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Abstract

Tar asphalt, used extensively as a paving material in Europe during the last century,
is highly contaminated of ecotoxic and mutagenic polycyclic aromatic hydrocarbons
(PAHs). Classified as a hazardous waste under the European Waste Catalogue
(EWC), tar asphalt is often landfilled. Despite regulations limit its circularity, there is
a lack of comprehensive studies on the ecotoxicity and bioavailability of PAHs from
tar asphalt, leaving environmental risks inadequately assessed. In addition to that,
the available approaches for low tier risk assessment of asphalt-contaminated sites
cannot be simultaneously fast and accurate. The traditional approach is fast because
it predicts the Toxic Units of the soil-asphalt mixtures (TUmix) using only the total
PAHs concentration in tar asphalt, but it significantly overestimates the ecotoxicity.
Bioavailability-based approaches, recurring for instance to passive sampling, are
more accurate, but they are time-consuming, as several weeks are needed for PAH
concentration to reach equilibrium.

This study addresses these gaps by investigating the ecotoxicological effects of tar
asphalt on aquatic organisms and proposing a new, bioavailable concentration-based
approach for estimating the TUmix. The new approach aims to be fast and, at the same
time, accurate to facilitate risk assessment. The research was based on experimental
ecotoxicological tests on Vibrio fisheri, P. subcapitata and Daphnia magna. The observed
effects from the tests were combined with the TUmi predicted by the proposed
approach and by the one based on the total PAH concentration. In this way, it was
possible to compare the two approaches by fitting response functions. The study also
lays the groundwork for future comparisons between the proposed approach and
that based on passive sampling by polyoxymethylene (POM).

Results indicate that tar asphalt can cause significant chronic toxicity in aquatic
organisms by inhibiting growth and reproduction, threatening aquatic ecosystems.
The proposed approach, although slightly more time-consuming, offers a more
realistic estimation of ecotoxicity and is comparable in terms of costs to that based on
the total PAH concentration.

In conclusion, this study provides valuable contribution to the understanding of
ecotoxicological impacts of tar asphalt on aquatic ecosystems and proposes a more
accurate and efficient approach for assessing the environmental risks of asphalt-soil
mixtures. The findings support the need for bioavailable concentration-based risk
assessment to better guide the environmental management of tar asphalt.



Abstract in italiano

L'Asfalto Catramoso (AC), utilizzato come materiale per pavimentazione in Europa
nel corso dell'ultimo secolo, & altamente contaminato da Idrocarburi Policiclici
Aromatici (IPA), composti ecotossici e mutagenici. Classificato come rifiuto
pericoloso nel Catalogo Europeo dei Rifiuti (CER), I'AC viene spesso smaltito in
discarica. Nonostante le normative ne limitino la circolarita, mancano studi completi
sull’ecotossicita e sulla biodisponibilita degli IPA derivanti dall’AC. Inoltre, gli
approcci disponibili per la valutazione del rischio dei siti contaminati da asfalto non
sono contemporaneamente rapidi e accurati. L’approccio tradizionale e veloce in
quanto utilizza solo la concentrazione totale di IPA nell’asfalto per il calcolo delle
unita tossiche delle miscele terreno-asfalto (TUmix), ma sovrastima significativamente
'ecotossicita. Gli approcci basati sulla biodisponibilita, come il campionamento
passivo, sono piu accurati, ma richiedono molto tempo, poiché sono necessarie

diverse settimane affinché la concentrazione degli IPA raggiunga 1’equilibrio.

Lo studio affronta queste lacune investigando gli effetti ecotossicologici dell’AC sugli
organismi acquatici e proponendo un nuovo metodo per la stima delle TUmix. Il
nuovo approccio mira ad essere veloce e accurato per facilitare la valutazione del
rischio. La ricerca si & basata su test ecotossicologici su Vibrio fisheri, P. subcapitata e
Daphnia magna. Gli effetti osservati nei test sono stati combinati con le TUmix previste
dal nuovo approccio e da quello basato sulla concentrazione totale di IPA. In questo
modo e stato possibile confrontare i due approcci attraverso le funzioni di risposta.
Lo studio pone inoltre le basi per futuri confronti tra il nuovo approccio e quello

basato sul campionamento passivo mediante poliossimetilene (POM).

I risultati indicano che I’AC puo causare una significativa tossicita cronica negli
organismi acquatici inibendo la crescita e la riproduzione, minacciando gli ecosistemi
acquatici. L'approccio proposto, sebbene leggermente piu dispendioso in termini di
tempo, offre una stima molto piu realistica dell'ecotossicita ed e paragonabile in
termini di costi a quello basato sulla concentrazione totale di IPA. In conclusione,
questo studio fornisce un prezioso contributo alla comprensione degli impatti
ecotossicologici dell’AC sugli ecosistemi acquatici e propone un approccio piu
accurato ed efficiente per valutare i rischi ambientali delle miscele asfalto-terreno. I
risultati supportano la necessita di una valutazione del rischio basata sulla

concentrazione biodisponibile per guidare meglio la gestione ambientale dell’AC.
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Introduction

During the last century tar asphalt has been intensively used as a paving material in
Europe. This material presents high concentrations of Polycyclic Aromatic
Hydrocarbons (PAHs), compounds that are known for being ecotoxic and mutagenic.
Million tons of tar asphalt are still present in the European road network, creating
potential risks for the ecosystems (Speight, 2015; ALS UK, 2022; Andersson-Skold et
al., 2007; Ahrens and Depree, 2010).

The European Waste Catalogue (EWC) classifies tar asphalt as a hazardous waste
and the Waste Framework Directive (WFD) encourage the separation of hazardous
compounds from waste streams, if necessary to achieve environmentally sound
management. Based on the legislation at the European level, Member States typically
prohibit the inclusion of coal tar asphalts in the Recycled Asphalt Pavement (RAP)
mixtures at the national level. For this reason, tar asphalt is usually landfilled, against
the pursuit of a more circular economy. Such management is causing both economic
and environmental costs for the extraction and transportation of new natural
resources (Kumpiene et al., 2021; Speight, 2015). However, studies on the ecotoxicity
of soil-tar asphalt mixtures are lacking and the negative environmental impacts of tar
asphalt have not yet been clarified. Therefore, the limited circularity of tar asphalt is
not scientifically well justified.

