correlation (Spearman’s rank correlation coefficient (rs) > 0.64, p < 0.05) to the
UVA254 in the influent (Table S2†). This indicates that DOM, in this case approx-
imated by UVA254, increases the mobility the mobility of metals in road runoff.
Only Cad and Nad exhibited no significant correlation to UVA254 (rs = 0.38 and
0.12, respectively, p > 0.05). Because Nad originates from de-icing salt application
(Fay and Shi, 2012; Marsalek, 2003), it shows a very strong seasonality, therefore
no correlation between UVA254 and Nad is coherent. In the effluent of the SQIDs
only moderate correlation between UVA254 and the analysed metals were observed
(rs ≤ 0.57), which were not significant (p > 0.05). Thus, the hypothesis that DOM
reduces retention of dissolved heavy metals is likely, yet other factors, like influent
concentration, appear to be more crucial.

Cdd and Pbd were not evaluated, since only two or no sample exhibited dissolved
concentrations above the LOQ.

6.3.3 UV-vis and fluorescence indices
UV-vis and fluorescence indices are widely applied to analyse DOM properties of
various aquatic systems. In this study, the indices have been adopted to characterise
DOM in road runoff further. Owing the fact that UV-vis and fluorescence indices were
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originally developed for certain DOM sources, derived values may not be comparable
without caution (Gabor et al., 2014).

The SUVA254 values were calculated and were in the range of 1.9 to
3.0 L mg−1 m−1 in median (Table 6.2). The values of the effluents A and C were
higher compared to the influent, indicating that the DOM composition changed
during storage in the SQIDs, whereas no changes were obvious for the SQID B.
Since composite samples were analysed in this study, variations between influent
and effluent samples may be reduced due to dilution of water with high residence
times with fresh road runoff. For surface waters, SUVA254 values <2.5 L mg−1 m−1

indicate the presence of fresh-like DOM leached from plants and algae according
to Hansen et al. (2016). SUVA254 values can also be used as an indicator for the
aromaticity of DOM; the aromaticity of DOM is increasing with increasing SUVA254

values (Abbt-Braun et al., 2004; Weishaar et al., 2003). Based on studies mainly
analysing isolates of HS, the aromaticity in the samples was approximately 10 to
25% according to the SUVA254 data (Abbt-Braun et al., 2004; Weishaar et al., 2003).
However, this approximation is based on the assumption that DOM in the samples
comprised mainly of HS. The SUVA254 values indicate that the DOM in the effluent
of the SQIDs A and C features a slightly higher aromaticity. This may be due to a
preferential microbial degradation of aliphatic compounds (Hansen et al., 2016).
In comparison to the other SQIDs, the effluent of device C exhibited slightly, yet
significantly, higher SUVA254 values. This can be attributed to the build-up of an
approximately 3 cm thick organic-rich layer on the filter surface of device C, contain-
ing leaf debris; consequently, the DOM properties reflected more humic-like DOM
features, such as a higher SUVA254 (Hansen et al., 2016).

To further study the character of DOM and estimate the source of it in road
runoff, the fluorescence peak ratio A:T was determined. The fluorescence peak A
is attributed to the humic-like DOM and peak T to the protein-like, or as recently
specified as fresh-like DOM (Hansen et al., 2016; Coble, 1996). The peaks were
established to characterise seawater DOM, but in the meanwhile they are also
applied for DOM of soil leachates or plant debris (Hansen et al., 2016; Coble, 1996).
Increasing A:T ratios indicate a decreasing susceptibility to biodegradation or an
increasing proportion of humic-like DOM (Hansen et al., 2016; Coble et al., 2014;
Stedmon and Cory, 2014). The results of Hansen et al. (2016) suggest that A:T
ratios > 4.5 in soil and plant leachates indicate a greater relative contribution of
soil-derived DOM than plant- or algae-derived DOM. However, A:T ratios < 10 still
show the presence of fresh-like DOM, which is labile (Hansen et al., 2016). The
A:T ratio proved to be a robust surrogate to evaluate biodegradation of DOM, as
well as to identify wastewater impact on rivers (Hansen et al., 2016; Ulliman et al.,
2020). In the influent and effluent samples of the SQIDs A:T ratios of 4.4 (influent),
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Fig. 6.3. Time-series of the A:T ratio determined in the influent and effluent of the SQIDs (n
= 24 for influent and effluent), origin of the individual samples was not indicated,
since no significant differences were found between each SQID

and 3.7 to 4.2 (effluents) were measured in median, and it varied between 2.1
and 7.2. A significant difference neither between the influents and effluents of
the SQIDs nor between the effluents of the individual SQIDs was observed. As a
result, biodegradation of DOM in SQIDs seems to be negligible, although SUVA254

and A:T values indicate the presence of fresh-like DOM (Hansen et al., 2016). The
discrepancy between A:T and SUVA254 data can be attributed to the smaller number
of samples and larger uncertainty of SUVA254 (Ulliman et al., 2020).

According to the A:T ratio, DOM in road runoff and effluent of SQIDs shows
values of soil-derived humic-like DOM with a significant contribution of labile plant-
derived fresh-like DOM (Hansen et al., 2016). Furthermore, using the A:T ratio, it
was possible to track seasonal variations of the DOM composition. A distinct seasonal
pattern was revealed, peaking in summer (Figure 6.3). The seasonal pattern can be a
result of higher temperatures in summer (Figure S7b†) facilitating biodegradation of
the labile fractions of DOM. In addition, higher precipitation intensities and heights
in summer can flush humic-like DOM from surrounding areas on the road surface.
However, the second explanation is less likely, since the design on site reduces runoff
from surrounding lawn to the road surface.

In addition to the A:T ratio, two other frequently used fluorescence indices, BIX
and HIX, were calculated to enable a comparison to other studies. BIX is used as
an indicator for fresh-like DOM, whereas HIX describes the humification of DOM
(Hansen et al., 2016; Ohno, 2002; Huguet et al., 2009).

The BIX and SUVA254 values in the analysed road runoff and effluents of the
SQIDs were in the range of aqueous leachate samples from topsoil and plants (Lee
et al., 2019). As a result, the DOM source estimated by the A:T ratio is supported.
In contrast, Lee et al. (2019) observed considerably higher HIX and SUVA254 values
in road runoff, indicating a higher degree of humification. However, they analysed
only one sample.
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Tab. 6.2. Summary of the analysed parameters describing quantity and quality of DOM in
the samples; road runoff (influent) was not grouped by the devices, since there
were no significant differences (p>0.05); values reported as median (25th–75th
percentile)

DOC SUVA254
a,b n HIX BIX A:T n C1:C2b n

Group Device [mg L−1] [L mg−1 m−1] [-] [-] [-] [-] [-] [-] [-]

Road
runoff /
influent

A–C 7.2
(3.5–
9.3)

1.9
(1.8–2.4)

17 0.8
(0.8–
0.9)

0.6
(0.6–
0.7)

4.4
(2.5–
5.3)

24 0.8
(0.7–
0.8)

21

Effluent
A 9.6

(6.9–
14.0)

2.4
(1.9–2.8)

8 / 5 0.9
(0.8–
0.9)

0.6
(0.6–
0.6)

4.2
(3.3–
4.9)

7 0.8
(0.8–
0.8

5

B 7.1
(5.2–
10.0)

1.9
(1.8–2.8)

7 / 5 0.8
(0.8–
0.8)

0.7
(0.6–
0.7)

3.7
(3.1–
4.8)

8 0.7
(0.7–
0.7)

7

C 7.0
(3.2–
11.7)

3.0
(2.7–3.1)

9 / 7 0.8
(0.8–
0.9)

0.7
(0.6–
0.7)

4.2
(3.3–
5.1)

9 0.8
(0.8–
0.9)

9

a significant difference between influent and effluent samples, b significant difference between
effluent samples of the different devices

It was expected, that a clear separation between the systems with permanent
impounding (A and B) and the dry running system (C) would be discernible. This
assumption was based on the higher residence times of the water in the permanently
impounded systems enhancing biodegradation. However, this was not observed
by the indices A:T, BIX, and HIX. Only SUVA254 indicated slightly, yet significantly,
more humic-like DOM in the effluent of device C. This was not indicated by the
other indices.

This section has attempted to evaluate the source and composition of DOM in
road runoff, since DOM properties affect the formation of DOM-metal complexes
and thereby metal mobility. Recent studies indicate that with increasing humic-like
features the amount of DOM-Cu and -Pb complexes increases (Chen et al., 2018;
Chappaz and Curtis, 2013; Schamphelaere et al., 2004; Mueller et al., 2012b).
Likewise, DOM-Zn complexes increase with an increasing humic-like DOM propor-
tion, however this increase is not significant (Chen et al., 2018). Yet, there are
also contradicting results for DOM-Zn complexes (Chen et al., 2018; Mueller et al.,
2012a). According to this knowledge, it is unlikely that treatment of stormwater in
SQIDs alters DOM significantly, and consequently does not change the amount of
DOM-metal complexes.
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6.3.4 PARAFAC
Using PARAFAC, two components (C1, C2) were isolated from the EEMs. C1 and
C2 exhibited their maxima at 234/462 nm (Ex/Em) and 230/383 nm, respectively
(Figure 6.4). Two representative EEMs for road runoff and effluent from SQIDs are
shown in Figure S8†. Comparable components were identified in the OpenFluor
database. C1 is related to aromatic, high molecular weight organic matter (humic-
like) with terrestrial character (Gonçalves-Araujo et al., 2016; Kulkarni et al., 2018),
and C2 to microbial-derived humic-like components (Derrien et al., 2019; Williams
et al., 2013). Component C2 of this study is also matching with a component found
in urban storm water ponds by Williams et al. (2013). Chen et al. (2017) also
showed that humic- and fulvic-like components (like C1 and C2) dominate the
DOM composition of road runoff. However, they also observed a minor (∼15%)
protein-like component with a Ex/Em peak at 280/350 nm (similar to T peak, Coble
(1996)), which was not observed in this study.

Based on the loadings of the components, fluorescent DOM of the samples
comprised in median of 43% C1 and 57% C2 (IQR = 8% of C1 and C2). However,
a critical interpretation is needed, since different fluorophores can have varying
fluorescence signals (Murphy et al., 2013). For this study, the ratio of the components
C1:C2 was used to track changes of the DOM composition. C1:C2 showed a strong
positive correlation to the fluorescence peak ratio A:T (rs = 0.74, p < 0.01). Thus,
both ratios are suitable to describe the ratio between the humic-like to fresh-like
DOM fraction (Ishii and Boyer, 2012). The data showed no significant difference
between the influent and effluent samples. Yet, in the effluent of device B the ratio
C1:C2 was significantly lower in comparison to device A and C. This indicates that
DOM in the effluent of device B contained slightly more fresh-like DOM. According
to Ishii and Boyer (2012), C2 should show more intense Cu complexation than C1.
Same was reported for Fe and Al as well (Ishii and Boyer, 2012).

The comparison of the PARAFAC components in OpenFluor highlighted the
limitations of DOM source identification by means of PARAFAC components, since
ubiquitous spectra reflect DOM in most environmental samples (Rosario-Ortiz and
Korak, 2017; Murphy et al., 2018). Furthermore, C1 and C2 correlated very strong
(rs = 0.99, p < 0.01), even after previous normalization of the data, suggesting that
they are potentially not individual compounds.
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Fig. 6.4. PARAFAC components C1, humic-like with terrestrial character, and C2, microbial-
derived humic-like, found in road runoff and SQID effluent. The components were
normalized to their maximum fluorescence (Fmax).

6.3.5 Size-exclusion chromatography

DOM of the influent and effluent samples was further analysed using SEC to gain
information on the character with respect to molecular weight (size), UV(254 nm)-
absorption and organic-N-distribution. For a detailed interpretation of chemical
compounds in the different factions, a combination of SEC with high resolution
mass spectrometry or Fourier transform ion cyclotron resonance (FTICR) needs to
be performed (Valle et al., 2018; Patriarca, 2020; Brock et al., 2020; Valle et al.,
2020).

The relative amount of the high molecular weight fraction I was quite low, in
average 3.5% of the total DOC (Table 6.3, Figure 6.5). The fraction II, which is
assigned to HS (Huber et al., 2011) dominated the DOC with a mean percentage of
36%. The nominal average molecular weight of fraction II was 491 g mol−1. Fraction
III comprised in average 14% of the DOC. Furthermore, fraction IV incorporate in
average only 1% of the DOC and fraction V 22%.

The corresponding chromatograms with detection at 254 nm (UV) showed the
same course for fraction II and III. This indicates that most of the DOM compounds in
these fractions contain C –– C and C –– O double bonds, which can be conjugated. This
behaviour is well known for DOM samples from bog lakes, rivers, lakes, groundwater,
and soil seepage water (Frimmel and Abbt-Braun, 2009; Abbt-Braun et al., 2004;
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Tab. 6.3. Percentage of the DOC assigned to the fractions of the SEC-DOC-chromatograms
and nominal molecular weight (Mn) of fraction II. * calibration according to
Huber et al. (2011)72 using standards of IHSS

Fraction I II III IV V Mn of II*

Unit % % % % % g mol−1

Sample

A_A_190923 1 40 10 0 21 420
A_C_190923 5 30 27 2 16 583
A_A_191007 9 27 11 1 28 481
A_C_191007 4 36 8 1 19 361
B_A_191006 2 28 14 3 31 490
B_C_191006 1 40 16 1 25 530
C_A_191006 2 40 14 1 17 520
C_C_191006 1 42 15 2 30 579

Mean±SD 4±3 36±6 14±7 1±1 22±6 491±88
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Fig. 6.5. SEC-DOC chromatograms of the influent and effluent samples, the signals were
divided by the total DOC of the injected sample. The dilution prior to the SEC
analysis was considered. The dotted grey lines indicate the fractions I-V based
on the retentions time, however they slightly vary due to the fitting to each
chromatogram according to the method of Huber et al. (2011) (n = 4 for influent
and effluent respectively)
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Huber et al., 2011). The substances contributing to the DOC in fraction V may
be characterised by hydrophobic non-UV (254 nm) absorbing organic compounds
(Figure S9†) (Her et al., 2003). Due to the high retention time (after the permeation
volume at t = 69.1 min) the compounds show interactions with the resin resulting
from a hydrophobic character (Huber et al., 2011). The TN-chromatograms show
the inorganic compounds nitrate and ammonium (Fraction IV and V). There are
only small signals in the retention times between 20 to 50 min (fractions I, II, III),
indicating that the amount of organic N-containing compounds is very low (Figure
S9†).

Bayarsaikhan et al. (2016) demonstrated that surrounding tree species signif-
icantly affect DOM characteristics, with the application of the SEC-DOC method
proposed by Huber et al. (2011) in lab-scale experiments. For instance, only leaf
fragments of some tree species released considerable amounts of Fraction I, which
is attributed to biopolymers. The SEC-DOC chromatograms of degrading leaf frag-
ments were similar to the chromatograms of DOM in the road runoff samples,
although leaf fragments lead to a comparatively larger fraction II and fraction I for
fresh samples (7 days contact time). This supports the assumption that leafs are
a main source of DOM in road runoff. Furthermore, Bayarsaikhan et al. (2016)
concluded based on the SEC results that HS released from leaf debris in aqueous
solution are not biodegradable within 96 days. Whereas the high molecular weight
organic matter, attributed to biopolymers (fraction I) (Huber et al., 2011), degrades.
However, Hur et al. (2009) observed altering of the apparent molecular weights and
spectral properties (e. g. SUVA254, HIX) caused by degradation of DOM from leaf
litter during microbial incubation experiments in a laboratory study. The apparent
molecular weight increases with incubation time, as well as SUVA254 and HIX, which
might reflect rapid degradation of fresh-like DOM with lower molecular weight and
aromaticity (Hur et al., 2009).

Chen et al. (2013) showed for DOM samples isolated from freshwater (IHSS
FA, isolated from Suwannee river) that the binding affinity of Cu is increasing with
increasing molecular weight. The same results were reported for the binding affinity
of Zn to DOM (Hoffmann et al., 2007). Since no significant difference between
molecular weight distributions of road runoff and effluent of SQIDs was observed,
the treatment in SQIDs may not impact the affinity of DOM and heavy metals.