Concrete asphalt is a material used in road construction, mainly composed by inert
aggregates (90-95% w./w.), binder (4-6 % w./w.) and additives (about 3% w./w.). The
binder can be asphalt or coal tar. Asphalt is a binder used in modern concrete
asphalts; it is the least volatile byproduct of the distillation of crude petroleum. For
this reason, it is constituted by high-molecular-weight hydrocarbons. Because of the
large size, great viscosity, and limited water solubility, these compounds are not
readily bioavailable and have minimal ecotoxicological effects. However, during the
last century, coal tar binder (CTB) has been widely used in concrete asphalts.
Concrete asphalts containing CTB are named “tar asphalts”. Coal tar is a volatile
byproduct of coal pyrolysis, a process that originates PAHs from incomplete
combustion of coal (NAPA and EAPA, 2009; Speight, 2015). Thus, tar asphalts are
rich in PAHs in the 2-7 ring range, with concentrations that can exceed 5000 mg/kg of
the 16 PAHs typically accounted for (Kumpiene et al., 2021). These PAHs, compared



to the high-molecular-weight hydrocarbons found in petroleum-based concrete
asphalts, are much more water soluble and presents greater ecotoxicity.

Risks for aquatic ecosystems arise when PAHs migrate from tar asphalt to water,
becoming bioavailable. Bioavailability, intended as freely dissolved concentration
(Cfree) of a contaminant in water, is a key concept when studying the ecotoxicity of tar
asphalt. In tar asphalts, especially for old, weathered materials, PAHs are strongly
sorbed to the CTB. Only a minor fraction of the total PAHs contained in tar asphalt is
indeed able to leach from the material, potentially generating adverse effects on
aquatic organisms. For this reason, traditional risk assessment where the Toxic Units
of the soil-asphalt mixtures (TUmix) are calculated using the total concentrations of
PAHs overestimates the ecotoxicological effects (Arp et al.,, 2011, Kumpiene et al.,
2021). Alternative methods have been proposed, which allow to take bioavailability
into consideration when calculating the TUmix, providing more accurate results. Such
methods are based on indirect estimation of the Cte of PAHSs from the mass of PAHs
collected into passive samplers, such as Polyoxymethylene (POM). However, passive
sampling is a time-consuming approach, because 28 days are needed for the
concentration of PAHs to reach equilibrium with POM (Arp et al., 2015). Thus, less
appropriate approaches, based on the total concentration of PAHs, are used because
more time effective. Based on the limitations of the already existing approaches,
Larsson et al. (2024) developed and validated a model to estimate the Ctw., based on a
minimal number of fast-measuring parameters, to facilitate low tier risk assessment
for tar asphalt contaminated soils.

There is a lack in literature regarding the environmental impacts of tar asphalt. Only
few studies are present on the leaching of PAHs from tar asphalt and on the
bioavailability of PAHs from asphalt-soil mixtures. In addition to this, low tier risk
assessment approaches used for asphalt-contaminated soils are not fast and accurate
at the same time. If bioavailability is taken into consideration, then the approaches
become time-consuming; if the approaches are time-effective, they ignore
bioavailability.

Thus, the objectives of this study are: i) to investigate the effects of tar asphalt on
aquatic organisms; ii) propose a new approach for the estimation of the TUmi, based
on the Ciee estimated by the model proposed by Larsson et al. (2024); iii) assessing
the accuracy of the new approach, comparing it to the traditional one based on the
total concentration of PAHs. Additionally, POM samples have been prepared to be
used in future research to compare the new approach used in this work (Cree
estimated by a model) with the one based on Cte measured through passive
sampling.



The objectives were pursued by exposing aquatic organisms at different trophic
levels (bacteria Vibrio fisheri, algae Pseudokirchneriella Subcapitata, crustacean
Daphnia magna) to asphalt-contaminated water through different ecotoxicological
tests (inhibition of Vibrio fisheri bioluminescence, inhibition of growth of P.
Subcapitata and inhibition of reproduction of Daphnia magna). Plotting toxicities
predicted by the two models with the observed effects from ecotoxicological tests
allowed to fit response functions and to determine which model better predicts the
observed ecotoxicological effects.

The main results of this study can be summarised as follow: i) the investigated
aquatic organisms can develop marked chronic toxicity from tar asphalt
contaminated water; and ii) the model based on the calculation of the bioavailable
PAH concentration used in this study overestimates the ecotoxicity of soil-asphalt
mixtures, but it is to be preferred to that based on total concentration of PAHs,
because of its higher accuracy.

The first 3 chapters of this Master Thesis set the theoretical background for a better
understating of the research: Chapter 1 regards asphalts, Chapter 2 PAHs, and
Chapter 3 ecotoxicity. Chapter 4 describes the experimental procedures. Chapter 5
presents and discusses the results. Chapter 6 shows the limitations of the study and
the needs for future research, while Chapter 7 drawn conclusions.

Keywords: Tar asphalt, Polycyclic Aromatic Hydrocarbons (PAHs), road network,
hazardous waste, Recycled Asphalt Pavement (RAP), ecotoxicity, concrete asphalt,
asphalt, coal tar binder (CTB), coal tar, aquatic ecosystem, bioavailability, freely
dissolved concentration (Ctee), aquatic organism, Toxic Unit (TU), polyoxymethylene
(POM), passive sampling, risk assessment, leaching, Vibrio fisheri, Pseudokirchneriella
Subcapitata, Daphnia magna, ecotoxicity test.



1 Asphalt for road applications

1.1. Concrete asphalt

Concrete asphalt is a material used in road construction, mainly composed by
aggregates (90-95% by weight) and binder (4-6 % by weight), additives are present in
smaller amount (about 3% by weight). The aggregate is the hard inert material
responsible for bearing the main load, providing structural strength. The most
common aggregates are sand, gravel, crushed stone, slag, and rock dust. Additives ca
be added to enhance workability and performance. The binder has the purposes of
holding the components together, creating a protective layer. For this reason, some
level of porosity is advantageous, as it allows aggregates to absorb the binder,
creating a better mechanical linkage. Nowadays, asphalt is widely used as binder. In
some cases, coal tar was used as a binder at 100% or mixed with asphalt, and in this
last case the material is called “tar asphalt” (NAPA and EAPA, 2009; Speight, 2015).

Tar is a byproduct of the destructive distillation (also called pyrolysis, “an
irreversible chemical change caused by the action of heat in the absence of oxygen”
(Vergara and Pimentel, 1978)) of coal, wood, petroleum, peat, and other organic
materials. In the case of tar asphalt, the tar binder is called coal tar because it is
derived from coal. The process decompose coal in a solid char (also called coke) and
a primary gaseous product through a complex physiochemical mechanism. From the
primary gaseous product, tar and gas can be separated through condensation. At
ambient temperature and pressure, some volatiles constituting the primary gaseous
product will indeed be liquids or solids (Richter et al., 2017). The yield of tar in coal
pyrolysis is only 3-5 %, the main products are char (coke) and gas with 90% of coal
pyrolysis intended to produce coke, thus coal tar is not the primary target. Coal tar is
however considered a byproduct only because of the limited yield, not because of
secondary importance. Crude coal tar can indeed be further distilled to produce
aromatic chemicals (Diez and Garcia, 2019), the residue of this process being called
coal tar pitch, as shown in Figure 1.1. Both crude coal tar and coal tar pitch can be
used in concrete asphalt. Coal tar is oily when heated, allowing mixing with
aggregates, and highly viscous liquid or semi-solid at ambient temperature. Its
colour can vary from brown to black (Speight, 2015). The composition of coal tar is
complex and includes compounds with different functionality and wide-ranging
molecular weight. Heterocyclic compounds containing oxygen, nitrogen and sulphur
are present in small amounts, while the main constituents are polycyclic aromatic
hydrocarbons (PAHs) in the one to eight rings range (Kabe et al., 2004).



Asphalt, as shown in Figure 1.1, is a solid or semisolid cementitious residual product
of the distillation of crude petroleum. Distillation starts with the removal of the
lower-boiling fractions at atmospheric pressure; what remains is a reduced material
containing higher-boiling oils, asphalt, and waxes. To further distillate the material, a
vacuum is applied, which allows the removal of oils and waxes. What remains at the
bottom is the asphalt. Further distillation is not possible because the temperatures
required, even under the highest vacuum, would promote the formation of coke.
Since asphalt is the less volatile fraction of a distillation process, it contains large
amounts of high-molecular-weight hydrocarbons and their derivatives. From a
physiochemical point of view, asphalt can be seen as a colloidal dispersion of “high-
molecular-weight aromatic hydro-carbonaceous species (the asphaltene constituents)
dispersed in a continuous phase of lower-molecular-weight oily-resinous (paraffins
and aromatic resins) material called maltenes”. The chemical composition of asphalt
is not fixed as it varies with the crude oil source, the production process and the
types of additives added (Speight, 2015).

Manufactured Bituminous

Materials
PETROLEUM COAL
Distillation Pyrolysis (coking)
Crude coal tar

Distillates Residue Distillation
-Naphta asphalt
-Kerosine
-Gas oil
-Lubricating oils, etc.

Distillates Residue coal

-Light oil (ben;ene, toluene , xylene) tar pitch

-Naphtalene oil

-Creosote

-Anthracene oil, etc.

Figure 1.1: partial classification of manufactured bituminous materials (EPA, 1978). Materials
used for concrete asphalt production are highlighted in blue.

As described at the beginning of the chapter, concrete asphalt is a composite material
where asphalt and/or coal tar are used to bind together the aggregates. Now that the
different origins of the two binders have been discussed, it is possible to understand
how the composition in concrete asphalt varies changing the proportion of the two
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binders. As asphalt is the less volatile fraction of crude oil, compared to coal tar, is
composed by larger proportions of high-molecular-weight hydrocarbons (Speight,
2015). On the other hand, compared to asphalt, coal tar is composed by lower-
molecular weight hydrocarbons, because is a volatile product of coal destructive
distillation. As result of this, the higher the content of coal tar as a binder, the higher
the PAH content in the concrete asphalt.

Asphalt pavement is composed of different layers, which, starting from the most
superficial, are: the surface course (i.e. the layer in direct contact with vehicles), the
base course, the intermediate course and the sub-base course. In deeper layers, the
size of aggregates grows while the binder content decreases. Since the contaminants
are present in the binder, the surface course is the layer of greatest environmental
concern. When it comes to road maintenance, one of the routine interventions is to fix
the damaged surface course; two common options are “asphalt removal and replace”
and “asphalt overlay”. In the first approach, the old asphalt layer is removed before
applying the new one; in the latter, the new layer is applied on the old one. This
explain how it is possible to find layers of asphalt from the past century in roads that
are still in use nowadays.

1.2. Origins, widespread and decline of tar asphalt
roads

With a very long history, asphalt has played diverse roles, functioning as a caulking
agent, a waterproofing medium, and a roadway cement. In today's era, its
predominant use is centred on the construction of roads (Speight, 2015).

The pioneers of sealed roads were Pierre-Marie-Jérome Trésaguet (1716-1796) and
Thomas Telford (1757-1834). Trésaguet created a method for the construction of
higher quality roads during the second half of 18" century. Then, during the first half
of 19% century, Telford had the opportunity to enhance Trésaguet’s method.
However, the contribution of Telford was not sufficient to satisfy the growing needs
of extended travels. This was achieved by John Loudon McAdam (1756-1836) who
invented the “Macadam Road”, in the 1820s. Telford roads had a base layer of large
paving stones, while McAdam realized that a 25 cm base layer of crushed stones
could provide the same strength and stiffness with better running surface and
drainage. McAdam was the first who understood the potential of natural
interlocking between smashed stones for road applications, a principle still used in
modern highways (Lay, 1992). Although the Macadam roads constituted an
important technological advance, they were prone to rutting and to generate dust.
Thus, around 1834, John Henry Cassel improved road building by using a base layer
of tar, a middle layer of McAdam’s material and a mixture of tar and stone as surface



layer (Baker, 2018). However, the use of tar asphalt spread only with the advent of
motor vehicles, in the beginning of the 20* century. Edgar Hooley (1860-1942)
understood the potential of tar asphalt in the road industry and by 1902 patented the
process of “heating tar, adding slag to the mix and then breaking stones within the
mixture to form a smooth road surface” (BBC, 2014; Baker, 2018). This type of road
was called Tarmacadam because it is the result of mixing the Macadam material
(aggregate) with tar binder. Mixing crushed stones with a binder is still the
predominant technology in road making nowadays.