The SEC results showed that DOM of road runoff with and without further
treatment in SQIDs shows comparable molecular weight distributions. Thus, the
results of the spectroscopic indices are supported that no significant differences
between road runoff and treated road runoff exist. Due to the small sample size,
seasonal variation could not be tracked by SEC in this study.
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6.3.6 Speciation with Visual MINTEQ
Knowledge about the speciation of HMs is essential to assess their mobility and
retention in SQIDs, thus Visual MINTEQ was used to predict the speciation. The
prediction revealed that Cr and Cu have the highest affinity to form DOM-HM
complexes (median > 99%, Figure 6.6, Table S3†). The high affinity of Cu in road
runoff to form DOM-HM complexes has been previously reported (Nason et al.,
2012). Ni showed a moderate tendency to form complexes with DOM, with 40 to
43% DOM-Ni in the influent and effluent. In contrast, Zn was mostly found in ionic
form or in compounds or complexes with inorganic compounds (median of DOM-Zn
< 1%). No significant differences between the percentages of DOM-metal complexes
of Cr, Cu, Ni, and Zn, were observed between influent and effluent of the SQIDs (p
> 0.05).
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Fig. 6.6. Predicted proportion of metal-DOM complexes by Visual MINTEQ in the influent
and effluent samples of the SQIDs, whiskers indicate the standard deviation
(influent n = 5, effluent n = 11)

Due to the limited number of samples with a sufficient ionic balance, a differentiation
between the studied SQIDs was not possible. The results of the speciation prediction
indicate that especially the mobility of Cr and Cu is significantly affected by the
presence of DOM, thus their retention by adsorption in SQIDs could be limited by
formation of DOM-metal complexes. For Ni the same effect can be assumed to a
lesser extent. The predicted order of complexation affinity to DOM was Cu ∼ Cr
> Ni > Zn, which is supported by a review of DOM-metal complexation in surface
waters (Mueller et al., 2012b). Even though, Cr showed a high affinity to form
DOM-metal complexes, it is less relevant due to lower dissolved concentrations
with respect to the toxic effect level (Table 6.4) (Huber et al., 2016c; Karlsson
et al., 2010; Bartlett et al., 2012a). Cd and Pb were not considered due to very
low dissolved concentrations, mostly below the LOQ. The DOM-Cu complexation is
of special interest, since the concentrations can be comparably high in road runoff
and can surpass toxic effect levels (Kayhanian et al., 2012a; Huber et al., 2016c;
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Bartlett et al., 2012a; Kayhanian et al., 2008b). Murakami et al. (2008) found also a
predominant proportion of DOM-Cu complexes in experiments reflecting conditions
in infiltration devices for road runoff. Yet, in contrast to our results, they found a
significant proportion of Cu in form of carbonates (7–49%). They found Zn as well
present in the form of free ions and carbonate complexes. These results were derived
from speciation modelling as well as anion and chelating resin measurements. A
strong correlation between DOM and Cu in road runoff was also reported by Wüst
et al. (1994).

Tab. 6.4. pH and dissolved metal concentrations used for the predication of the metal
speciation, data resulting in insufficient prediction quality (ionic balance error >
10%) were removed. Values are reported as median (25th–75th percentile).

pH [-] c [µg L−1]

Position n Cdd Crd Cud Nid Pbd Znd

Influent 5 8.1 (7.6–
8.1)

<0.5 1.0 (1.0–
1.2)

6.6 (6.4–
12.3)

1.0 (1.0–
5.9)

<1.0 64.0
(22.1–
115.7)

Effluent 11 7.9 (7.6–
8.0)

<0.5 1.0 (1.0–
9.7)

9.3 (6.7–
19.8)

2.3 (1.2–
4.7)

<1.0 28.1
(21.4–
62.3)

6.3.7 Data analysis
Using PCA, 72% of the variability of the sample data could be explained by two
principal components PC1 and PC2, which explain 48%, and 24% of the variance,
respectively. PC1 can be interpreted as vector characterizing the pollution level of
the samples; it decreases with increasing dissolved metal concentrations (Figure
6.7a). PC2 reflects effects of seasonality. The cluster, which is attributed to the
impact of de-icing salt (NaCl), showed the highest loading. However, PC2 also
describe the previously shown seasonality of DOM in road runoff (e. g. Figure 6.2
and Figure 6.3). Besides the de-icing cluster two other cluster were revealed by the
PCA. The first cluster comprises the dissolved metal concentrations, except for Nad,
which originates from de-icing salt (Marsalek, 2003). This covariation evidences that
the metals share similar sources. The second cluster contains the DOM parameters
together with Cud and Crd. This supports the hypothesis that the mobility of Cr
and Cu is significantly affected by the presence of DOM. In addition, this is in good
agreement with the Visual MINTEQ speciation, which predicted the strong affinity
of Cr and Cu to form complexes with DOM. The covariation of A:T, C1:C2, and
HIX shows that all three parameters are capable of describing the proportion of
humic-like DOM to fresh-like DOM. BIX was not found in this cluster, because it
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showed an inverse seasonal course to the other DOM parameters. Furthermore,
PCA supports the results of the speciation prediction that the mobility of Cr and Cu
is significantly affected by the presence of DOM. In addition, the clustering with
A:T, C1:C2, and HIX indicates that humic-like DOM shows a higher affinity to form
complexes with Cr and Cu. Another explanation for the covariation of Crd and Cud

can be that both metals share the same source: brake lining wear (Ball et al., 1998).
The pH showed no strong effect on the dissolved metal concentrations because of its
low variability.

No clustering of influent and effluent samples was observed (Figure 6.7b), thus
no significant impact of treatment by the SQIDs was observed again. The clustering
of the samples was based on seasonality.

SEC results could not be included in the data analysis, because it would have
significantly reduced the extent of data and its variability due to the low sample
count and absence of samples with de-icing salt impact. He et al. (2016a) were
able to prove a relationship between molecular weight and the optical indices HIX,
SUVA254 and BIX for riverine sediment organic matter. Their results demonstrate
that molecular weight of humic substances (HS) correlates positively with HIX and
SUVA254, whereas it correlates negatively with BIX. Furthermore, they were able to
investigate relationships between SEC-DOC fractions and optical indices. In contrast
to our results, He et al. (2016b) found weak and negative correlations between HMs
and the parameters SUVA254 and HIX for extracted sediment organic matter. This
highlights the limitations of comparability between DOM of different sources.
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6.4 Conclusion
In this study, insights in the occurrence and variability of DOM in road runoff
and effluent of SQIDs were gained using UV-vis and fluorescence spectroscopy in
combination with SEC.

DOM occurs in moderate to high concentrations in road runoff in comparison
to other freshwater systems. The most likely source of DOM in road runoff is soil
and leaf-debris. A strong seasonal variability with respect to DOM quantity and
quality was observed, which followed the ambient temperature. In summer, DOM
was more prevalent and humic-like. No distinct effect of the treatment in the SQIDs
on DOM quantity and quality was observed. Consequently, DOM properties of road
runoff before and after treatment can be assumed equal. SEC verified that most of
the DOM could be attributed to humic substances. Finally, speciation prediction and
PCA of the monitoring data indicated that DOM in road runoff exhibits an effect on
HM mobility and thereby its retention in storm water treatment. Especially Cr and
Cu showed a high affinity to form complexes with DOM.

Since HMs in road runoff are predominately found in the particulate fraction,
the focus of storm water treatment should be on the separation of particulate matter.
Nevertheless, consideration of the influence of DOM is important to achieve excellent
HM retention by SQIDs, especially of Cu. Future studies are necessary to quantify
the effect of DOM, as well as particulate organic matter, on the retention of dissolved
HMs in SQIDs to reduce detrimental effect of traffic on the environment.
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Abstract
Stormwater quality improvement devices use sedimentation as a pre-treatment step
to separate contaminant laden particulate matter (PM) from traffic area runoff.
Since heavy metals are mostly particulate bound, they can be separated by means
of sedimentation. Multiple studies describe worse settling behavior during the
cold season. This paper is written in response to a decreased PM retention that
was observed in the cold season during a 20-month monitoring of a sedimentation
tank. However, the data was insufficient to assess the two factors that influence
sedimentation during the cold season — temperature and de-icing salt application.
Therefore, simplified discrete particle settling models were used to determine the
influence of temperature and de-icing salt. These influences were compared to
other factors, like overflow rate, particle density, and particle size distribution. To
calculate the effect of temperature and de-icing salt on density and viscosity, two
empirical models were applied for the first time in this field. The calculations
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showed that de-icing salt (NaCl) had a negligible influence on the retention of PM.
However, reducing the temperature from 20 °C to 5 °C was shown to decrease the
total suspended solid removal efficiency by up to 8%. The order of influencing
factors was found to be particle size distribution � overflow rate > particle density
> temperature.

7.1 Introduction
Traffic area runoff is contaminated by, amongst others, wear of pavement and
vehicles, leakage, and atmospheric deposition (Ball et al., 1998; Legret and Pagotto,
1999; McKenzie et al., 2009; Wik and Dave, 2009; Huber et al., 2016c; Kayhanian et
al., 2012a). Most of the contaminants, e.g., heavy metals, are present in particulate
form (Kayhanian et al., 2012a).

In the winter season, abrasives and de-icing salts are applied on roads to ensure
traffic safety (Huber et al., 2015b; Fay and Shi, 2012). This application directly
causes a higher load of particulate matter (PM) to be present on the road surface (Fay
and Shi, 2012). This PM is associated with higher concentrations of contaminants in
traffic area runoff due to higher wear and tear of pavement and vehicles, as well
as an increased corrosion, enhanced by de-icing salts (Murray and Ernst, 1976;
Helmreich et al., 2010; Shi et al., 2009). Because most contaminants are particulate
bound, an effective removal of PM from traffic area runoff needs to be considered
before it is discharged into groundwater or surface water.

The use of decentralized sustainable urban drainage systems (SUDS) for the
treatment of stormwater runoff is becoming increasingly prevalent for the treatment
of stormwater runoff at the source (Dierkes et al., 2015). Sustainable urban drainage
systems are particularly suitable in dense urban areas as they can provide viable
alternatives to more common centralized treatment solutions, such as large end-of-
line sedimentation tanks and retention-type soil filters. Among these are technical
SUDS or stormwater quality improvement devices (SQIDs), including sedimentation
and filtration devices. Stormwater quality improvement devices utilize, in addition
to sedimentation different treatment processes based on physical adsorption, precip-
itation and chemical processes (Dierkes et al., 2015; Huber et al., 2015a). However,
their pollution removal efficiencies can be quite different (Dierkes et al., 2015). In
the most cases, sedimentation is the pre-treatment step of a multi-step treatment to
avoid clogging of sorption filters. Nevertheless, sedimentation is sometimes the sole
treatment step.

During a monitoring campaign of a SQID treating the runoff of a highly traf-
ficked road, we observed considerably worse effluent quality of a sedimentation
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tank during winter (Rommel and Helmreich, 2018b). Figure 7.1a gives an im-
pression of road runoff (left) and effluent of the sedimentation tank (right) of a
snowmelt event under de-icing salt influence. This finding is supported by Semadeni–
Davies (Semadeni-Davies, 2006), who reported a decreased performance of an urban
stormwater pond during winter and spring. Figure 7.1b highlights multiple possi-
ble influencing factors for worse effluent quality of SQIDs during the cold season
adapted from Semadeni-Davies (2006).

Stratification of the water column in the sedimentation tank caused by temper-
ature differences between the influent and the water volume in the tank can lead
to disadvantageous flow patterns and shorter residence times in the system (Hendi
et al., 2018; Adamsson and Bergdahl, 2006). Additionally, densimetric stratification
induced by de-icing salt application is increasing this effect (Marsalek et al., 2003).
Tchobanoglous et al. (2014) mention that as low as a 1 ◦C temperature differential
between incoming wastewater and the water in the sedimentation tank will lead to
a density current. Additionally, lower temperature and higher de-icing salt concen-
tration increase density and viscosity of the water in the sedimentation basin. This
reduces the settling velocity of particles, and therefore, lowers the removal efficiency
of PM in the system. Winkler et al. (Winkler et al., 2012) show that in wastewater
treatment, the settling velocity of granular sludge decreases with lower temperature
and higher salt (NaCl) concentrations. Similar findings can be expected for particles
in urban runoff. However, the properties of granular sludge in wastewater treatment
are considerably different to road runoff particles. Furthermore, studies showed
that the flocculation of PM is affected by the temperature (Krishnappan et al., 1999;
Krishnappan and Marsalek, 2002; Lau, 1994). However due to a decreasing floc den-
sity with an increasing floc size, it is not clear if flocculation is definitely improving
the settling behavior. Thus, this study is describing discrete particle settling.

Adamsson and Bergdahl (2006) indicated that temperature and salinity need
to be considered to evaluate the performance of detention tanks. Spelman and
Sansalone (2018) reported that temperature has a minor impact on the treatment
efficiency of hydrodynamic separators and clarifiers. However, in this study a
minimum temperature of 10 ◦C was used, which is not representative for the
temperate climate zone. Yet, no study covered the influence of temperature and
de-icing salt concentration on the settling behavior of PM in traffic area runoff.
Because of the relatively low concentration of PM, measured as total suspended
solids (TSS), an experimental approach would be affected by huge uncertainties.
Reliable statements for a better understanding of the processes, and thus estimation
of maintenance intervals is necessary to aid in increasing the acceptance of SQIDs in
the future.

7.1 Introduction 119



Water 2018, 10, x FOR PEER REVIEW  2 of 17 

 

Stormwater quality improvement devices utilize, in addition to sedimentation different treatment 
processes based on physical adsorption, precipitation and chemical processes [12,13]. However, their 
pollution removal efficiencies can be quite different [12]. In the most cases, sedimentation is the pre-
treatment step of a multi-step treatment to avoid clogging of sorption filters. Nevertheless, 
sedimentation is sometimes the sole treatment step. 

During a monitoring campaign of a SQID treating the runoff of a highly trafficked road, we 
observed considerably worse effluent quality of a sedimentation tank during winter [14]. Figure 1a 
gives an impression of road runoff (left) and effluent of the sedimentation tank (right) of a snowmelt 
event under de-icing salt influence. This finding is supported by Semadeni–Davies [15], who reported 
a decreased performance of an urban stormwater pond during winter and spring. Figure 1b 
highlights multiple possible influencing factors for worse effluent quality of SQIDs during the cold 
season adapted from Semadeni–Davies [15]. 

Stratification of the water column in the sedimentation tank caused by temperature differences 
between the influent and the water volume in the tank can lead to disadvantageous flow patterns 
and shorter residence times in the system [16,17]. Additionally, densimetric stratification induced by 
de-icing salt application is increasing this effect [18]. Tchobanoglous et al. [19] mention that as low as 
a 1 °C temperature differential between incoming wastewater and the water in the sedimentation 
tank will lead to a density current. Additionally, lower temperature and higher de-icing salt 
concentration increase density and viscosity of the water in the sedimentation basin. This reduces the 
settling velocity of particles, and therefore, lowers the removal efficiency of PM in the system. 
Winkler et al. [20] show that in wastewater treatment, the settling velocity of granular sludge 
decreases with lower temperature and higher salt (NaCl) concentrations. Similar findings can be 
expected for particles in urban runoff. However, the properties of granular sludge in wastewater 
treatment are considerably different to road runoff particles. Furthermore, studies showed that the 
flocculation of PM is affected by the temperature [21–23]. However due to a decreasing floc density 
with an increasing floc size, it is not clear if flocculation is definitely improving the settling behavior. 
Thus, this study is describing discrete particle settling. 

  
(a) (b) 

Figure 1. (a) Influent (left) and effluent (right) samples of a sedimentation tank for road runoff 
treatment withdrawn during the cold season. Minor difference can be seen in turbidity between the 
two samples. (b) Diagram showing which influencing factors cause worse effluent quality and total 
suspended solids (TSS) retention of sedimentation tanks for treatment of road runoff during winter 
season; grey arrow indicates weaker influence (adapted from Semadeni-Davies [15]). 