Although Tarmacadam roads are at the base of modern infrastructures development,
the coal tar is not an ideal binder because since it is rich in asphaltene and poor in
maltenes, presents low ductility, and high temperature susceptibility. Some efforts
have been done to enhance tar asphalt performances with additives (Yan, 1986), but
its performances were not consistent with roadways development of the last decades.
Moreover, with the increasing petroleum production and the replacement of town
gas! with natural gas, petroleum asphalt become gradually more available than coal
tar. For these reasons, coal tar started decline in the second half of the 20" (EPA, 1978;
Speight, 2015). The decline was more related to availability and economic factors.
Environmental and human health aspects were not the primary cause of the decline
of tar asphalt, but subsequently contributed to its limitation since regulations were
introduced. Nowadays, petroleum-based asphalt had completely replaced tar in road
applications (Speight, 2015).

In Europe and in the U.S., more than 90 % of the roads are paved with concrete
asphalt, also parking lots and airports are mainly asphalt-paved. Coal tar was
diffused as a binder in Europe, Southern Africa, Australia, and the U.S., but in
different proportions according to its availability and deriving economic factors,
which also influenced its decline. For example, in the U.S., coal tar was not widely
diffused because less available than asphalt, and its decline started early, just after
the Second World War. Its use was very limited after 1965 (1-2% of the total binder’s
market). In South Africa coal tar was more available and cheaper, so more diffused
than asphalt and accounted for 25% of the total market in 1970, year after which its
use declined significantly. Decline of coal tar in Australia started in the late 1960s.

In Europe, the situation was less uniform. The Scandinavian countries were the first
to replace coal tar with asphalt, in Sweden it was in use until 1974. In other European
countries more recent layers of tar asphalt on the roads were used, such as in the UK
and Czech Republic where coal tar was used until 1999 (NAPA and EAPA, 2009).

" Town gas was a particular type of gas produced through coal destructive distillation. During the first half of 20™ century, gas was
mainly produced from coal through pyrolysis; thus, coal tar was available in large quantities and its use in road making was also a
matter of increasing its commercial value. However, since the mid-to-late 20" century, natural gas started to substitute town gas,
significantly reducing the availability of coal tar.



Table 1.1 reports the European countries where coal tar was used and until which
year.

Table 1.1: use of tar asphalt in European countries (NAPA and EAPA, 2009).

Country Tar asphalt in use until
UK & Czech Republic 1999
Germany 1995
Belgium 1992
Netherlands 1991
Slovakia 1980
Turkey 1979
Denmark 1975
Sweden 1974
France 1970
Finland 1960s
Norway 1960

Because of their similarities, asphalt and tar were used with little distinction in the
past, sometimes mixing them together in the same binder (NAPA and EAPA, 2009;
Speight, 2015); thus, today it is difficult to know where the tar asphalt was used.
Moreover, there is a lack in documentation from the European Union (EU) or other
association within EU providing statistics about tar asphalt presence on the roads.
Some estimates were found for single states:

e United Kingdom - 200-400 million tons of coal tar used on roads and
pavements (ALS UK, 2022).

e Sweden - 20 million tons still in the national road network and millions of tons
in urban streets (Andersson-Skold et al., 2007).

e Netherlands - approximately 300.000 tons of coal tar used in road construction
between 1963 and 1991; 25% of the Netherlands’ roads still contain coal tar
(Ahrens and Depree, 2010).

Despite these numbers are not sufficient to fully understand the extension of the
problem, from the available data is understandable that tar asphalt in Europe is still
present in large amounts in public roads. Since coal tar is mainly composed by PAHs
(Diez and Garcia, 2019), tons of these chemicals are present in European roads. The
lack of knowledge about tar asphalt widespread is something that should be filled
with more research and investigation from public authorities.



1.3. Coal tar composition

Coal tar is an organic material with extremally complex composition; it is believed to
be constituted by more than 10000 compounds, only about 500 of which have already
been classified (Sun et al., 2018). Due to its complex composition, research present in
literature highlights different features of coal tar. Gas chromatography/mass
spectrometry (GC/MS) analysis is ideal for analysing the distillable fraction of tar
(Diez and Garcia, 2019), but cannot give accurate results of the low boiling point
compounds in crude coal tar (Jiang et al, 2007) and much less is known about

composition of coal tar pitch compared to the distillable fraction of crude coal tar
(IARC, 2012).

Coal tar is almost exclusively composed by aromatic compounds, that can be
classified as:

1) Monoaromatic compounds (MACs), e.g. the BTX (benzene, toluene, xylene)
fraction.
2) Polycyclic aromatic compounds (PACs):
e DPolycyclic aromatic hydrocarbons (PAHs), composed by C and H.
e Heterocyclic PACs, where at least one backbone atom is replaced by an
heteroatom (N, O, S).
e Non-fused or non-condensed aromatic compounds, where benzene
rings are linked together in a chainlike manner.
e Partially saturated PAHs, e.g. tetralin.
e Hydrocarbons with aromatic properties but that do not include
benzene rings, e.g. azulene and annulene.

PAHSs can constitute up to the 90% of a high-temperature tar. The main PAHs found
in coal tar are: naphthalene, phenanthrene, fluoranthene, pyrene, acenaphthylene,
anthracene, indene, I1-methylnaphthalene, 2-methylnaphthalene, carbazole,
dibenzofuran, quinoline, isoquinoline. PACs like phenol and o/m/p-cresols are main
component too. PACs are mainly found in coal tar in the 2 to 7 ring range. The
proportions of these compounds in coal tar are influenced by many different
parameters related to the coking coal, the coking process (e.g. temperature), gas
collection and tar recovery process (Diez and Garcia, 2019). In addition to that, also
the stability discussed in Chapter 2.1 plays a role in PAHs proportion, enhancing the
most stable compounds. Even if knowing the production parameters allows
predictions on the coal tar composition, when the material is found in old roads,
production conditions are unknown.



1.4. Recycling and legislation

Health and environmental issues were not the primary cause of tar asphalt decline,
but nowadays many legislations restrict the use of carcinogenic PAHs in concrete
asphalt. As these restrictions arise, there is the growing need for more sustainable
concrete asphalt, that could be addressed improving circularity. Recycled asphalt
pavement (RAP) is produced by including old, crushed asphalt in the new asphalt
mixture. Old material comes from the “asphalt removal and replace” practice or from
less routinary maintenance to roads that were subjected to “asphalt overlay”
(Chapter 1.1). The use of RAP is increasing as local, state, and federal transportation
agencies are trying to address a more efficient use of natural non-renewable
resources. This trend has not started in recent years but has roots in the energy crises
of the 1970’s. These crises highlighted the importance of preserving natural
resources. Consequently, from that time, there has been a growing utilization of RAP
in the composition of both base and surface layers of roadways. Concrete asphalt is
nowadays’ most recycled material in U.S., more than paper, aluminium cans or glass,
with more than 70 million tons recycled each year (Virginia Asphalt Association,
2023; Speight, 2015).

The European Waste Catalogue (EWC), according to the European Environment
Agency, is a “hierarchical list of waste descriptions established by Commission
decision 2000/532/EC2”. The Decision 2000/532/EC2 was amended in 2001 by the
Decision 2001/118/EC that is still in force. EWC classifies coal tar, tarred products and
bituminous mixtures containing coal tar from destruction and demolition waste as
hazardous waste, where the term “hazardous waste” is defined by the Waste
Framework Directive (WFD) 2008/98/EC. On the other hand, bituminous mixtures
not containing coal tar, such as new asphalt pavements, are not hazardous wastes.
According to the WFD, “Member States should encourage the separation of
hazardous compounds from waste streams if necessary to achieve environmentally
sound management”. Legislations at the national level typically prohibit the
inclusion of coal tar asphalts in the recycled mixtures (Speight, 2015). Asphalt
containing a concentration 0.1 % (or 21000 mg/kg) by weight of coal tar is classified
as hazardous waste and cannot be recycled. In line with the CLP (Classification,
Labelling and Packaging) regulation (CE) n. 1272/2008, benzo(a)pyrene can be used
as a marker compound. Waste must be considered hazardous when the
concentration of benzo(a)pyrene exceeds 50 mg/kg. In addition to this, European
Regulation on Shipment of Waste considers asphalt with >50 mg/kg benzo(a)pyrene
as potential risk, therefore, when transported internationally, a more extensive
administrative procedure is required. New asphalt mixtures contain only few
mgrans/kg, so transportation and recycling of RAP is a common practice nowadays
(FIR, 2024). However, old tar asphalts can easily exceed 5000 mgpans/kg, so recycling
is prohibited. The hazardous waste should be excluded by recycling if an
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environmentally sound management cannot be achieved (WFD, 2008); however, the
extent of negative environmental impacts of subsurface tar asphalt, as well as the
risks of recycling or retaining tar asphalt in the road system, are relatively unknown
(Kumpiene et al., 2021). This poorly understood risk of PAHs contamination cannot
be underestimated and it is provident to have protective legislations. However, also
the non-recycling of tar asphalt creates some environmental issues, mainly due to its
disposal in landfills and the related risks. For completeness, it is reported that
landfilling of coal tar asphalt or the creation of RAP containing crushed coal tar
asphalt are not the only two possible scenarios. There are technologies that allows to
remediate the coal tar asphalt before recycling. Such technologies include
stabilization (Depree and Frobel, 2009) and thermal treatment (Bolk and Zwan, 2000).

11



2 PAHs in the coal tar context

2.1. Structure of PAHs

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic compounds,
composed by 2 or more fused aromatic rings. Since PAHs belong to the family of
hydrocarbons, heteroatoms are not present. PAHs are solids with low volatility and
poor water-solubility at room temperature. They can be photo-oxidized and
degraded to simpler substances. PAHs are classified according to:

1) Molecular arrangement of rings
e Cata-condensed
o Branched or angular
o Non-branched or linear
e Peri condensed
2) Types of rings
e Alternant
e Non-alternant
3) Molecular weight (MW)
e Low MW
e High MW
4) Presence of side groups
e Parent PAHs
e Alkyl homologs

Cata-condensed PAHs present a non-cyclical graph (i.e. the lines connecting the
aromatic ring centres). If the aromatic rings are arranged in a straight line, the cata-
condensed PAH is called linear (Figure 2.2), otherwise is branched (Figure 2.1). Peri-
condensed PAHs present a cyclical graph (Figure 2.3); in this class of molecules at
least one C atom is shared in three aromatic rings.

Alternant PAHs are formed exclusively by six membered rings while non-alternant
contains at least one ring which is not formed by six carbon atoms, usually a five-
carbon ring. In non-alternant PAHs, an asymmetric charge distribution is created.
Acenaphthene (Figure 2.4) is an example of non-alternat PAH (Diez and Garcia,
2019).
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Figure 2.1: cata-condensed branched Figure 2.2: cata-condensed linear Anthracene
Triphenylene
Figure 2.3: peri-condensed Pyrene. Figure 2.4: non-alternant Acenaphthene.

Low MW PAHs are constituted by up to 4 aromatic rings, the others are considered
high MW PAHs. PAHs without side groups on benzene rings are called “parent
PAHs”. For each parent PAH, some alkylated homologous may exist, sometimes
even dozens. Alkylated homologs present the ring structure of the parent, but an
alkyl side group (of variable length and structure) is also present. Alkylated PAHs
presenting up to 4 aromatic rings should be considered of low MW, according to the
classification; however, because of the side group, sometimes they have higher MW
than the corresponding parent homologous.

PAHs water solubility is assessed through the “octanol-water” (Kow) and “organic
carbon-water” (Ko) distribution coefficients. These parameters are molecule-
dependent and reflect the partitioning of a molecule between octanol and water, and
organic carbon and water. Both octanol and organic carbon represent the apolar
matrices. High Koc and Kow means high hydrophobicity of the contaminants, leading
to lower Crre at equilibrium. Compounds with log(Kow) greater that 2 are considered
lipid-soluble. PAHs are considered compounds of poor water solubility as they
present log(Kow) values always greater than 2. However, within the PAHs family,
compounds have different solubility, as a high molecular weight lead to higher
log(Kow) values. Thus, in some cases, low MW alkylated PAHs can present water
solubility of the same order of magnitude of high MW parent PAHs (Sahu and
Pandit, 2003; Meador, 2008)
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The stability or reactivity of PAHs is an important aspect since the more stable
compounds have greater probability to be found in the environment. Non-alternant
PAHs shows very high reactivity. In alternant PAHs, the greater the branching or the
angularity, the greater the stability. In branched systems, greater size is associated
with greater stability. Greater linearity is associated with more reactivity. In this case,
increasing size leads to more reactivity. The specific resonance energy indeed
decreases with an increasing number of rings in cata-condensed linear PAHs, leading
to reduced chemical stability. Peri-condensed PAHs tend to become increasingly
stable with increasing size (Diez and Garcia, 2019).