Adamsson and Bergdahl [17] indicated that temperature and salinity need to be considered to 
evaluate the performance of detention tanks. Spelman and Sansalone [24] reported that temperature 
has a minor impact on the treatment efficiency of hydrodynamic separators and clarifiers. However, 

Fig. 7.1. (a) Influent (left) and effluent (right) samples of a sedimentation tank for road
runoff treatment withdrawn during the cold season. Minor difference can be seen
in turbidity between the two samples. (b) Diagram showing which influencing
factors cause worse effluent quality and total suspended solids (TSS) retention
of sedimentation tanks for treatment of road runoff during winter season; grey
arrow indicates weaker influence (adapted from Semadeni-Davies (2006)).

The aim of this study was to evaluate the ranking of influencing factors causing
decreased performance during the cold season of sedimentation tanks as part of
SQIDs used for treatment of traffic area runoff. After analyzing data from a 20-month
monitoring of a full-scale sedimentation tank, the influencing processes based on
physical settling models were evaluated to substantiate the results.

To calculate densities and viscosities of various de-icing salt solutions the models
of Laliberté and Cooper (2004) and Laliberté (2007) were applied for the first time
in this field. Future numerical models could be performed based on those models to
consider temperature as well as de-icing salt effects in SQIDs.

7.2 Materials and methods
7.2.1 Monitoring of full-scale sedimentation tank

To investigate PM removal efficiency of SQIDs for road runoff a full-scale sedimenta-
tion tank was monitored. The monitored sedimentation tank is the primary stage
of a two-step SQID for road runoff located in Munich, Germany. It is operated as
a continuous flow sedimentation tank. The tank consists of a round concrete shaft
with a diameter of 2 m, an impounding depth of 2.4 m and a storage volume of
7.5 m3. Runoff from 400 m2 of a heavily trafficked road form the influent to the
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treatment plant. The annual average daily traffic (AADT) is approximately 24,000
vehicles per day on the attached road surface (46,000 vehicles per day including
the separated opposing traffic). The cross-section of the road consists of two traffic
lanes, one accelerating lane and one emergency lane with an asphalt surface.

Samples of the influent and effluent of the sedimentation tank were withdrawn
time-proportionally (5 min intervals, 250 mL each) during rain events by automatic
samplers (WaterSam WS 316 and Edmund Bühler PP 84). The sampling took place
from May 2016 to January 2018. The sampling started after the inflow exceeded
1 L min−1 for longer than 1 min. Flow was measured by an electro-magnetic flow
meter (Krohne Optiflux 1100 C, DN40, error of measurement <1.6% for q > 2.6
L s−1 ha−1). At the end of the discharge events the sampling stopped. To prevent
alteration of samples, they were kept in coolers at 4 ± 1 ◦C until transport to the
lab. Analyses were performed within 72 h.

The discrete samples withdrawn during one discharge event were combined
to create one composite sample. Electric conductivity (EC) and pH values were
analyzed according to SM 2510 B (detection limit: 1 µS cm−1) and SM 4500-H+,
respectively (Baird et al., 2017). Electric conductivity was used to verify the de-icing
salt application, here sodium chloride (NaCl). Particulate matter was analyzed as
total suspended solids (TSS), coarse suspended solids with a diameter greater than
63 µm (SS > 63 µm), and suspended solids between 0.45 µm and 63 µm (SS63). To
determine the PM, one liter of sample was sieved by a 1000 µm sieve in the first step,
followed by a 63 µm sieve as the second step. In the third step the sieved sample was
filtrated under a vacuum over a 0.45 µm membrane filter (cellulose nitrate). Large
constituents (� 1 mm; e.g., leaves, cigarette stubs), which are not representative
for the sample, were manually removed. All sieves and filters were dried at 105 ◦C
± 2 ◦C until constant mass was achieved. The fine suspended solids (SS63) are the
fraction between 0.45 µm and 63 µm, found as residue on the membrane filter. The
coarse suspended solids (SS > 63) are the fraction between 1000 µm and 63 µm,
found on the 63 µm sieve. Total suspended solids was calculated by the sum of the
residues on the 1000 µm and 63 µm sieves, and the 0.45 µm membrane filter after
drying. The procedure was a modified method of Dierschke and Welker (2015).

Climate data of the measurement station 3379 of The German Weather Service
(DWD) was used. The meteorological station is located approximately 5 km from
the study site. The annual precipitation height was 955 mm in 2016 and 931 mm
in 2017. In 2016, there were 64 days of frost (minimum air temperature < 0 ◦C)
and 71 days in 2017. The temperature of the water in the sedimentation tank was
assumed to be equal to the soil temperature at 50 cm depth.
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7.2.2 Calculations
Density Densities of water ρw (kg m−3) were calculated with equation 7.1 (Lalib-
erté and Cooper, 2004),

ρw = (((((−2.8054253×10−10t+1.0556302×10−7)t−4.6170461×10−5)t−0.0079870401)t+16.945176)t+999.83952)
1+0.01687985t

(7.1)
where t is the temperature (◦C). The densities of solutions ρm, in this case

sodium chloride (NaCl) solutions, were calculated using the model of Laliberté and
Cooper (2004). The model considers temperature and concentration of the solute.
ρm (kg m−3) was determined with the following Equations 7.2 and 7.3:

ρm = 1
wH2O
ρH2O

+ wNaCl vapp,NaCl
(7.2)

vapp,NaCl = wNaCl + 1.01660 + 0.014624 t
(−0.00433 wNaCl + 0.06471) e(0.000001(t+3315.6)2)

(7.3)

where wH2O = mass fraction of water in the solution (-), wNaCl = mass fraction
of the NaCl in the solution (-) and vapp,NaCl = NaCl specific volume (m3 kg−1).
Equation 7.3 is valid for wNaCl > 0.00006 (Laliberté and Cooper, 2004), therefore
densities of pure water (without NaCl) were calculated with Equation 7.1.

This study examines the de-icing salt NaCl concerning the by far greatest
application rate (Huber et al., 2015b; Sansalone and Glenn, 2002). Concentrations
of up to 15 g L−1 NaCl could be present in traffic area runoff (Huber et al., 2015b;
Sansalone and Glenn, 2002; Hilliges et al., 2017). Because of the thermal expansivity,
this study used the mass fraction of solute NaCl (wNaCl) to describe the concentration
of the solution. A wNaCl of 0.01 corresponds to 10 g L−1 at 20 ◦C. To cover extrema,
the calculations were conducted up to wNaCl = 0.02, unless otherwise stated.

Viscosity Dynamic viscosities of the solutions were calculated as a function of
temperature and concentration of the solute by means of the model of Laliberté
(2007), following Equation 7.4. In the first step the dynamic viscosity of water ηw

(kg m−1 s−1) was calculated at temperature t (◦C). Equation 7.4 is valid for t from
0 ◦C to 100 ◦C (Laliberté, 2007).

ηw = (t + 246) × 10−3

(0.05594t + 5.2842) t + 137.37 (7.4)
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In the second step the viscosity of the various NaCl solutions ηm (kg m−1 s−1)
were calculated with Equation 7.5, based on the model of Laliberté (2007):

ηm = η
wH2O
w

exp

 16.222 (1 − wH2O)1.3229 + 1.4849
(0.0074691t + 1)

(
30.78 (1 − wH2O)2.0583 + 1

)
× 10−3

wNaCl

(7.5)
where ηm = dynamic viscosity of the NaCl solution (kg m−1 s−1), ηw = dynamic
viscosity of water (kg m−1 s−1), wH2O = mass fraction of water in the solution (−),
wNaCl = mass fraction of NaCl in the solution (−) and t = temperature (◦C). This
formula is valid for t ranging from 5 ◦C to 154 ◦C and wNaCl up to 0.264 (Laliberté,
2007).

Settling velocity Stokes’ Law was used to determine the terminal settling velocity
vt (m s−1) of the particles (Sansalone et al., 2009),

vt = g (ρs − ρm) d2

18ηm
(7.6)

where g = gravitational acceleration (9.81 m s−2), ηm = dynamic viscosity of the
solution (kg m−1 s−1), ρm = density of the solution (kg m−3), ρs = density of
particles (kg m−3), and d = particle diameter (m).

Because Equation 7.6 is only applicable for laminar flow (Reynold’s number Re
< 1) (Tchobanoglous et al., 2014), Re was calculated afterwards with Equation 7.7,

Re = vtd
νm

(7.7)

where νm = kinematic viscosity of the solution (m2 s−1). Reported settling velocities
fulfilled this condition, meaning laminar flow conditions were present.

The mostly non-spherical shape of road runoff particles (Sansalone et al., 1998;
Kayhanian et al., 2012b) was neglected due to a lack of data about sphericity factors.
To investigate the influence of particle density, a low ρs (1.35 g cm−3) (Li et al.,
2008) and a high ρs (2.25 g cm−3) (Kayhanian et al., 2012b) were used. Because
fine SS63 are prevalent in traffic area runoff (Hilliges et al., 2017; Li et al., 2006;
Gunawardana et al., 2014; Charters et al., 2015) and showed a significant worse
settling behavior, this study focused on those particles <63 µm.

Retention of suspended solids To determine the retention of suspended solids a
stationary idealized discrete settling approach was selected. Inflow QIn and outflow
QEff were assumed to be equal and constant over time as well as inflow TSS. Scouring
of retained particles was neglected. In this model particles with a terminal settling
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velocity equal to or greater than the critical terminal settling velocity vcrit were
removed (Tchobanoglous et al., 2014). The vcrit (m s−1) was equal to the overflow
rate determined with Equation (8),

vcrit = Q
A

= overflow rate (7.8)

where Q (m3 s−1) = flow rate and A (m2) = surface of the sedimentation basin.
By means of vcrit the critical particle diameter dcrit (µm) was calculated for given

conditions like solution temperature, viscosity, density, and particle density. The
calculation was conducted with Excel Solver and the solving method GRG nonlinear.
Because de-icing salt (NaCl) showed a neglectable effect on the settling velocity (cf.
7.3.2), in this step wNaCl was not considered (set to 0). The water temperature was
altered in the range from 5 ◦C to 25 ◦C. Additionally, the effect of particle density
was studied.

The model system corresponded to the monitored system (cf. 7.2.1). The
discharge coefficient ψ was set to 1.0, to represent a fully impervious surface and
ensure comparability to the test protocol of the Deutsches Insitut für Bautechnik
(DIBt) (DIBt, 2017). Rain intensities of 2.5 L s−1 ha−1 and 15 L s−1 ha−1 were
investigated. The upper value was chosen based on the knowledge that more intense
design rain intensities lead to a minor increase in treatment efficiency (DWA-A 102
(Entwurf) 2016).

In real traffic area runoff, particles are not uniform in particle size, and therefore,
the particle size distribution (PSD) was characterized by a parametric cumulative
distribution function (CDF). Selbig and Fienen (2012) proposed the usage of the
Rosin–Rammler distribution, which is equivalent to the Weibull distribution. This
approach was continued by Lee et al. (2014). Based on this knowledge, this method
was used to generate a synthetic PSD. The formula of the Rosin–Rammler CDF is

W (d, λ, κ) = 1 − e(− d
λ

)κ (7.9)

where W (d, λ, κ) = mass fraction less than d (−); d = particle diameter (µm);
λ = shape parameter (−); κ = scale parameter (−) (Selbig and Fienen, 2012). For
our simulation we used λ = {9.3, 60, 116}, equal to a d50 from 6 to 75 µm, and κ
was fixed to 0.84 (Lee et al., 2014).

The TSS removal efficiency (−) was calculated with Equation (10) based on
the critical particle diameter dcrit, which is derived from vcrit following Equation (8).
Preassigned λ and κ values were used.

TSS removal efficiency = 1 − W (dcrit, λ, κ) (7.10)
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7.3 Results and discussion
7.3.1 Monitoring of the full-scale sedimentation tank

The monitoring of the full-scale sedimentation tank was executed over a period of
20 months. To cover all seasonal influences, 23 rain events were taken and analyzed.
Table 7.1 presents the statistics of all measured values from the influent and effluent
of the sedimentation tank as well as the calculated retention of TSS, SS > 63, and
SS63. Due to the flushing of PM of former events, a few negative removal rates were
determined. Remarkable was that the PM occurred almost completely as SS63 (98%
of mean TSS). Thereby the focus on the fine fraction of this study was supported.

Tab. 7.1. Statistics of full-scale sedimentation tank monitoring: q = mean inflow; t = water
temperature in sedimentation tank; TSS Inf. = influent TSS; SS63 Inf. = influent
SS63; EC Eff. = electric conductivity in effluent.

Parameter Unit n Min 25% Median Mean 75% Max SD

q L s−1 ha−1 23 1.6 3.4 5.7 8.1 7.2 26.1 7.5
t ◦C 23 3.0 8.8 17.5 17.5 21.7 24.6 7.3

TSS Inf. mg L−1 23 7 32 82 123 166 433 129
SS > 63 Inf. mg L−1 15 3 18 26 35 46 122 30

SS63 Inf. mg L−1 15 8 18 73.3 121 140 394 130
EC Eff. µS cm−1 22 59 95 119 119 867 4790 1225

TSS retention % 21 −365 22 44 18 68 95 105
SS > 63 retention % 15 −4 65 83 71 93 100 31

SS63 retention % 15 −49 −1 37 25 57 80 40

Figure 7.2 shows the annual course of TSS influent and effluent of the sedimen-
tation tank, as well as TSS retention. Due to strong seasonal courses (Helmreich
et al., 2010), data points of different years are plotted together in one figure. At
the start of the sampling campaign two events showed strong scouring of sedi-
ments (−185% and −365% TSS retention) from previous rain events or maybe even
residues of the construction work. Therefore, those two events were removed. In
the annual course of TSS the strong increase in the cold seasons was recognizable.
Likewise, a decrease of TSS retention during the cold season is shown. Furthermore,
in summer three events showed conspicuous low TSS retentions (1%, 2%, and 28%).
The event with the lowest TSS retention was the event with the highest inflow.
Thus, the high inflow resulted in the low TSS retention. Although the data was not
adequate to explain the reason for the low TSS retentions of the other two events.
Due to less frequent and less intensive rain events in the cold season, only a few
events could be sampled. Therefore, monitoring will be continued to gain more
statistical significance.
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To evaluate the influence of temperature on the PSD, Figure 7.3 shows the ratio
SS63/TSS in the influent and effluent of the sedimentation tank. During the cold
season, the particles were smaller than during summer. Thus, a decreased settling
velocity was expected during the cold season. Because SS63/TSS was higher in the
effluent than in the influent, the worse removal efficiency of SS63 was visible. The
increasing particle size with increasing temperature can be explained by enhanced
flocculation (Krishnappan et al., 1999; Krishnappan and Marsalek, 2002). Since
SS63 is describing a range of particle sizes, the ration SS63/TSS can only be an
indicator for the PSD.
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Fig. 7.2. Annual course of TSS influent and effluent of the sedimentation tank and TSS
retention; two successive data points of TSS retention were removed due to strong
scouring of sediments of previous events (−185% and −365% TSS retention).