2.2. EPA’s 16-PAHs

There are about 100 PAHs that have been identified and studied (WHO, 2010) and
thousands more are believed to exist (Wisconsin Department of Health Services,
2022). Despite these numbers, it is common practice to measure the presence of only
16 PAHSs, represented in Figure 2.5. These 16 compounds are in the list of priority
pollutants of the Environmental Protection Agency (EPA). According to EPA,
“priority pollutants are a set of chemical pollutants we regulate, and for which we
have developed analytical test methods”. However, this list has not been updated
from its creation in 1977, when analytical capabilities were poor compared to
nowadays. At that time, these 16 compounds were selected based on knowledge of
their relative toxicity, abundance, chance of exposure, and levels in the
environmental samples (Samburova et al., 2017). Nowadays EPA considers a wider
range of compounds and the priority list above mentioned is provided only as a
reference. When only a limited set of parent PAH compounds are considered, the
bioaccumulation and toxicity potentials can be severely underestimated (Meador,
2008). However, analysing only these 16 PAHs is still the most popular approach in
the contemporary ecotoxicology scientific community, even if modern technology
would allow the analysis of a larger number of compounds simultaneously
(Samburova et al., 2017).
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Figure 2.5: Structure formulas of the 16 priority PAHs according to US EPA (Mastanjevic et
al.; 2020)
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2.3. Persistence of PAHs in the environment

Biodegradation and photodegradation are two major mechanisms of PAHs
breakdown in the environment. Biodegradation has been briefly presented in the
previous chapter, and it is related to the capability of many species to metabolize
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PAHs. In addition to that, many PAHs have the capability to absorb solar radiation,
potentially enabling direct photodegradation. The breakdown process might be
intensified in natural waters because of interactions with compounds generated
through photochemical reactions involving chromophoric dissolved organic matter
or other elements present in natural waters. Furthermore, the attachment of certain
PAHs to dissolved organic matter can enhance or inhibit PAHs photodegradation
(Fasnacht and Blough, 2002). Ten PAHs were subjected to UV-B radiation in different
temperature conditions by Nadal et al. (2006); the result was that increasing
temperature and increasing UV radiation exposition acted in a synergistic way on
degradation. Heavy PAHs (MW > 202 AMU) did not show a reduction in
concentration due to increased temperature and UV exposure, suggesting that high
MW PAHs are more resistant to degradation and more persistent in the
environment.

Many variables, such as light exposition, hydroxyl radical levels and microbial
community composition (for biodegradation), collectively influence the decay rate of
PAHs. Hence, it is impossible (and misleading) to associate a single half-life value to
a substance (Mackay et al., 2006). However, PAHs can be divided in classes of mean
half-lives, reported in Table 2.1 and 2.2. There is a big variability in half-lives of
different PAHs and between half-lives of the same PAH in different environmental
compartments. PAHs are generally considered stable and recalcitrant in the
environment, but their half-lives can vary from 1 week to several years, depending
on the molecule and the environment.

Table 2.1: half-life classes (Mackay et al., 2006).

Class | Mean half-life (hours) Range (hours)
1 5 <10

2 17 (~1 day) 10-30

3 55 (~2 days) 30-100

4 170 (~ 1 week) 100-300

5 550 (~ 3 weeks) 300-1,000

6 1700 (~ 2 months) 1000-3000

7 5500 (~8 months) 3000-10000

8 17000 (~2 years) 10000-30000

9 55000 (~6 years) > 30,000
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Table 2.2: suggested half-life classes of PAHs in various environment compartments at 25°C

(Mackay et al., 2006).

Compound Water | Soil | Sediment
Naphthalene 4 6 7
1-Methyl-Naphthalene 4 6 7
2,3-Dimethy1-Naphthalene 4 6 7
1-Ethyl-Naphthalene 4 6 7
1,4,5-Trimethyl-Naphthalene 4 6 7
Acenaphthene 5 7 8
Fluorene 5 7 8
Phenanthrene 5 7 8
Anthracene 5 7 8
Pyrene 6 8 9
Fluoranthene 6 8 9
Chrysene 6 8 9
Benz[a]anthracene 6 8 9
Benzo[k]fluoranthene 6 8 9
Benzo[a]pyrene 6 8 9
Perylene 6 8 9
Dibenz[a,h]anthracene 6 8 9

2.4. The freely dissolved concentration

The conventional method to determine Ctee at equilibrium of hydrophobic organic
compounds (HOCs), such as PAHs, relies on equilibrium partitioning models. The
principle behind these models is that contaminants tend to distribute between the
different phases (solid particles, pore water, and interstitial gas) until an equilibrium
is reached. At equilibrium, the concentration of a contaminant between two different
phases remains constant and the ratio between the two is called equilibrium constant
or distribution coefficient. The equilibrium constant can be defined between soil
organic carbon and water (Ko.) and between the soil and water (Kb). Sorption of
organic contaminants on soil solid phase is strongly affected by the presence of
natural organic matter (NOM), which is traditionally expressed in terms of fraction
of organic carbon (foc). For this reason, Ko, a distribution coefficient referred to the
amount of NOM, is generally used for the calculation of Ko (Arp et al., 2009).

KD - Koc foc (2'1)

Standard Koc values are assumed to be constant for individual PAHSs, thus, the same
value is applied to all sediments. These Koc values are generally used for modelling
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and predictive investigations. Measured Kb values can be substantially higher than
the calculated ones. For this reason, effective water concentrations of PAHs are often
lower than those predicted using equilibrium partitioning models with standard Koc
values. Hawthorne et al. (2006) have indeed found that the majority of the measured
Ko from the field were significantly higher than the standard ones, suggesting
greater affinity between the contaminant and the solid phase of the soil. They also
have declared that their results were in accordance with an increasing number of
reviewed reports. This difference between standard and site-specific Ko values is
because in soils are present a variety of carbon types having different sorption
affinities for PAHs. This leads to different mobility and partitioning for a compound
between the solid and the liquid phase in soils having the same fo.. Always according
to Hawthorne et al. (2006), “the use of a single Koc value to predict the behaviour of a
particular PAH is not sufficiently accurate for the range of sediments and PAH
partitioning behaviours that actually exist in field sediment sites”. In conclusion,
since the site-specific Koc values are higher than the standard ones, the contaminants
tendency to stay in the solid phase is greater compared to the expected, leading to
lower concentrations in the liquid phase found in the field porewater.