The following correlation matrix (Figure 7.4) shows multiple effects influencing the
settling of PM. During cold temperatures, a higher EC, due to the application of
de-icing salt, and influent TSS was present (rs < −0.68). Between SS63 removal
and mean inflow q a weak correlation was observable(rs = −0.34), which induces
that even longer residence times in the studied sedimentation tank do not improve
the SS63 retention. In contrast, the retention of SS > 63 correlates considerably
with q (rs = −0.71). Overall, this means that the used settling tank is only partially
suitable for the retention of fine particulate matter. Only in recent years the SS63
parameter has become popular, and therefore settling tanks were mainly designed to
separate the sand fraction (>63 µm). To achieve better settling, the geometry needs
to be changed to achieve lower surface loadings, and thus, increased settling times.
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Fig. 7.3. Fraction of fine particulate matter (PM) (SS63) in the TSS in the influent and
effluent of the sedimentation tank as a function of temperature.
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Fig. 7.4. Correlation matrix of Spearman’s rank correlation coefficients rs of full-scale sedi-
mentation tank monitoring; q = mean inflow (L s−1 ha−1), t = water temperature
in tank (◦C), EC eff. = effluent electrical conductivity (µS cm−1), TSS in = influent
TSS (mg L−1), TSS eff = effluent TSS (mg L−1), RE TSS = removal efficiency
of TSS (%), RE SS63 = removal efficiency of SS63 (%), RE SS63 = removal
efficiency of SS > 63 (%), n = 15 for SS63 and n = 23 for all other parameters.
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Although it was expected that TSS, SS63, and SS > 63 retentions would increase
with increasing temperature, following sedimentation theory (cf. 7.2.2), this was
not observable in the data. However, an inverse effect is shown in Figure 7.4,
which conflicts with the physical basics of settling. Due to the complex nature of
the system, it looks like there is a spurious correlation between temperature and
the PM retention. The same unexpected correlation is visible between EC and PM
retention. Though TSS and SS63 retention correlate moderately to weakly with t
and EC (|rs| ≤ 0.40). Because q is increasing with t and decreasing with EC, it
can be assumed that this is masking the expected effects. In addition, PSD was not
constant (cf. Figure 7.3), and therefore removal efficiency of the PM was varying.
The monitoring will proceed and with increasing data the trend may alter.

Given that our findings are based on a limited number of sampled events
and the uncertainty of sampling, the results of that monitoring should be treated
with caution. Bardin et al. (2001) demonstrated with a comparable system that
established methods of performance measurement are accompanied with a wide
margin of uncertainty. Assuming an ideal sampling and preservation of the samples,
the removal efficiency of TSS is already within a range of 39% to 59% due to
the error of TSS analysis (±10%). This approximation is based on the mean
TSS concentrations in the influent and the effluent of the sedimentation tank.
Furthermore, there are uncertainties related to the sampling conditions, the sampling
cycle performance and the preparation of the composite samples (Bardin et al.,
2001).

To further evaluate the ranking of influencing factors on PM retention, the
following calculations, based on simplified approaches, were made to substantiate
the results.

7.3.2 Calculations
Density The densities of various NaCl solutions were calculated with the model of
Laliberté and Cooper (2004). Figure 7.5a shows the calculated densities of solutions
ρm with different wNaCl at various temperatures. The solution with wNaCl = 0.00
equates to pure water. Density declines with increasing temperature and increases
with increasing wNaCl. The density anomaly of water affected the NaCl solutions as
well. While the highest density of pure water was found at 3.98 ◦C, in accordance
with Kell (1975), the density of the NaCl solutions peaked at lower temperatures:
1.58 ◦C with wNaCl = 0.02 and up to 3.38 ◦C with wNaCl = 0.005. Thereby a trend
of shifting the maximum density point towards lower temperatures with increasing
wNaCl was derivable. In Figure 7.5b, density is plotted as a function of wNaCl. A linear
correlation between ρm and wNaCl is observable. Density affects settling velocity
linearly following Equation 7.6 (7.2.2), causing colder temperatures and higher
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wNaCl to lead to a decrease of settling velocity and consequently worse PM retention.
Assuming the particle density of ρs = 1.35 g cm−1, the settling velocity at 5 ◦C
and wNaCl = 0.02 is 5% less than at 20 ◦C and wNaCl = 0.00. Though, wNaCl is an
extreme value in this example. Under more likely winter conditions (wNaCl = 0.01),
the effect of density variation on settling velocity is <1%. Consequently, this effect is
negligible and probably not measurable in full scale. Please refer the Supplementary
Materials (S1) for the densities of NaCl solutions at various temperatures.
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Fig. 7.5. (a) Density of aqueous NaCl solutions as a function of temperature for various
wNaCl; (b) density of aqueous NaCl solutions as a function of wNaCl for t = 5 ◦C
and t = 20 ◦C.

Viscosity Based on the model of Laliberté (2007), the viscosity of various NaCl
solutions were calculated at 20 ◦C. Figure 7.6a shows the viscosity as a function
of the mass fraction of NaCl in the solution wNaCl. NaCl showed a kosmotropic
effect, meaning it acts as a structure maker and increases the viscosity of the solution
compared to pure water (Corridoni et al., 2011). The viscosity of pure water is
depicted by the solution with wNaCl = 0.00.

In traffic area runoff values of wNaCl < 0.015 (15 g L−1 at 5 to 25 ◦C) occur (Hu-
ber et al., 2015b; Hilliges et al., 2017). Consequently, the viscosity alteration by NaCl
does not occur in the full magnitude, which Figure 7.6a indicates. To investigate the
influence of the temperature, the viscosity calculation was carried out with solution
temperatures t from 5 to 25 ◦C with increments of 5 ◦C following the method of
Laliberté (2007). The minimal temperature covered by the model is 5 ◦C, thus the
density peak (cf. 7.3.2) cannot be included in the viscosity calculation. Figure 7.6b
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Fig. 7.6. (a) Viscosity of various aqueous NaCl solutions at 20 ◦C; (b) viscosity of aqueous
NaCl solutions at various temperatures.

shows the viscosity of solutions ηm as a function of wNaCl at various temperatures.
In the considered mass fraction range, a slightly positive linear relation between
wNaCl and ηm is observable. However, the influence of the solution temperature was
significantly stronger. Thereby the solutions revealed a higher viscosity at lower
temperatures. The settling velocity in a solution with wNaCl = 0.02 at 5 ◦C is 35%
less than in a solution with wNaCl = 0.00 at 20 ◦C. Accordingly, viscosity is the main
influencing factor on the settling velocity if particle density and size are constant.
The viscosity variation was mainly caused by temperature alteration, not by de-icing
salt (NaCl). Please refer the Supplementary Materials (S1) for the viscosities of NaCl
solutions at various temperatures.

Settling velocity To assess the influence of temperature and de-icing salt on the
settling velocity two scenarios were assumed: Winter conditions with t = 5 ◦C and
wNaCl = 0.02 and summer conditions with t = 20 ◦C and wNaCl = 0.00. Figure
7.7 illustrates settling velocity vt as a function of particle diameter d. There was a
severe difference observable between both scenarios. In winter, 38% lower settling
velocities were determined.

To analyze the influence of de-icing salt (NaCl) another scenario was modeled
at 5 ◦C solution temperature with wNaCl = 0.00. In this case, a 34% lower settling
velocity was calculated for winter conditions without NaCl influence. This resulted
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in the temperature influencing the settling velocity at a bigger magnitude than the
de-icing salt.

Based on that knowledge, it is recommended to design sedimentation tanks
with a larger surface area, and thus, lower overflow rates to cope with challenging
winter conditions.
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Retention of suspended solids Based on the monitored sedimentation tank (cf.
7.2.1) critical particle diameters dcrit under varying boundary conditions (temper-
ature, flow q, particle density) were determined. The critical particle diameter
characterizes the lower limit of particle size, which can be separated in the sedimen-
tation tank.

Figure 7.8 shows that the influence of the temperature on the particle retention
is more severe with increasing flow. Furthermore, the influence of the particle
density on the separation increases with flow. To assess the TSS removal efficiency
PSD was considered. Hereby the information of Figure 7.8 was relativized. A
reduced temperature from 25 to 5 ◦C lead to differences of ≤8% TSS removal
efficiency (Figure 7.9a).

A decisive influence of de-icing salt on the TSS removal efficiency was not
observable (Figure 7.9b). Increasing wNaCl from 0.00 to 0.02 was shown to decrease
the TSS removal efficiency by less than 0.7%. Therefore, de-icing salt was classified
as a negligible factor, which was not considered in the following ranking of the
influencing factors.
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The Pearson correlation coefficients were calculated based on various scenarios
(t, ρs, λ or d50 and q) (Table 7.2). This allowed the influencing factors on the TSS
removal efficiency to be ranked. The PSD, specified by d50 or λ, showed the most
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distinct influence, followed by q and ρs. t was classified as the least influencing factor.
However, physical characteristics of particles (ρs and d50/PSD) are regarded site-
specific (Faram et al., 2007; Gunawardana et al., 2012; Gunawardena et al., 2018;
Ferreira and Stenstrom, 2013; Selbig and Bannerman, 2011). Thus, temperature
needs to be considered in future SQID designs to improve treatment efficiency during
the cold season. Because the applied model cannot represent effects of occurring
density currents caused by temperature and de-icing salt, the effect could occur at
bigger magnitudes.

Tab. 7.2. Pearson correlation coefficients between TSS removal efficiency, temperature t,
particle density ρs, median particle diameter d50 and discharge rate q.

t ρs d50 q

TSS removal efficiency 0.07 0.22 0.85 −0.32

The ranking of the influencing factors PSD > ρs > t of this study was affirmed by
Spelman and Sansalone (2018). Additionally, they identified influent hydrograph
unsteadiness as the most powerful influencing factor. The hydrograph unsteadiness
describes the shape of the hydrograph. A highly unsteady hydrograph rises fast and
drops fast after a short time. In comparison to this, a highly steady hydrograph rises
slow and drops slow after a long time. Due to the stationary method used in this
study, this factor was not assessed. Spelman and Sansalone (2018) altered the flow
rate q together with the unsteadiness of the influent hydrograph, and therefore, it
is not determinable if q or the unsteadiness was the dominant factor. Furthermore,
the minimum temperature was 10 ◦C (Spelman and Sansalone, 2018), which is not
adequate for the use in the temperate climate zone.

To approximate realistic conditions coming from lab-scale experiments, a variety
of effects were neglected in this present study. Kayhanian et al. (2012b) showed
that particles are neither smooth nor spherical, and therefore, models need to be
established considering this influence. The current knowledge is that particles in
road runoff are not spherical; however, there is no sufficient data describing the
shape of runoff particles. Therefore, a representation in simulations is currently not
possible. Furthermore, particles were assumed to be non-cohesive. Kayhanian et al.
(2012b) derived from zeta-potential analysis that runoff particles have a relatively
low tendency to aggregate. However, experience of handling runoff samples in the
lab showed us that aggregation of particles does occur. Li et al. (2005) proved this
assumption with PSD analysis. Furthermore, the influence of temperature on the
flocculation of PM (Krishnappan et al., 1999; Krishnappan and Marsalek, 2002;
Lau, 1994) is not considered, yet. In addition, the influence of de-icing salt on
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the flocculation of runoff particles is still open. Faltermaier et al. (2017) showed
an increased settling velocity under de-icing influence. Studies about settling of
marine clay-size sediments reported a positive correlation between salinity and
settling velocity (Portela et al., 2013; Sutherland et al., 2015). Since the mineralogy
of the particles does have an influence on flocculation, those findings may have
limited adaptability to road runoff particles, which contain clay minerals in minor
quantities (Gunawardana et al., 2012; Duzgoren-Aydin et al., 2006). Slight variation
in particle density can affect the removal efficiency of PM in sedimentation tanks.
Therefore, the common method of particle density determination needs to be verified.
Wet particle density (Li et al., 2008) could reflect more realistic conditions. It can
be expected that the above-mentioned uncertainties affect smaller particles more
intensely than bigger size fractions (Li et al., 2006; Bäckström, 2002). In addition,
future studies should be conducted under non-stationary conditions to consider
the unsteadiness of the influent hydrograph, like that proposed by Spelman and
Sansalone (2018).

Further works should improve knowledge about the aforementioned aspects to
improve particle separation, and therefore, achieve better effluent quality of SQIDs.

7.4 Conclusions
A sedimentation tank treating road runoff was monitored for 20 months. During
the cold season, reduced PM removal efficiency was observed. However, the data
was not sufficient to distinctively assess the influence of temperature and de-icing
salt. Therefore, simplified settling models were applied to determine which of the
influencing factors had the greatest effect on PM removal. The determined order was
PSD � q > ρs > t. The influence of de-icing salt (NaCl) on the sedimentation of PM
was negligible. Since PSD and ρs are assumed to be site-specific, low temperatures
need to be considered to improve effluent quality of SQIDs in the cold season.
Low temperatures (5 ◦C) revealed a decrease of up to 8% TSS removal efficiency
compared to higher temperatures (20 ◦C). The simplified models can be extended in
future studies by considering de-icing salt induced particle coagulation, stratification,
alternated flow patterns, and non-spherical shape of particles.

Two empirical models were applied the first time in this field to calculate
density and viscosity of various solutions as a function of temperature and the
solute concentration of de-icing salt. These seem promising and can improve future
numerical models by considering non-steady water matrices.

Based on the knowledge gained about the sedimentation of PM from road
runoff under cold season conditions, we recommend considering low temperatures
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when designing the sedimentation stages of SQIDs. Effluent quality can be thereby
improved. By minimizing the PM load in the effluent of the sedimentation stage,
clogging of optional downstream filtration elements can be retarded. Consequently,
the intervals between maintenance events could be prolonged.
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Abstract
Separation of particulate matter (PM) is the most important process to achieve a
reduction of contaminants present in road runoff. To further improve knowledge
about influencing factors on the settling of road-deposited sediment (RDS), samples
from three sites were collected. Since particle size distribution (PSD) has the
strongest effect on settling, the samples were sieved to achieve comparable PSDs
so that the effects of particle density, shape, fluid temperature, and deicing salt
concentration on settling could be assessed using settling experiments. Based on
the experimental data, a previously proposed model that describes the settling of
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PM was further developed and validated. In addition, RDS samples were compared
to a standard mineral material, which is currently in use to evaluate treatment
efficiency of stormwater quality improvement devices. The main finding was that
besides PSD, particle density is the most important influencing factor. Particle
shape was thoroughly described but showed no significant improvement of the
prediction of the settled mass. Temperature showed an effect on PM settling; deicing
salts were negligible. The proposed models can sufficiently predict the settling of
RDS in settling column experiments under varying boundary conditions and are
easily applicable.

8.1 Introduction
Road-deposited sediment (RDS) is an important source of contamination in urban
environments (Stone and Marsalek, 1996; Sutherland and Tolosa, 2000; Sutherland
et al., 2012). RDS contains inorganic and organic pollutants such as heavy metals
(e.g., Cu, Zn, Pb, Cd, Cr, Ni) and polycyclic aromatic hydrocarbons (PAH) (Lo-
ganathan et al., 2013; Murakami et al., 2005; Zgheib et al., 2011b). To mitigate
the effect caused by RDS on the environment, stormwater control measures (SCMs)
such as stormwater quality improvement devices (SQIDs) and detention basins
are designed to retain RDS from stormwater runoff by sedimentation or filtra-
tion (Dierkes et al., 2015; Goonetilleke and Lampard, 2019). However, previous
studies have shown that SCMs exhibit reduced retention efficiency under winter
conditions caused by low temperature and deicing salts (Rommel and Helmreich,
2018c; Roseen et al., 2009; Semadeni-Davies, 2006). To design the sedimentation
stages of SQIDs, knowledge about particle characteristics and settling velocity distri-
butions of RDSs is crucial (Torres and Bertrand-Krajewski, 2008; Kang et al., 2007),
especially to separate fine particles and particles with low density, which show an
increased contaminant load (Murakami et al., 2005; Gunawardana et al., 2014;
Kayhanian et al., 2012b; McKenzie et al., 2008; Gelhardt et al., 2017). In addition,
the influence on settling by particle size distribution (PSD), particle density, and
runoff event-specific properties, such as first flush and runoff volume and intensity,
has been comprehensively studied (Li et al., 2005; Li et al., 2006; Kayhanian et al.,
2008a; Li et al., 2008; Spelman and Sansalone, 2018; Lin et al., 2009). Other factors
such as temperature, deicing salt, and particle shape have not been sufficiently
investigated yet.

The first predictions of Rommel and Helmreich (2018c) indicated that the
presence of deicing salt (sodium chloride) had a negligible influence on the retention
of particles. However, reducing the temperature from 20 to 5 ◦C was shown to
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decrease the removal efficiency of RDS in a sedimentation shaft by up to 8%. To
calculate densities and viscosities of various deicing salt solutions, the equations
of Laliberté and Cooper (2004) and Laliberté (2007) were adapted. The order of
influencing factors for the sedimentation was found to be particle size distribution
>> overflow rate > particle density > temperature. Even though the results
of a 20-month monitoring of full-scale sedimentation indicated worse particulate
matter (PM) separation in the cold season, the data were not sufficient to quantify
the influencing factors. Thus, lab-scale experiments, with a comparable setup, would
be necessary to exclude other environmental influences on the sedimentation, which
are always present under real conditions (i.e., varying discharge rates and PM
properties, stratification and mixing of water with different temperature and deicing
salt concentrations), and validate the modeling predictions.

There are various protocols to determine settling velocity distribution (Torres
and Bertrand-Krajewski, 2008; Gelhardt et al., 2017; Hettler et al., 2011; Aiguier
et al., 1996; Michelbach and Wöhrle, 1993); however, they have not been utilized
yet to quantify the influence of temperature and deicing salts on the settling velocity
of RDSs. Commonly, artificial test materials are used to reduce variations of PM
properties (Gelhardt et al., 2017). Gelhardt et al. (2017) developed a laboratory
method to measure and compare the settling behavior of artificial and real particle
collectives with a reproducible PSD. Real RDSs were used in the study, yet the
focus was on method development and not on the influence of boundary conditions
on the settling behavior of RDS. Ying and Sansalone (2011) were, to our best
knowledge, the first authors who adapted settling experiments to study the effect
of temperature and concentration of deicing salts on the settling of PM from urban
runoff. They concluded—based on a computational fluid dynamics (CFD) model of a
hydrodynamic separator—that temperature and deicing salt is negligible to describe
the discrete settling of PM.

As these results partly differ from the results of Rommel and Helmreich (2018c)
and the investigation was done with the model of a hydrodynamic separator and
not a basic sedimentation unit, the settling column experiments proposed by Gel-
hardt et al. (2017) were adapted to further evaluate the effects of particle density,
shape, temperature, and deicing salt (sodium chloride, NaCl) concentration. Based
on these results, the model proposed by Rommel and Helmreich (2018c) was fur-
ther developed to be able to model settling experiments and was consecutively
validated.

Hence, RDSs were thoroughly characterized, and the effects of the influencing
factors studied in settling column experiments. Furthermore, the nonspherical
shape of RDS was evaluated using dynamic image analysis and considered in an
additional model. Since the determination of particle sphericity is still difficult
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to measure for engineering purposes (Blott and Pye, 2008; Breakey et al., 2018),
sphericity was approximated by 2D projections of the particles captured using
dynamic image analysis.

There exist recent studies that have determined the drag or settling velocity of
irregular particles based on more complex descriptions of particle shapes (Connolly
et al., 2020; Wang et al., 2018; Bagheri and Bonadonna, 2016). However, our
approach was to simplify the particle description and model so that it is more
accessible for the engineering purposes of stormwater treatment. In addition, the
standard mineral material, which is in use for the technical approval of SQIDs in
Germany (DIBt, 2017; Dierkes et al., 2013), was compared to RDSs.

8.2 Materials and methods

8.2.1 Materials—study site and characterization
Three RDS samples were collected using a vacuum cleaner (DCV 582, Dewalt,
Deutschland, Idstein, Germany) at three locations in Frankfurt, Germany, with
varying annual average daily traffic (AADT) and land usage, which affects RDS
properties (Table 8.1). Solids on the road surface were loosened by means of a
paintbrush. In addition to the RDS, the standard mineral material MiW4 (Millisil W4,
Quarzwerke, Haltern, Germany) was used for comparison to the RDSs. MiW4 is a
milled quartz material, which is in use in the German technical approval procedure of
SQIDs to assess PM separation efficiency. It reflects the PSD of road runoff (Gelhardt
et al., 2017; DIBt, 2017). Prior to sieving, the samples were dried at 105 ◦C until
constant weight was achieved. Fractions > 2 mm were removed using a stainless
steel sieve.
To achieve a comparable PSD of all studied RDS, the samples were sieved using
a sieve stack with the mesh sizes 1000, 500, 250, 200, 160, 125, 100, 63, and
40 µm, respectively. Subsequently, the obtained fractions were again dried at 105 ◦C
and merged with the percentages summarized in Table 8.2. The sieving process is
described in detail in Gelhardt et al. (2017).

The sieve fractions were characterized by measuring particle density ρs and
the loss on ignition (LOI). The ρs was determined using a gas pycnometer (Quan-
tachrome Microultrapyk 1200 eT, Anton Paar QuantaTec, Boynton Beach, USA) with
helium (5.0, Air Liquide, Düsseldorf, Germany, Purity ≥ 99.999%), according to DIN
66137-2. To determine the LOI, the dried materials were ignited in a muffle furnace
at 550 ◦C for 2 h (DIN EN 15169). LOI is an indicator to assess the organic fraction
of the RDS. The characteristics of the studied materials are summarized in Table
8.1.
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Tab. 8.1. Characteristics of sampling site and studied materials (< 250 µm), LOI (loss
on ignition), and ρs (particle density) were calculated after fractionation and
recomposition, as described below.

Sample Location Coordinate Sampling
Date

AADT LOI ρs

(Vehicles/d) (%) (g cm−3)

MiW4 a – – – – <0.1 2.65
ECL Eckenheimer

Landstraße
50°07’57.2” N
8°41’03.5” E

2017-07-18 8500 7.6 2.60

GBS b Glauburg–
straße

50°07’38.6” N
8°41’28.0” E

2017-04-06 b

9600 17.5 2.322017-04-12 b

2017-04-21 b

FRS Frauenstein–
straße

50°07’51.1” N
8°40’47.7” E

2017-10-17 150 22.2 2.25

a Standard mineral material; b The sample GBS was a composite sample of three samples
due to low quantity.

Tab. 8.2. Particle size distribution of the road-deposited sediments used within this study.

Size Fraction Weight Cumulative Weight
(µm) (%) (%)

200–250 4 100
160–200 6 96
125–160 12 90
100–125 8 78
63–100 21 70
40–63 15 49
<40 34 34

Particle size and shape were determined by dynamic image analysis according to
ISO 13322-2 (2006) using the system QICPIC+LIXELL+LIQXI (Sympatec, Clausthal-
Zellerfeld, Germany). The module M5 was used, with a measuring range between
1.8 and 3755 µm. Prior to the analysis, the samples were dispersed in deionized
water using ultrasonic homogenization at 50% amplitude for 60 s (Sonopuls HD
2200.2, Bandelin, Berlin, Germany). Approximately 0.25 g of the sample was applied
to 200 mL of deionized water to achieve an optimum concentration of < 2% during
the measurement. Settings of the device were 800 U min−1 stirring rate, 125 U
min−1 recirculation rate, 30 Hz frame rate, and 60 s acquisition time. These settings
were optimized for the reproducibility of the PSD of MiW4. Data were analyzed
using the proprietary software PAQXOS (Sympatec, Clausthal-Zellerfeld, Germany).
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Based on suggestions by the manufacturer of the device, particles <5.4 µm were
discarded for size analysis and particles <16 µm were discarded for the shape
analysis to assure sufficient image resolution. One million particles were analyzed
for each sample due to the aforementioned thresholds; particle counts decreased.
The following size and shape parameters were determined: the area equivalent circle
diameter (deq); the Riley circularity ϕRiley =

√
Di/Dc (Riley, 1941), where Di is the

diameter of the largest inscribed circle and Dc is the smallest circumscribed circle;
the aspect ratio AR = xFmin/xFmax , where xFmin is the minimal Feret diameter and
xFmax is the maximal Feret diameter (ISO 9276-6:2008). Values of ϕRiley > 1 were
substituted by 1, since the value 1 would be the value of a circle and values >1 were
caused by measuring uncertainties. Numerous other definitions of circularity exist;
we selected ϕRiley because it was suggested by Bagheri et al. (2015) as a predictor
for particle sphericity. As the experiments were focused on the settled mass, size
and shape distributions were weighted by the mass fractions of the particles. These
were determined under the assumptions of constant density for each sample and a
spherical particle shape with the diameter deq.

8.2.2 Settling experiments
The settling experiment utilized in this study is based on the method proposed
by Gelhardt et al. (2017), which was adapted from the method, developed by the
company UFT (Michelbach and Wöhrle, 1993). A comprehensive description can be
found in Gelhardt et al. (2017).

In the experiments, glass columns with a length of 780 mm and an inner
diameter of 50 mm were used. The settling height was 760 mm. This method
is a floating layer method (Aiguier et al., 1996). Since this study did not intend
to determine settling velocity distributions, only the settled fraction after 4 min
was evaluated. This fraction exhibits a settling velocity of ≥ 11.4 m h−1, which
approximately reflects the fraction ≥ 63 µm of mineral material with a density of
2.65 g cm−3.

Prior to each experiment, the columns filled with deionized water (DI water)
were adjusted to either 21.0 ± 0.1 or 10.0 ± 0.1 ◦C in a climate chamber (Thermo-
TEC, Rochlitz, Germany), depending on the experiment. Additional experiments
with 20 g L−1 NaCl (VWR, p.A., CAS: 7647-14-5; wNaCl = 0.02) were performed
to assess the influence of deicing salt at 10 ◦C. This NaCl concentration can be
considered an extreme value for deicing salt concentration in road runoff (Huber
et al., 2015b; Hilliges et al., 2017). The names of the experiments used in the
remaining text consist of the following information: material, temperature and NaCl
concentration (e.g., MiW4, 21 ◦C, 0 g/L).
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Temperature and electrical conductivity (EC) were measured according to stan-
dard method 2510 B (American Public Health Association et al., 2017). A suspension
containing 0.5 g RDS or MiW4 was applied in the experiments. The suspension was
prepared prior to the experiment in 15 mL glass vials by adding 10 mL of the same
solution in the columns to the RDS or MiW4. The suspension was homogenized
by 1 min of manual shaking. The settling experiments were conducted without
delay after the preparation of the suspension. Thus, no alteration of the samples
can be expected (Li et al., 2005). The sample of the settled fraction was withdrawn
after 4 min. The mass of the settled fraction was determined after the evaporation
of the withdrawn sample according to standard method 2540 B (American Public
Health Association et al., 2017). Since dissolved NaCl would severely bias the
results, the samples of experiments with wNaCl > 0 were analyzed using membrane
filtration with 0.45 µm membrane filters (cellulose nitrate, Sartorius, Type 113,
47 mm diameter) in accordance with standard method 2540 D (American Public
Health Association et al., 2017). Both methods for the determination of the settled
fraction, either evaporation or filtration, were in good agreement with each other
(cf. Figure S1†). To determine the nonsettled fraction, the water remaining in the
column after the experiment was filtered and the total suspended solids (TSS) were
determined according to standard method 2510 B (American Public Health Associa-
tion et al., 2017). The lost particulate mass was calculated by the initial particulate
mass subtracted by the sum of the settled and nonsettled particulate mass. In the
experiments, 3.3% ± 1.9% of the particulate mass was lost; this was not considered
in the determination of the settled mass fractions. Each experiment was conducted
in triplicate.

8.2.3 Modeling of settling experiments

The entire model was implemented in Python with the packages Pandas, Matplotlib,
SciPy, and Seaborn (Virtanen et al., 2020; The pandas development team, 2020;
Hunter, 2007; Waskom et al., 2020). It is accessible in Supplementary Material A.

The PSD of the preprocessed RDSs were modeled using a Weibull cumulative
probability density function (Rommel and Helmreich, 2018c; Lee et al., 2014; Selbig
and Fienen, 2012), following Equation 8.1

W (d, λ, κ) = 1 − e(− d
λ

)κ (8.1)

where W(d, λ, κ) = mass fraction less than d (-); d = particle diameter (µm); λ =
shape parameter (-); κ = scale parameter (-) (Rommel and Helmreich, 2018c; Lee
et al., 2014; Selbig and Fienen, 2012). The determined λ and κ were 85.09 and
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1.247 for the used PSD. These parameters were determined by the curve fitting in
Matlab R2019a (MathWorks, Natick, USA) using the upper particle diameters of the
fractions and nonlinear least squares method with the Trust-Region algorithm (R²
= 0.998, RMSE = 0.016). The λ and κ are within the range of previously reported
values for PSD in urban stormwater or RDS (Rommel and Helmreich, 2018c; Selbig
and Fienen, 2012). The PSD was described in the range of 0–250 µm, with 1-µm
increments (Figure S2†).

Density (ρf), dynamic viscosity (ηf), and kinematic viscosity (νf) of the evalu-
ated fluids at varying fluid temperatures (t) and NaCl mass fractions (wNaCl) were
determined using the equations established by Laliberté and Cooper (2004) and
Laliberté (2007), as described in Rommel and Helmreich (2018c).

The terminal settling velocity (w) was determined by means of different ap-
proaches, with further consideration of influencing factors for each particle diame-
ter (d), ρs, t, wNaCl, and sphericity (φ) for Model C. In addition, d was approximated
by the Weibull fit of the PSD since the diameter of isotropic-shaped particles can be
approximated by the screen size (Haider and Levenspiel, 1989).

• Model A: Spherical particles

• Model B: Spherical particles with consideration of the withdrawn sample vol-
ume

• Model C: Nonspherical particles

The different models are explained in following subsections. All models used the
simplification of constant ρs (and φ for Model C) with respect to particle size.
The models used the respective ρs and φ of the samples used in the experiments.
Furthermore, they solely considered discrete settling without the interaction of the
particles and no wall effect. Since the PSD was previously defined, a continuous
settling velocity distribution was derived for each experiment.

To determine the mass of the settled fraction, the mass fraction at the critical
settling velocity (wcrit) was calculated by linear interpolation. All settled particles
exhibit a settling velocity greater or equal than wcrit. The settled mass fraction was
determined by the difference of 1 and the mass fraction at wcrit.

Model A: Spherical particles

Model A determined w (m s−1) using the explicit formulas (Equations 8.2–8.6)
proposed by Cheng (2009) for spherical particles in the subcritical region (Re <
2 · 105)

∆ = (ρs − ρf) /ρf (8.2)
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d∗ =
(
∆g/νf

2
)1/3

d (8.3)

CD = 432
d3
∗

(
1 + 0.022d3

∗

)0.54
+ 0.47

[
1 − exp

(
−0.15d0.45

∗

)]
(8.4)

w∗ =
√

4d∗/3CD (8.5)

w = w∗ (∆gνf)
1/3 (8.6)

where d∗ is the dimensionless grain diameter, g is the gravitational acceleration
(m s−2), CD is the drag coefficient (-), and w∗ is the dimensionless settling veloc-
ity (Cheng, 2009). Even if Re remains in the low region (< 10), this method avoids
the necessity of checking Re during the calculation since it is valid for Re < 2 · 105.

Model B: Spherical particles with consideration of the withdrawn sample
volume

Model B is based on Model A and additionally considers the withdrawn sample
volume. Since additional water will be withdrawn with the sediment, not-yet-settled
particles will be withdrawn as well. Thus, wcrit needs to be reduced with respect to
the withdrawn sample volume. This was considered by reducing wcrit by the height
of the truncated cone (hcone) with the same shape as the utilized glass columns and
the volume of the withdrawn sample; hcone of each experiment was determined
following Equation 8.7.

hcone = 52/3 3

√
12Vsample

π
+ 5 − 5 for 0 < Vsample ≤ 162.32 mL (8.7)

where Vsample is the measured withdrawn sample volume of each experiment in mL
and hcone is the height of the truncated cone in cm. The determined hcone was used
to adjust wcrit to simulate the results of the experiments following Equation 8.8

wcrit = 76 − hcone

0.417 (8.8)

where wcrit is the critical settling velocity in m s−1, which is the minimal settling
velocity of the particles-withdrawn sample after 4 min, and hcone the height of the
truncated cone with the same shape as the utilized glass columns and the volume of
the withdrawn sample in mL.
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Model C: Nonspherical particles

To consider the influence of a nonspherical particle shape, Model C included the
average sphericity of each RDS determined by dynamic image analysis. Since
dynamic image analysis only delivers 2D projections of the particles, the sphericity
of the particles (φ) was approximated by the circularity of the 2D projections of the
particles, as proposed by Bagheri et al. (2015). Settling velocity of the nonspherical
particles was predicted using the formulas proposed by Haider and Levenspiel (1989)
(Equations 8.9–8.11) since it is an explicit and simple solution. Furthermore, it
shows an acceptable average error (Chhabra et al., 1999).

d∗ = d
[

gρf (ρs − ρf)
ηf

2

]1/3

(8.9)

w∗ =
[

18
d2
∗

+ 2.3348 − 1.7439φ
d0.5
∗

]−1

for 0.5 ≤ φ ≤ 1 (8.10)

w = w∗

[
ρ2

f
gηf (ρs − ρf)

]−1/3

(8.11)

where φ was approximated by the circularity of the 2D projections of the parti-
cles (Blott and Pye, 2008; Bagheri et al., 2015). Bagheri et al. (2015) suggested
the use of ϕRiley for particles with a nonvesicular surface. Based on dynamic image
analysis, the particles of the analyzed RDSs showed a nonvesicular surface; thus, the
mass fraction weighted median of ϕRiley was used to approximate φ.