To overcome the inaccuracy of the partitioning models, some different strategies
have been developed. There are some practical limitations to be considered, the most
important of which regards the difficulty in the extraction of large amounts of soil
pore water from the soil for chemical analyses; so alternative methods should be
used for small volumes of liquid phase to be sufficient. Another important aspect is
that HOCs can be bound to dissolved organic carbon and to the colloids present in
water; therefore, the alternative methods should be able to distinguish the HOCs that
are freely dissolved from those bounded to dissolved organic matter. This aspect is
difficult to overcome with solvent extraction methods. Methods based on pore water
separation from the sediment and solid-phase microextraction have been developed
to replace solvent extraction methods; however, though these methods can reach
detection limits in the order of ng/L, lower detection limits are often required.
Another alternative is the use of passive samplers, which is the approach used in this
study. Passive sampling can be used to assess the Cwee of HOCs, by using
polydimethylsiloxane (PDMYS), low-density  polyethylene (LDPE) or
polyoxymethylene (POM). This method is called “passive sampling”, because is
based on an indirect estimation of Ctee. Since PDSM, LDPE and POM are able to sorb
PAHs reaching an equilibrium, and the equilibrium constants are known, is possible
to indirectly determine Cte. once PAHSs content in the polymers is known. In addition
to the constants, also the time required by the polymer to reach equilibrium is
known. Despite being expensive, PAHs content analysis in the polymers can be
delegated to external laboratories once the required time to reach the equilibrium has
passed. Detection limits for freely dissolved PAHs using passive sampling range
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from approximately 1 ng/L, for the 2-ring PAH naphthalene, down to less than 1
pg/L for 5 and 6-ring PAHs (Hawthorne et al., 2011).

2.5. Guideline values

Guideline values, for the purposes of this research, can be classified in two families
according to the environmental matrix they refer to. Those related to sediments are
called Sediment Quality Guidelines (SQGs), while those related to water are Water
Quality Guidelines (WQGs). Both WQGs and SQGs have been proposed by many
studies and authorities, but these values are often very different from each other.
Swartz (1998) exposed the “mixture paradox” that lies in the fact that a SQG obtained
in laboratory through spiked-sediment experiments will underestimate ecological
effects in the field, because of the effects resulting from the exposure to a mixture of
PAHs. At the same time, a SQG derived in laboratory through the correlation of
ecotoxicological effects and the concentration of a mixture of PAHs in the sediment
will overestimate the effects of a single compound in the environment. For this
reason, the author states that “guidelines for individual PAHs seem inappropriate
regardless of whether they are derived from correlative, experimental, or theoretical
methods” and that instead “it seems reasonable to define the guideline in the mixture
context”. The author does not investigate the mixture paradox for WQGs, but
changing the matrix from sediment to water should not affect the paradox. There are
hundreds of different PAHSs, so guideline values cannot realistically be set in terms of
total PAH content. However, PAHs on the EPA priority list can be considered a solid
starting point.

Swartz (1998) proposed to overcome the mixture paradox by calculating the total
content of PAHs. Three values were obtained as a mean of SQGs divided in three
cluster, originally intended to represent threshold, median and extreme effect
concentrations, respectively named TEC, MEC, EEC. Results gave the following
guideline values: TEC = 290 ug/g organic carbon (OC); MEC = 1800 ug/g OC; EEC =
10000 pg/g OC. TEC is the most useful GV because below it, PAHs mixtures are
unlikely to cause adverse effects on benthic ecosystems. The EEC is informative too,
because some kind of adverse effects are observed above this concentration;
however, such a level of contamination is almost never reached. Between the TEC
and the EEC, different levels of sediment contamination exhibit adverse effects
proportional to the PAH concentration. The MEC is just a middle point in between
the TEC and the EEC, so it is not informative and should not be used for assessing
whether contamination levels are critical or not.

No study in literature was found presenting consensus WQGs. However, the
European Union set some WQGs with the 2013/39/EU Directive called
“Environmental Quality Standards” (EQS) for those 8 PAHs identified as priority

19



hazardous substances by the Water Framework Directive (2000/60/EC). The
2013/39/EU Directive sets EQS for those priority PAHs as shown in Table 2.3. Despite
being termed "guideline values," EQS possess a significant legislative power within
the EU framework. They are incorporated into various legislative instruments, such
as directives and regulations, which are legally binding upon Member States. As can
be noticed, these guideline values are referred to single PAHs, so they are affected by

the previously discussed issues (Pandolfo et al., 2023; Directive 2013/39/EU, 2013).

Table 2.3: EQS for PAHs. AA = annual average, MAC = maximum allowable concentration
(2013/39/EU Directive).

Substance name AA-EQS MAC-EQS MAC-EQS EQS
Surface Waters | Inland Other Surface | Biota
(ng/L) Surface Waters (ug/L) | (ug/kg)
Waters (ug/L)
Anthracene 0,1 0.1 0.1
Benzo(a)pyrene 1.7 x 10+ 0.27 0.027 5
Benzo(b)fluoranthene | * 0.017 0.017 *
Benzo(g,h,i)perylene * 8.2 x 107 8.2x10* *
Benzo(k)fluoranthene | * 0.017 0.017 *
Fluoranthene 0.0063 0.12 0.12 30
Indeno(1,2,3- * Not Not *
cd)pyrene applicable** applicable**
Naphthalene 2 130 130

*For the group of priority substances in PAHs, the biota EQS and corresponding AA-EQS in water
refer to the concentration of benzo(a)pyrene, on the toxicity of which they are based. Benzo(a)pyrene
can be considered as a marker for the other PAHs, hence only benzo(a)pyrene needs to be monitored
for comparison with the biota EQS or the corresponding AA-EQS in water.

**Where the MAC-EQS are marked as “not applicable”, the AA-EQS values are considered protective
against short-term pollution peaks in continuous discharges as they are significantly lower than the
acute toxicity-based values.

A detailed report on ecotoxicity data for PAHs was performed by Verbruggen (2012)
for the Netherlands” Ministry of Infrastructure and Environment (nowadays called
Ministry of Infrastructure and Water Management). In the report, maximum
allowable concentrations (MACs), maximum permissible concentrations (MPCs) and
serious risk concentrations (SRCs) for ecosystems for the 16 EPA PAHs were derived
from a review of previous research:

e Maximum Acceptable Concentration (MACew) is the concentration protecting
aquatic ecosystems from effects due to short-term exposure or concentration
peaks.

e Serious Risk Concentration (SRCew) is the concentration at which serious
ecotoxicological effects are expected.
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e Maximum permissible concentration (MPC) is the concentration in an
environmental compartment at which no negative effect for the ecosystem and
humans is to be expected.