8.2.4 Statistics

All statistical methods were implemented using Python with the packages Pandas
1.0.5 (The pandas development team, 2020), Scipy 1.5.0 (Virtanen et al., 2020),
Scikit-learn 0.23.1 (Pedregosa et al., 2011), and Statsmodel 0.11.1 (Seabold and
Perktold, 2010). Data was visualized using the packages Matplotlib 3.2.2 (Hunter,
2007) and Seaborn 0.11.0 (Waskom et al., 2020). Hypothesis testing was conducted
using a two-sided t-test with a significance level of 5%. The error of the predicted
settled fraction was assessed using the mean absolute error and the maximum
residual error.

146 Chapter 8 Settling of road-deposited sediment: Influence of particle density,
shape, low temperatures, and de-icing salt



8.3 Results and discussion

8.3.1 Particle size and shape

By using dynamic image analysis, it was possible to obtain PSDs of the analyzed
samples (Figure 8.1a). The mass fraction weighted medians of deq for ECL, FRS, GBS,
and MiW4 were 72, 85, 74, and 73 µm, respectively. A minor difference between
MiW4 and the nonartificial RDSs was revealed. In the fraction below approximately
50 µm, MiW4 showed a greater mass fraction of smaller particles compared to all
RDSs. For deq > 50 µm, all materials showed good agreement with the Weibull
PSD, which is based on the target PSD of the sieving process (c.f. Section 8.2.1) and
will be used for the consecutive modeling of settling. Thus, discrepancies between
experimental and modeled results for the RDSs can be attributed to the deviation
of the present PSDs and the Weibull PSD. As the smallest mesh size was 40 µm,
the deviation in the small particle size fraction was anticipated. Consequently, this
is one potential source of deviation between predicted and measured settled mass
fractions. In order to analyze this fine fraction, future experiments should adopt an
addition nylon sieve with a 20-µm mesh size (Kayhanian and Givens, 2011).
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Fig. 8.1. (a) Particle size distribution (PSD) of the analyzed samples and the fitted Weibull
PSD used for the subsequent modeling, particle count: Eckenheimer Landstraße
(ECL) n = 515,545; Frauensteinstraße (FRS) n = 593,302; Glauburgstraße (GBS)
n = 540,036; MiW4 n = 501,254. (b) Mass fraction weighted histogram of ϕRiley
of the analyzed samples, particle count: ECL n = 130,986; FRS n = 211,209; GBS
n = 134,392; MiW4 n = 57,973.

As shown in Figure 8.2, the RDSs exhibit nonspherical shapes. The mass fraction
weighted median ϕRiley of the analyzed samples were 0.744 for ECL, 0.717 for FRS,
0.732 for GBS, and 0.733 for MiW4, respectively (Figure 8.1b). According to Blott
and Pye (2008), the particles of the samples exhibit low to high circularity; thus,
a low to high sphericity can be estimated. This finding is supported by the results
of Kayhanian et al. (2012b). No distinct differences between the samples were
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observed. ϕRiley was almost constant with respect to deq; however, with decreasing
particle size, the range of ϕRiley was wider (Figure S3†). In addition, MiW4 showed
a narrower distribution of ϕRiley with respect to deq.

The RDS particles were moderately to slightly elongated, with a mass fraction
weighted median aspect ratio of 0.62–0.63 (Blott and Pye, 2008). This finding is
supported by Gunawardana et al. (2014), who reported that RDSs feature particles
with an irregular surface and contain a high proportion of elongated particles.
Furthermore, the size and shape of the analyzed samples are comparable to tire
wear particles (Kreider et al., 2010).
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Fig. 8.2. Microscopic images of some road-deposited sediment (RDS) particles of the sample
ECL, captured using dynamic image analysis. The particle shape of the other
samples was comparable. The images are not scaled.

Based on the observed aspect ratios, the majority of the particles were isometric,
with aspect ratios >0.2 (Figure S4†), which is a requirement for the approximation
of particle sphericity based on 2D projections because particle orientation can bias
the determination of the circularity of highly nonisometric particles (Breakey et al.,
2018).

8.3.2 Particle density with respect to particle size
The particle density of the total preprocessed samples is given in Table 8.1. In order
to evaluate the particle density with respect to particle size, ρs of the individual
fractions was determined. No distinct trend of decreasing or increasing ρs with
particle size was observable (Table 8.3). The density of MiW4 was constant with
respect to particle size since it is a milled quartz material. Based on these results,
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the simplification of constant ρs in the modeling is applicable. However, previous
studies have shown that smaller particles feature larger organic fractions, resulting
in lower ρs (Kayhanian et al., 2012b; Kayhanian et al., 2008a).

Tab. 8.3. Particle density (ρs) of the fractionated samples ECL, FRS, and GBS.

Size Fraction (µm) ρs (g cm−3)

ECL FRS GBS

200–250 2.56 2.25 2.41
160–200 2.54 2.17 2.37
125–160 2.57 2.14 2.31
100–125 2.55 2.18 2.32
63–100 2.61 2.20 2.30
40–63 2.65 2.31 2.31
<40 2.61 2.34 2.32

8.3.3 Settling experiments
Using the proposed method, it was possible to quantify the influence of ρs, t, and
wNaCl. Within 4 min, 30% to 60% of the particles settled.

As predicted by the calculations of Rommel and Helmreich (2018c), ρs showed
the greatest impact on the settling at constant PSD (Figure 8.3). Thus, MiW4 showed
the biggest settled fraction overall, followed by ECL, GBS, and FRS in the order
of their ρs. Furthermore, settling decreased with decreasing temperature for all
materials. The addition of deicing salt showed a very minor effect of reducing
the settled fraction. However, the experiments with deicing salt were associated
with higher uncertainty due to the necessary filtration step to quantify the settled
fraction. Thus, an increased wNaCl does not significantly (p > 0.05) influence
settling, even at very high concentrations. This is in accordance with the results of
Rommel and Helmreich (2018c) and Ying and Sansalone (2011). However, these
experiments were not able to study the potential stratification present in SQIDs.
In the experiments conducted at 10 ◦C, a significantly (p < 0.05) lower settled
mass fraction was observed in contrast to the experiments at 21 ◦C, except for GBS.
The settled mass fraction was 3% to 7% smaller at 10 ◦C in comparison to the
experiments conducted at 21 ◦C.

As shown in Figure 8.4, the settled mass fraction increased with ρs and t. With
increasing LOI, the settled mass fraction decreased. Thus, ρs can be considered as
a function of LOI. This is in accordance with previous studies (Kayhanian et al.,
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Fig. 8.3. Settled mass fraction in the settling experiments with varying temperatures (21
and 10 ◦C) and NaCl concentrations (0 and 20 g/L); n = 3 for each experiment.
The error bars indicate the standard deviation; the asterisks (*) indicate statistically
significant differences between two experiments (p < 0.05). Experiment FRS 21 ◦C
0 g/L NaCl was not conducted due to low sample quantity.

2012b; Kayhanian et al., 2008a). The settled mass fraction with respect to wNaCl

was not shown in this figure because only 10 ◦C experiments with wNaCl > 0 were
conducted; thereby, this figure could be easily misinterpreted.
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The utilized settling experiment method is simple to handle, but the results were
very user-dependent (Figure S5†); therefore, only the results of one executor should
be compared. Nevertheless, the results of each setup and executor were consistent
and able to show the effects of ρs, t, and wNaCl. In addition, manual sampling can
lead to a significant error. If the sampling were to be performed 30 s later, the settled
mass fraction would increase by 0.03.
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The VICAS protocol can be used to determine the settling velocity distributions
of PM (Torres and Bertrand-Krajewski, 2008; Chebbo and Gromaire, 2009); it has
been comprehensively studied and increases the comparability of settling velocity
distributions. However, the determination of the settling velocity was not the focus of
this study. Furthermore, the UFT columns enabled an analysis of particle properties,
such as contaminant content, with respect to settling velocity. Another promising
method for the determination of settling velocity distributions and fractionation of
particles with respect to settling velocity is the elutriation device proposed by Hettler
et al. (2011).

8.3.4 Validation of settling model
By means of using the results of the settling experiments, it was possible to validate
the settling model for RDS, which is based on the PSD and ρs of the RSD, as well as
t and wNaCl of the fluid.

All settling models predicted the settled mass fraction with respect to t and
wNaCl very well (Figure 8.5 and Figure S6†). Model A was already able to predict the
settled fraction, with a mean absolute error of 0.054 and a maximum residual error
of 0.143. Thus, this simple model, with input variables PSD, ρs, t, and wNaCl, was
sufficient to predict the outcome of the settling experiments. Model B considered
additionally the withdrawn sample volume, which can extract nonsettled particles.
However, it was not able to improve the prediction quality (mean absolute error
of 0.059 and a maximum residual error of 0.161). Thus, the withdrawn sample
volume seemed to be negligible. However, to meet quality assurance principles,
the sample volume should be recorded. With consideration of the average particle
shape of each RDS, Model C achieved a slight reduction of the mean absolute error
to 0.050. The maximum residual error was 0.123. According to these results, the
consideration of the nonsphericity of the particles does not considerably improve
the prediction of RDS settling. If MiW4 is not considered, the mean absolute error
of Models A and C are reduced to 0.050 and 0.037, respectively. The mean absolute
error of Model B is increased to 0.064. The order of the predicted settled mass
fractions by the models is Model C < Model A < Model B.

One unanticipated finding was that all models slightly underestimated the
settled mass fraction of MiW4, while the settled mass of the nonartificial RDS was
overestimated to a minor extent. As dynamic image analysis revealed that the PSDs
of all samples, except for MiW4, differ from the Weibull PSD in the fine fraction,
the deviation can be partly explained by the PSD. However, within the experiment
duration of 4 min, it is mainly particles deq > 60 µm that settle. Another possible
explanation can be that even though all samples showed comparable mass fraction
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weighted median ϕRiley, MiW4 showed a narrower ϕRiley distribution with respect
to deq (Figure 8.1b and Figure S3†). Consequently, MiW4 settles faster due to the
smaller fraction of irregular-shaped particles, which exhibit lower settling velocities
(Figure S7†). Another source of bias was that the loss of particulate mass was
considerably lower in the MiW4 experiments (1.8%) in contrast to the experiments
with the real RDSs (3.6%). Thus, the overestimation of the settled fraction of the real
RDSs can be partly explained by a mass loss during the experiments. Furthermore,
the results are biased by the assumption of constant density with respect to particle
size. The settled fractions of samples ECL and FRS, which mainly consisted of
particles with deq >60 µm, showed lower ρs than the average ρs of the whole
sample. Hence, the mass of the settled fraction was overestimated, although this
is not valid for GBS. With respect to these uncertainties in the experiments and
modeling, the used models showed an acceptable error. Nevertheless, it must be
emphasized that the proposed models are designed to evaluate influencing factors in
settling column experiments under varying boundary conditions (PSD, ρs, t, wNaCl,
φ). Other approaches to model settling in full-scale SQIDs under dynamic conditions
exist (Li et al., 2008; Spelman and Sansalone, 2018; Abrishamchi et al., 2010).

8.4 Conclusions
This study used preprocessed RDSs to reduce the effect of varying PSDs in order to
assess effects caused by particle density, particle shape, temperature, and deicing
salt concentration of the fluid.
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Based on the experimental results, it was possible to validate and further
develop the proposed method of Rommel and Helmreich (2018c), which is capable
of modeling settling experiments with varying boundary conditions (PSD, ρs, t,
wNaCl, φ). All analyzed RDSs featured comparable particle shapes, independent
from their origin. Consideration of the particle shape did not significantly improve
the modeling results. Based on these findings, particle shape was negligible to
describe the settling of RDS. Future studies are needed to verify this based on more
samples of various sites. Furthermore, very fine particles, significantly smaller than
60 µm, need to be studied as they potentially stay in suspensions for a long time and
can be elutriated from SQIDs. This is of special importance due to the well-described
high contaminant load in the fine particulate fraction.

The main limitation of the utilized settling experiments is that potentially
occurring stratification in SQIDs cannot be reproduced. Thus, direct conclusions
for SQIDs cannot be drawn. Future studies should assess the effect of stratification
caused by temperature and salinity deviations using pilot or full-scale SQIDs and
CFD modeling. Furthermore, road runoff underlies varying PM and hydraulic
properties of intra- and inter-rain events. As RDS properties are site-specific, further
investigations are necessary to predict site-specific PM properties.

Nevertheless, the gained knowledge on RDS properties can be used to evaluate
future artificial RDSs for the assessment of SQIDs. In addition, the proposed model
was able to deliver further insights into the relative contribution of the fluid and
particle properties on the settling of RDS.
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Research outcome and
overall discussion

9
Stormwater quality improvement devices are one promising example of decentral-
ized stormwater treatment options, especially for space-constrained urban settings,
to mitigate the negative impact of traffic on the environment. However, their treat-
ment efficiency underlies various influencing factors, which had not been sufficiently
evaluated. In this dissertation four SQIDs were monitored for more than two years
(Chapter 3). The suitability of three SQIDs with technical approval by the DIBt was
assessed for the first time in full-scale application under comparable conditions.
Furthermore, a SQID design using commonly available precast parts was evaluated,
which can be a promising alternative to proprietary SQIDs for municipalities. Based
on the acquired knowledge during the monitoring, four research hypotheses were
derived and investigated through further experimental approaches. In this chapter,
the main research results of this dissertation are summarized, previously stated
research hypothesis are tested, and the results are discussed overall.

The first part of the thesis addressed the question whether leaching of heavy
metals bound to sorptive filter media in SQIDs occurs during dry periods (Chapter
4). To answer this question, which had not been studied before, a new experimental
procedure was developed using quiescent batch leaching tests, to replicate in situ
conditions more closely than previous leaching studies (Degaffe and Turner, 2011;
Huber et al., 2016b) and evaluate the effect of different synthetic runoff compo-
sitions. In contrast to Huber et al. (2016b), who studied leaching during runoff
events, no leaching from sorptive media was observed – even in the presence of
de-icing salt or DOM. Consequently, the research hypothesis that leaching occurs
during dry periods, if the filter media are permanently submerged, was rejected.
The tested filter media are therefore capable of retaining heavy metals during dry
periods. The strong leaching observed by Huber et al. (2016b) even at short contact
times in the presence of de-icing salts was attributed to the considerably higher
prestressing loads close to the capacity limit. Thus, the risk of heavy metal leaching
was potentially overestimated. Nevertheless, the same experiments demonstrated
that sediments trapped in SQIDs exhibit strong leaching of heavy metals. Hence, the
service life of downstream media filter stages can be shortened or effluent quality
may deteriorate. These findings suggest that removal of sediment trapped in SQIDs
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is crucial for the longevity and overall treatment efficiency. This demonstrates that
inspection and maintenance is essential for SQIDs.

The second research topic considered the geochemical fractionation of heavy
metals in sorptive media after prestressing at lab scale or in field tests (Chapter 5).
Based on the results, it was revealed that the current lab-scale test used to approve
SQIDs in Germany leads to significantly larger potentially mobile and especially
highly mobile fractions of Cu and Zn. The research hypothesis that the geochem-
ical fractionation of heavy metals retained on (sorptive) filter media of SQIDs is
significantly different, if the filter media are prestressed in lab-scale experiments
or full-scale operation, was therefore accepted. Furthermore, sequential extraction
proved to be a suitable method to evaluate heavy metal mobility in sorptive filter me-
dia used in SQIDs. It can be therefore applied to test the influence of synthetic road
runoff compositions to improve tests assessing heavy metal retention by sorptive
filter media. As a consequence, the discrepancy between lab-scale and field tests can
be reduced in future studies. Furthermore, the observed significantly higher heavy
metal content in sediments trapped in SQIDs highlighted the major contribution of
particulate-bound heavy metals to the contamination of road runoff. These results
imply that designs for treatment of road runoff should focus predominantly on
particle separation.

The third research topic covered dissolved organic matter in road runoff and
effluent of SQIDs, which had not been comprehensively described before (Chapter
6). The results of this study showed that DOM in road runoff and effluent of
SQIDs shows a strong seasonality with respect to quantity and quality. In summer,
DOM was present in higher concentrations and showed more humic-like properties.
Consequently, the first part of the research hypothesis that the occurrence of DOM
shows a strong seasonality was accepted. The treatment in SQIDs did not alter
DOM quantity and properties. In addition, it was verified that most of the DOM
found in road runoff and effluent of SQIDs can be attributed to humic substances.
The influence of DOM on heavy metal speciation in road runoff was subsequently
evaluated using the geochemical model Visual MINTEQ and principal component
analysis. The obtained results indicate that DOM affects the speciation of dissolved
heavy metals. In order to verify this and thereby provide direct evidence for the
second part of the research hypothesis, further experiments are necessary to quantify
the effect of DOM on the speciation of heavy metals and consequently on the
treatment efficiency of SQIDs. The findings of this research provide the fundamental
basis for further evaluation of the effect of DOM on heavy metal retention in
SQIDs.

The last research topic considered the influence of temperature and de-icing salt
on sedimentation of RDS (Chapter 7 and 8). The results of modeling and lab-scale
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experiments demonstrated that temperature shows an influence on sedimentation,
whereas de-icing salt is negligible even at high concentrations. Consequently, the
research hypothesis that de-icing salt is the main influencing factor reducing sed-
imentation of particulate matter in SQIDs under winter conditions was rejected.
Based on the results, only low temperatures lead to low treatment efficiency under
winter conditions. It is unlikely that variations in particle size and density cause this
effect, since Gelhardt (2020) demonstrated that PSD is not affected by season and
particle density tends to increase in winter, which would result in better settleability.
Furthermore, knowledge was gained on how to characterize RDS sufficiently to
estimate settling. In this context, it was shown that particle shapes of RDSs can be
neglected for the determination of sedimentation. Based on the obtained knowledge
worst case scenarios can be derived to improve future designs of sedimentation
stages for SQIDs. In order to ensure the retention of particulate-bound contami-
nants even under harsh winter conditions, additional treatment stages like filtration
are recommended to avoid contamination of sensitive receiving waters such as
groundwater.
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Outlook and future research
needs

10
This dissertation contributes to the current knowledge about stormwater treatment
by describing and evaluating currently insufficiently studied factors influencing treat-
ment efficiency of SQIDs and other stormwater treatment methods. Nevertheless,
there are still gaps of knowledge, which need to be closed by future studies.

In Chapter 4, the hydraulic retention time in a SQID was estimated using a
SWMM model. To gain further insight into the HRT in SQIDs, which influences
treatment and leaching processes, future studies should conduct tracer experiments
in order to draw certain conclusions. In addition, the experiments could be repeated
using filter media prestressed in full-scale application to prove the results of this
study.

As a consequence of the discrepancy between the field and lab-scale conditions
expressed by the geochemical fractionation of heavy metals in the filter media of
SQIDs (Chapter 5), future studies should evaluate the effects of different synthetic
runoff compositions on the geochemical fractionation; thereby full-scale conditions
can be reproduced more realistically. However, the higher heavy metal contents in
retained sediments compared to the filter media highlighted that particle separation
needs to be the main treatment objective of SQIDs.

The monitoring of DOM occurrence and properties (Chapter 6) was a necessary
step to understand the effect of DOM on heavy metal retention in SQIDs. Though,
DOM properties are site-specific (Transportation Research Board, 2014). Additional
studies at different sites are therefore necessary to gain knowledge about the vari-
ability of DOM in road runoff and effluent of SQIDs. Furthermore, the influence of
DOM on heavy metal retention was only indicated by the used methods. Additional
studies, should therefore quantify the effect of DOM on heavy metal retention. If
these results indicate a considerable influence on the treatment efficiency, surrogates
for road runoff DOM should be identified for lab-scale experiments or extraction of
road runoff DOM should be applied as suggested by Barrett et al. (2014). Particulate
organic matter was also not considered in this study, which can affect heavy metal
mobility in SQIDs as indicated in Chapter 5 and previous studies (e. g., Kumar et al.
(2013a)).
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The last research objective (Chapter 7 and 8) demonstrated that temperature
needs to be considered to assess the treatment efficiency of SQIDs. The presence of
de-icing salt exhibited a negligible impact. Yet, the conducted lab-scale experiments
can not reproduce potentially occurring stratification caused by thermal and salinity
differentials. Future studies should therefore study if stratification in SQIDs occurs
and quantify its impact on the overall treatment efficiency.

Finally, it must be emphasized that the extensive application of SQIDs can pose
a challenge for their operators. To study feasibility of SQID application, compre-
hensive knowledge about cost, operation and maintenance needs to be gathered.
An extensive summary of knowledge gaps also with respect to maintenance can
be found in Transportation Research Board and National Academies of Sciences,
Engineering, and Medicine, 2004. This background would enable a well-founded
assessment and selection of appropriate stromwater control measures.
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Table S1 Physical characteristics of all materials before pre-stressing based on dry matter. 

Parameter d10 d30 d60 Bulk 
density 

Loss on 
ignition 
(550 °C) 

Surface 
area 
(BET) 

Total 
pore 

volume 

CEC 

Unit mm mm mm g L-1 % m² g-1 cm³ g-1 cmol+ 
kg-1 

GAL 1.1 1.4 1.8 499 7.5 264.3 0.17 8.3 
GFH 1.1 1.3 1.6 599 10.9 206.5 0.37 43.2 
SED 0.004 0.012 0.055 781 16.3 2.4 -a 16.6 
ZEO 0.7 1.1 1.6 915 6.2 31.2 0.07 23.0 

a Determination of the total pore volume of SED was not possible due to the small particle size 
 

 
Fig. S1 Dilution-series of the used humic acid sodium salt (CAS-No. 68131-04-4; Carl Roth, Germany) 
in ultrapure water, linear regression of the data. 
 
Pre-stressing of sorptive media 

The target mass contents of Cu and Zn in the sorptive media after pre-stressing were determined 
following equation S1 and S2, 

 𝑤𝑚,𝐶𝑢 =  5 𝐶𝐸𝐶𝑚𝑀𝐶𝑢 ⋅ 0.106 𝑥𝐶𝐸𝐶 (S1) 
 𝑤𝑚,𝑍𝑛 =  5 𝐶𝐸𝐶𝑚𝑀𝑍𝑛 ⋅ 0.894 𝑥𝐶𝐸𝐶 (S2) 

where 𝑤𝑚,𝑖 is the mass content of the metal 𝑖 (Cu or Zn) in media 𝑚 (mg kg-1), 𝐶𝐸𝐶𝑚 is the cationic 

exchange capacity of media 𝑚 (cmol+ kg-1), 𝑀𝑖 is the molar mass of metal 𝑖 (g mol-1) and 𝑥𝐶𝐸𝐶 is the 

target pre-stressing level defined as fraction of 𝐶𝐸𝐶𝑚. The target contents of Cu and Zn after pre-

stressing are summarized in table S2. 
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Table S2 Target Cu and Zn content for the pre-stressing of the sorptive media 

 Sorptive filter media 
Experiment ZEO GFH GAL 

Cu [g kg-1] Zn [g kg-1] Cu [g kg-1] Zn [g kg-1] Cu [g kg-1] Zn [g kg-1] 

10% CEC 0.075 0.675 0.141 1.268 0.027 0.244 
40% CEC 0.301 2.699 -* -* -* -* 
60% CEC 0.452 4.048 -* -* -* -* 
80% CEC 0.602 5.398 -* -* -* -* 

* Experiments with 40, 60 and 80% CEC were only conducted with the media ZEO 
 
Cleaning procedure of glass ware 

1. Clean with DI water and a brush 

2. Flush with DI water 

3. Flush with acetone 

4. Flush with DI water 

5. Fill container with 0.1 M HNO3 and let it rest for 24 h, dispose solution afterwards 

6. Flush with DI water 
 
Microwave-assisted hydrofluoric acid digestion method 

1. Approximately 200 mg of sample was digested using 8 mL 65% nitric acid, 2 mL 40% 

hydrofluoric acid (s.p.) and 1 mL 30% hydrogen peroxide (s.p.) in a microwave digestion 

system (Mars 6, CEM, USA) at 200 °C. 

2. Temperature was increased to 200 °C within 15 min. The temperature remained at 200 °C for 

20 min. Afterwards it was cooled down for 20 min. 

3. Subsequently, 1 mL hydrofluoric acid and 10 mL 4% boric acid were added and a second 

digestion at 180 °C was conducted. Excessive hydrofluoric acid was masked. 

4. The digested solution was transferred quantitatively in a 250 mL volumetric flask and filled 

up with ultrapure water. 

5. Afterwards, a 10 times diluted sample was analyzed using ICP-OES or ICP-MS. 

 
Fig. S2 Monthly precipitation height observed in Munich, Germany, at weather station 3379 of the 
Deutscher Wetterdienst. Data of the years 2010–2018 is shown, bar heights indicate mean values, 
the error bars denotes the SD. 
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Fig. S3 Time-series of dissolved Cr in the leachates of SED the different media and SRRs. Shown is the 

mean of two replicates. The shaded area denotes the SD. 

Modeling of leaching behavior 

Degaffe and Turner (2011) modeled the leaching behavior of Zn from tire wear particles with a 

diffusion-controlled leaching model following equation S3, 

[Mⅇ] = kt1∕2 (S3) 

where [Me] represents dissolved metal concentrations at time t. The parameter k (µg L-1 h-0.5) is the 

rate constant of the diffusion-controlled leaching process (Degaffe and Turner, 2011). 

 
Fig. S4 Time-series of dissolved Zn in the SRR leachates of SED. Dotted and dashed line showed the 
diffusion-controlled fitted for t≤48 h data and all data, respectively. 
 

 
Fig. S5 Time-series of dissolved Ca, Mg, Na and Fe in the leachates of SED the different media and 

SRRs. Shown is the mean of two replicates. The shaded area denotes the SD. 
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Fig. S6 Time-series of SUVA254 in the leachates of SED. Shown is the mean of two replicates. The 

shaded area denotes the SD. 

 

Fig. S7 Time-series of the ORP relative to the standard hydrogen electrode (Eh)in the SRR+DOM 

leachates of GAL, GFH, ZEO (all 10% pre-stressed) and SED 

 
Fig. S8 Time-series of EC in the leachates of the different media and SRRs. Shown is the mean of two 
replicates. The shaded area denotes the SD. 
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Table S3 Speciation of SRRs predicted by Visual MINTEQ, species with fractions <1% were removed. 

SRR  SRR+NaCl  SRR+DOM 

77.7 CuCO3 (aq)  68.1 CuCO3 (aq)  96.0 HA2-Cu(6)(aq) 

13.0 CuOH+  13.5 Cu2+  4.0 HA1-Cu(6)(aq) 

5.9 Cu2+  13.5 CuOH+    

2.0 Cu(OH)2 (aq)  1.6 Cu(CO3)2
2-    

1.0 Cu(CO3)2
2-  1.5 CuCl+    

   1.3 Cu(OH)2 (aq)    
75.6 Zn2+  77.5 Zn2+  50.2 HA2-Zn(6)(aq) 

9.8 ZnCO3 (aq)  12.0 ZnCl+  23.3 Zn2+ 

5.7 Zn(OH)2 (aq)  3.8 ZnCO3 (aq)  18.0 HA1-Zn(6)(aq) 

5.3 ZnOH+  2.5 ZnOH+  3.1 ZnCO3 (aq) 

1.4 ZnSO4 (aq)  1.7 Zn(OH)2 (aq)  2.0 Zn(OH)2 (aq) 

1.4 ZnHCO3
+  1.1 ZnCl2 (aq)  1.8 ZnOH+ 

References 
Degaffe, F.S., Turner, A., 2011. Leaching of zinc from tire wear particles under simulated estuarine 

conditions. Chemosphere 85, 738–743. https://doi.org/10.1016/j.chemosphere.2011.06.047 
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Appendix A. Study site 

The runoff samples were withdrawn volume proportionally with automatic samplers (WS 316, 

WaterSam, Balingen, Germany; PP 84, Edmund Bühler, Bodelshausen, Germany) in the period 

from November 2017 to October 2019. Because of the design of SQID D, an additional drainage 

channel needed to be installed (D in, Figure 1; Faserfix Super 300 Typ 01H, Hauraton, Rastatt, 

Germany) next to the filter substratum channel to sample the influent (i.e. road runoff) which 

as well enters SQID D (D eff in Figure 1). The layout of the stormwater quality improvement 

devices (SQIDs) are illustrated in Figure S1. The sampling was triggered by electro-magnetic 

flow meters (Krohne Optiflux 2300 C or 1300 C, Krohne IFC 300 C, DN250 for S, DN40 for 

V, DN25 for D). The flow data were recorded with a frequency of 30 s. The sampling started, 

if the inflow exceeded the threshold value longer than 1 min. If the inflow was 15 min below 

the threshold value, sampling stopped. The threshold value was set to  

0.4 L s-1 ha-1 discharge, based on the determined catchment areas. It was attempted to sample 

all three SQIDs at the same time, however this was not possible at each event due to failure. 

The effluent samples of the SQIDs are not considered in this study. The samples were kept in 

coolers at 4±1 °C and transported to the lab within 60 h. 
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Figure S1. Layout of the monitored storm water quality improvement devices, brown arrows indicate 
untreated road runoff, blue arrows indicate treated road runoff, points labeled with F show flow 
measurement, points labeled with S show sampling positions 

Appendix B. Analysis of road runoff 

One composite sample for each discharge event and SQID was prepared using the discrete 

samples of each automatic sampler. Analyses of pH, electric conductivity (EC) and suspended 

solids (TSS) and fine suspended solids (SS63) were performed within 60 h. The samples for 

the analyses of heavy metals were acidified to pH < 2 with nitric acid (65%). The analysis of 

TSS and SS63 followed the method, described in Rommel and Helmreich1. Total concentrations 

of cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb) and zinc (Zn) were 
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determined after aqua regia digestion according to EN ISO 15587-1:2002. The analyses of Cr 

and Zn were conducted using ICP-OES (DIN EN ISO 11885, Ultima II, Horiba Jobin Yvon, 

Kyoto, Japan), Cd, Cu, Ni, Pb were analyzed using ICP-MS (NexION 300D, Perkin Elmer, 

Waltham, USA). The limits of quantification (LOQs) were 0.1 μg L-1 Cd, 1 μg L-1 Cr, 0.1 μg L-

1 Cu, 0.4 μg L-1 Ni, 0.1 μg L-1 Pb and 2 μg L-1 Zn. Dissolved concentrations of Cd, Cr, Cu, Ni, 

Pb, and Zn were analyzed after filtration using syringe filter (0.45 µm, PES, VWR International, 

Darmstadt, Germany). The aforementioned instruments were applied and the LOQs were 

0.5 μg L-1 Cd, 2.0 μg L-1 Cr, 1.0 μg L-1 for Cu, Ni, Pb, and Zn. The dissolved organic carbon 

(DOC) concentration was determined after filtration (0.45 µm) using a varioTOC Cube 

analyzer (Elementar, Langenselbold, Germany) according to DIN EN 1484 with a LOQ of 

0.25 mg L−1. Alkalinity was analyzed by acidimetric titration (standard method 2320) to the pH 

endpoints 4.5 and 8.3. 

Appendix C. Heavy metal contents and physical properties of the blank filter media prior 
to prestressing 

Table S1. Heavy metal contents and physical properties of the blank filter media, metal contents and 
loss on ignition (LOI) refer to dry matter; d50 is the median particle size; sampling of S Field was not 
possible without altering the filter cartridge 

Parameter Cr Cu Ni Pb Zn pH LOI d50 
Unit mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 - % mm 
D Field Blank 2.5 a 2.5 a 1.0 a 5.0 a  43.3 8.4 0.5 0.7 
D Lab Blank 13.7 2.5 a 10.0 5.0 a 13.7 8.3 0.4 0.7 
S Lab Blank 2.5 a 2.5 a 36.4 5.0 a 53.6 8.8 56.3 1.5 
V Field Blank 12.2 2.5 a 5.2 5.0 a 17.5 9.5 5.9 1.5 
V Lab Blank 2.5 a 2.5 a 3.9 45.5 34.9 8.7 5.7 1.5 

a value was below the limit of quantification (LOQ) and was substituted by 0.5∙LOQ 
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Appendix D. Prestressing of the filter media at lab scale 

Table S2. Analysis of the synthetic runoff for the prestressing of the filter media at lab scale 

Parameter pH EC TSS Cd Cr Cu Ni Pb Zn 

Unit - µS cm-1 mg L-

1 
µg L-1 µg L-1 µg L-1 µg L-1 µg L-1 µg L-1 

D 5.1 115 –a –a –a 3,670 –a –a 32,010 

S,  
1st run 

5.0 115 –a –a –a 3,670 –a –a 32,010 

S, 
2nd run 

5.0 207 –a –a –a 487 –a –a >6,000b 

S, 
3rd run 

5.0 248 –a –a –a <100 –a –a 3,870 

V 5.1 116 –a –a –a 3,670 –a –a 32,010 

a was not analyzed because the element was not added to the synthetic runoff, the content in the filter 
media were analyzed (Table 5), b was not again analyzed with higher dilution, because the end criterion 
was not reached 

Appendix E. Quality control of the sequential extraction procedure 

The reference material BCR-701 was analyzed threefold together with other samples. Each 

analysis of the BCR-701 was analyzed in one separate sample batch together with the other 

samples as quality control. Only BCR-701 of the same subsample (container) was analyzed 

throughout the entire sequential extraction procedure (SEP) analyses. The quality of the SEP 

analysis was determined by precision and pseudo-accuracy, defined as follows:2 

Precision =
𝜎

�̅�
 ×  100 

Pseudo– accuracy =
1

𝑛

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 −  𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
× 100  

where �̅� is the mean, 𝜎 is the standard deviation of the measured values, n is the number of 

analyses, and the certified values are the values reported by Rauret et al.3. 
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In total, good precision and pseudo-accuracy were achieved (Table S3). However, the results 

for the residuals (F4) showed an increased overestimation in comparison to the other extractions 

steps. Poor pseudo-accuracy for Cr in the residual fraction (F4) was achieved. Mean recoveries 

of 106, 98, 101, 108, and 101% were achieved for the pseudo-total analysis of Cr, Cu, Ni, Pb, 

and Zn in BCR-701. Thus, good agreement between the indicative and determined values was 

achieved. In addition, the reagents and the acid cleaned centrifuge tubes were analyzed to assess 

potential contamination. All samples, except minor traces of Zn in one sample of reagent B, 

showed concentrations below the limits of quantification for Cr, Cu, Ni, Pb, and Zn. The minor 

traces of Zn in one sample of reagent B was not further considered, because the error would be 

≤ 3% for the respective samples, the reducible fraction and the element Zn. 

Table S3. Mean fraction-specific precision and pseudo-accuracy in percent for the optimized BCR SEP 
for Cr, Cu, Ni, Pb, and Zn of BCR-701, n=3 

Element/ 
parameter 

Acid-extractable 
(F1) 

Reducible 
(F2) 

Oxidizable  
(F3) 

Residual  
(F4) 

Pseudo-total 

Cr      

Precision 9.4 5.4 12.3 5.5 1.5 

pseudo-
accuracy 

7.9 9.1 2.8 78.5 5.7 

Cu      

Precision 3.5 3.9 12.2 14.1 5.3 

pseudo-
accuracy 

11.7 8.4 12.5 35.0 -1.7 

Ni      

Precision 6.1 6.2 9.9 8.4 1.6 

pseudo-
accuracy 

10.0 22.1 10.1 26.4 0.5 

Pb      

Precision 1.7 2.5 23.0 36.3 4.5 

pseudo-
accuracy 

-4.1 6.3 17.1 23.7 8.4 

Zn      

Precision 5.6 6.0 15.0 9.6 1.6 

pseudo-
accuracy 

2.5 5.5 -3.6 33.0 0.6 
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Appendix F. Sequential Extraction 

 

Figure S2. Cr, Cu, Ni, Pb, and Zn contents found in the respective sequential extraction fractions 

of the filter media prestressed in the field test (D Field, S Field, V Field), sediments (S Sediment, 

V Sediment) and filter cake (D Filter Cake) withdrawn from the SQIDs after the field test, n=3 

for each sample and fraction except for the pseudo-total fraction; pseudo-total fraction n=2, 

mean value is illustrated. Bars show mean values and error bars indicate the standard deviation. 
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Figure S3. Cr, Cu, Ni, Pb, and Zn contents found in the respective sequential extraction fractions 

of the filter media prestressed in the lab-scale and field tests, n=3 for each sample and fraction 

except for the pseudo-total fraction; pseudo-total fraction n=2, mean value is illustrated. Bars 

show mean values and error bars indicate the standard deviation. 

Appendix G. pH values and losses on ignition of the filter-media, sediments, and filter 
cake 

Table S4. pH values and losses on ignition (LOI) of the filter-media prestressed in the lab and field tests, 
sediments, and filter cake 

Parameter pH LOI 
Unit - % 
D Field 7.7 2.8 
D Filter Cake 6.8 10.0 
D Lab 8.3 0.6 
S Field 7.6 28.2 
S Lab 7.9 35.3 
S Sediment 6.9 17.8 
V Field 7.9 8.2 
V Lab 8.4 4.5 
V Sediment 6.6 20.5 
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Appendix A. Study site 

 

Fig. S1 Layout of the monitoring site, the different colors (except for green) indicate the 
catchment areas 

Table S1 Characteristics of the monitored SQIDs and their catchment areas, settings of the 
automatic samplers 

  A B C influent a C effluent D 

Device name Unit SediSubstrator XL 
600/12  

 

ViaPlus 
500 

- a Drainfix Clean 
300 

LHM 

Manufacturer - Fränkische 
Rohrwerke Gebr. 
Kirchner GmbH  

& Co. KG, Germany 

Mall, 
Germany 

Hauraton GmbH & Co. KG, 
Germany 

None 

Device type  Shaft system Shaft 
system 

- a Filter 
substratum 

channel 

Shaft 
system 

Catchment 
area 

m² 1660 473 100 165 400 

Filter media - Iron-based medium 
with lignite 

amendment  

Zeolite - Carbonate-
rich sand 

Carbonate-
rich sand 

Diameter flow 
meter 

mm 250 40 25 25 40 

Volumetric 
sampling 
intervals 

L 270 78 18 27 67 

Minimal 
discharge rate 
for sampling 

L s-1·ha-1 0.4 0.4 0.4 0.4 0.4 

Maximum 
discharge rate 
c 

L s-1·ha-1 30 30 30 30 31 

a influent samples were withdrawn in a separate drainage channel without filter medium, c values higher than the 

maximum discharge rate are substituted by the value of the maximum discharge rate 
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Fig. S2 Layout of the monitored devices, brown arrows indicate untreated road runoff, blue 
arrows indicate treated road runoff, points labeled with F show flow measurement, points 
labeled with S show sampling positions 
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Appendix B. PARAFAC 

The sample C_C_190113 was excluded due to very high leverage in the model. Furthermore 

the samples B_C_190426, B_A_190426, C_A_190616, A_C_191028, C_A_190315, 

A_B_190427, A_C_190427 and A_A_190610_2 needed to be excluded because of non-

random residuals.
 

 

Fig. S3 Excitation and emission spectra of PARAFAC components C1 and C2 in the split-half 
analysis
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Appendix C. DOC, UVA254, UV-vis and fluorescence indices 

 

Fig. S4 Seasonal course of DOC in road runoff (influent, n = 24), sampling of Helmreich et al. 

(2010)1 was conducted at the same site (n = 25) 

 

Fig. S5 Scatterplot with robust linear regression of UVA254 and DOC of the influent and effluent 
samples, the shaded region reflects the 95% confidence interval (n = 34) 

 

Fig. S6 Absorbance spectra of the influent and effluent samples (respectively n = 28) 
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Table S2. Spearman's rank correlation coefficient of UVA254 and the analysed dissolved metal 

concentrations (n = 11 for influent and effluent, respectively) 

 Position Cad Crd Cud Fed Mgd Nad Nid Znd 

UVA254 
Influent 0.38 0.79** 0.91** 0.74** 0.77** 0.12 0.73* 0.64* 
Effluent 0.31 0.54 0.57 0.49 0.44 -0.02 0.44 0.57 

* Statistically significant (p < 0.05), ** p < 0.01 

Appendix D. Weather data 

 

Fig. S7 Monthly (a) precipitation height and (b) mean temperature in 2019, data of the Deutscher 
Wetterdienst, station 3379 (Munich City, Germany); mean temperature in January was 0.0, thus it is 
not visible 

Appendix E. Fluorescence Excitation-Emission Matrices 

(a) Influent (b) Effluent 

  

Fig. S8 Fluorescence excitation-emission matrices of a representative influent (a) and an effluent 
sample (b), values in Raman units. Scattering was removed and the values of the areas were 
interpolated. Samples were withdrawn from device B at 23 September 2019. 
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Appendix F. Size-exclusion chromatography 

 

Fig. S9 SEC chromatograms of DOC, UVA254, and TN detection of all samples divided by the 
total DOC of the injected sample (DOCt). The dilution ratio for the SEC analysis was 
considered. The dotted grey lines indicate the fractions I-V related to the retention times, 
however they slightly vary due to the fitting to each chromatogram according to the method of 
Huber et al. 2 (n = 8). 
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Appendix G. Visual MINTEQ 

Table S3. Results of species prediction by Visual MINTEQ showing the charge difference and 
fractions of the DOM-metal complexes 
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B Influent 13.01.2019 6.2 100.0 99.9 52.6 99.6 0.9 0.6 100.0 2.0 0.0 

B Effluent 13.01.2019 5.7 100.0 99.8 39.9 99.3 0.7 0.4 100.0 1.4 0.0 

C Influent 13.01.2019 2.2 100.0 99.5 34.5 100.0 0.4 0.4 100.0 1.2 0.0 

A Influent 03.02.2019 1.9 100.0 100.0 42.5 100.0 0.7 0.5 100.0 1.1 0.0 

A Effluent 03.02.2019 6.0 100.0 100.0 54.8 100.0 0.9 0.6 100.0 1.4 0.0 

B Effluent 15.03.2019 4.6 100.0 99.7 50.5 100.0 1.2 1.4 100.0 3.7 0.0 

A Effluent 27.04.2019 1.3 100.0 98.5 39.7 94.3 1.2 1.2 99.9 3.2 0.0 

B Influent 26.04.2019 8.4 100.0 100.0 85.6 100.0 4.3 4.4 100.0 10.9 0.0 

B Effluent 26.04.2019 2.8 100.0 99.9 68.5 100.0 2.7 2.5 100.0 5.9 0.0 

B Effluent 11.05.2019 0.5 100.0 99.9 63.2 100.0 1.7 1.1 100.0 2.8 0.0 

A Effluent 12.05.2019 5.6 100.0 98.3 23.8 100.0 0.5 0.3 100.0 1.0 0.0 

C Effluent 12.05.2019 7.4 100.0 99.6 30.0 100.0 0.6 0.3 100.0 0.8 0.0 

B Effluent 10.06.2019 0.5 100.0 100.0 48.5 99.9 1.3 0.7 100.0 1.9 0.0 

B Influent 06.10.2019 9.7 100.0 99.9 34.6 100.0 0.6 0.3 100.0 1.1 0.0 

B Effluent 06.10.2019 8.8 100.0 97.7 22.9 98.0 0.6 0.3 100.0 1.1 0.0 

C Effluent 06.10.2019 10.0 100.0 99.5 23.5 100.0 0.6 0.2 100.0 0.6 0.0 
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Table S1. Density and viscosity of NaCl solutions at various temperatures

t / °C ρm / kg m-3 ηm / kg m−1 s−1 ν / m² s-1 ρm / kg m-3 ηm / kg m−1 s−1 ν / m² s-1

5 999.964 1.52E-03 1.52E-06 1003.601 1.53E-03 1.52E-06
10 999.700 1.31E-03 1.31E-06 1003.291 1.31E-03 1.31E-06
15 999.100 1.14E-03 1.14E-06 1002.650 1.15E-03 1.14E-06
20 998.204 1.00E-03 1.00E-06 1001.718 1.01E-03 1.01E-06
25 997.045 8.90E-04 8.93E-07 1000.525 8.96E-04 8.96E-07

t / °C ρm / kg m-3 ηm / kg m−1 s−1 ν / m² s-1 ρm / kg m-3 ηm / kg m−1 s−1 ν / m² s-1

5 1007.250 1.54E-03 1.52E-06 1010.912 1.54E-03 1.53E-06
10 1006.896 1.32E-03 1.31E-06 1010.513 1.33E-03 1.32E-06
15 1006.214 1.15E-03 1.15E-06 1009.789 1.16E-03 1.15E-06
20 1005.243 1.02E-03 1.01E-06 1008.781 1.02E-03 1.01E-06
25 1004.017 9.03E-04 8.99E-07 1007.521 9.09E-04 9.03E-07

t / °C ρm / kg m-3 ηm / kg m−1 s−1 ν / m² s-1

5 1014.588 1.55E-03 1.53E-06
10 1014.143 1.34E-03 1.32E-06
15 1013.377 1.17E-03 1.15E-06
20 1012.332 1.03E-03 1.02E-06
25 1011.037 9.16E-04 9.06E-07

wNaCl = 0.010 wNaCl = 0.015

wNaCl = 0.020

wNaCl = 0.000 wNaCl = 0.005
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Materials and Methods 

To assess the comparability of filtration and evaporation to determine the settled mass fraction, 

100 mg of MiW4 were added to 10 mL DI water and analyzed. 

 

Figure S1. Bland–Altman plot for comparison of the two methods for the determination of the settled 

fraction (evaporation and filtration), the area between the dashed lines indicates the 95% confidence 

interval, n=9, one outlier was removed. 

 

Figure S2. Particle size distribution of the pre-processed road-deposited sediments, fitted Weibull 

distribution for subsequent modeling of the sedimentation processes. 
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Results 

Particle size and shape 

 

Figure S3. 2D histogram of φRiley with respect to deq of all analyzed samples, color opacity indicates 

the density of counts, ECL n=130,986, FRS n=211,209, GBS n=134,392, MiW4 n=57,973. 

 

Figure S4. Mass fraction weighted histogram of the aspect ratios of the analyzed samples, ECL 

n=130,986, FRS n=211,209, GBS n=134,392, MiW4 n=57,973. 
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Settling experiments 

 

Figure S5. Comparison of the experimental results of settling experiments using the method 

described in this paper conducted by two different executers, n=27. 

Validation of settling model 

 

Figure S6. Settled mass fraction in the settling experiments with varying temperature (21 and 10 °C) 

and NaCl concentration (0 and 20 g/L), n=3 for each experiment. The error bars indicate the standard 

deviation. Experiment FRS, 21 °C, 0g/L was not conducted due to low sample quantity. Marker show 

the predicted settled mass fraction determined by Model A and C. 
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Figure S7. Settling velocity determined with the equations proposed by Haider and Levenspiel 

(model C) with respect to particle diameter and sphericity at 20 °C, ρs of MiW4, and wNaCl=0. 
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