MAC concentrations  were not derived for  Benzo[k]fluoranthene,
Benzo[b]fluoranthene and Indeno[1,2,3-cd] pyrene. MACs were derived for
freshwater and marine ecosystems. MPCs were derived for aquatic and marine
ecosystems, and specific values were derived for sediment, marine sediment and soil.
SRCs were derived for freshwater ecosystems, and specific values for sediment and
soil. Values are reported in Table 2.4, 2.5 and 2.6. These values are not GVs
themselves, but they pose the scientific basis EQS can be based on.

Table 2.4: MPCs values for PAHs. Concentrations in water are in pg/L, concentrations in soil
and sediment in mg/kgadw standard soit/sed cOntaining 10% organic matter (Verbruggen, 2012).

Compound MPCeo, | MPCeco, | MPCeco, | MPCeco, | MPCeco,
water marine sediment marine soil
ecosystem sediment
Naphthalene 2.0 2.0 0.16 0.16 0.69
Acenaphthylene 1.3 0.13 0.17 0.017 0.17
Acenaphthene 3.8 0.38 0.97 0.10 0.68
Fluorene 1.5 0.30 0.83 0.17 1.6
Phenanthrene 1.1 1.1 0.78 0.78 3.6
Anthracene 0.10 0.10 0.047 0.0047 | 0.34
Pyrene 0.023 0.023 1.67 0.84 1.8
Fluoranthene 0.12 0.12 4.11 4.11 4.8
Chrysene 0.070 0.0070 1.64 0.16 1.6
Benz[a]anthracene 0.012 0.0012 0.35 0.04 0.19
Benzol[k]fluoranthene | 0.017 0.017 0.79 0.79 0.79
Benzol[b]fluoranthene | 0.017 0.017 0.79 0.79 0.79
Benzo[a]pyrene 0.010 0.010 0.49 0.49 0.16
Benzo[ghi]perylene 0.0082 | 0.00082 |0.49 0.049 0.49
Dibenz[a,h]anthracene | 0.0014 | 0.00014 0.18 0.018 0.18
Indeno(1,2,3-cd]pyrene | 0.0027 | 0.00027 | 0.38 0.038 0.38
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Table 2.5: MACs values for PAHs in ug/L (Verbruggen, 2012).

Compound MACeco, water | MACeco, marine
ecosystem
Naphthalene 130 130
Acenaphthylene 33 3.3
Acenaphthene 3.8 0.76
Fluorene 34 6.8
Phenanthrene 6.7 6.7
Anthracene 0.10 0.10
Pyrene 0.023 0.023
Fluoranthene 0.12 0.12
Chrysene 0.070 0.0070
Benz[a]anthracene 0.10 0.010
Benzo[k]fluoranthene - -
Benzo[b]fluoranthene - -
Benzo[a]pyrene 0.010 0.010
Benzo[ghi]perylene 0.0082 0.00082
Dibenz[a,h]anthracene 0.014 0.0014

Indeno[1,2,3-cd]pyrene - -

Table 2.6: SRCs values for PAHs. Concentrations in water are in pg/L, concentrations in soil
and sediment in mg/kgdw standard soiised containing 10% organic matter (Verbruggen, 2012).

Compound SRCeco, water | SRCecossediment | SRCleco, soil
Naphthalene 518 42 14
Acenaphthylene 72 9.5 9.4
Acenaphthene 102 31 31
Fluorene 117 64 82
Phenanthrene 43 63 90
Anthracene 4.2 3.2 60
Pyrene 4.2 136 53
Fluoranthene 12 96 309
Chrysene 1.6 38 38
Benz[a]anthracene 3.1 91 91
Benzo[k]fluoranthene 0.93 44 44
Benzo[b]fluoranthene 1.3 62 62
Benzo[a]pyrene 0.87 42 76
Benzo[ghi]perylene 0.16 10 10
Dibenz[a,h]anthracene 0.14 18 18
Indeno[1,2,3-cd]pyrene 0.64 89 89
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In addition to EU and the Netherlands, authorities of different states set WQGs for
PAHs in British Columbia, Canada (Canadian Council of Ministers of the
Environment); Michigan (Michigan Department of Environment, Great Lakes and
Energy, Water Resources Division) (Tillmanns et al., 2023).
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3 Ecotoxicity

3.1. Bioavailability

Bioavailability is a concept that originates from the fact that the toxic response of
organisms is given only due to a fraction of the total amount of contaminants present
in the environment (Anderson and Hillwalker, 2008). Sediment-bound or asphalt-
bound contaminants generally present low harmfulness, but in case they enter the
porewater phase they become bioavailable to organisms. In some contexts, especially
pharmacology, bioavailability not only includes the exposure, but also the
observation of an effect, and can be defined as “the degree to which the compound is
free to be taken up and to cause an effect”. In such field, toxicodynamic is taken in
consideration too. However, in ecotoxicology, the situation where the organisms
uptake contaminants without showing effects can be of primary concern too. This
because of potential bioaccumulation and predatory-prey interactions in food webs
(Newman, 2015). In this thesis, bioavailability is only related to exposure, and it does
not include the toxicodynamic, the uptake or the effects. Thus, bioavailability is
considered as “the extent to which a contaminant in a source is free for uptake”
(Newman, 2015). In terms of water concentration, the bioavailable fraction of PAHs
is named “freely dissolved concentration” (Csee), and it refers to PAHs dissolved in
water without being sorbed on dissolved organic matter. This simplified definition of
bioavailability is suitable for studies designed to assess responses caused by
exposure to water concentrations, excluding dietary input, or sediment/soil exposure.

3.2. Ecotoxicological testing

Ecotoxicity tests (also called bioassays) are performed to predict the potential effects
of the bioavailable fraction of a contaminant, a mixture of contaminants or a whole
environmental sample on living organisms. The tests involve the exposure of
organisms to different concentrations of contaminant(s) under standardized
experimental conditions, for a defined period. The effects caused by the
contaminant(s), also called response, are measured using different endpoints, that is
a specific measurable response or effect observed in an organism or population, such
as gene expression induction or repression, enzyme inhibition, DNA damage,
growth or reproduction inhibition, death, behavioural changes, etc. The result of
ecotoxicological tests is a relation linking the dose or the concentration of
contaminant(s) to the observed effects on the test organisms. Some meaningful
quantities can be directly or indirectly obtained from the curve:
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e NOEC (No-Observed-Effect Concentration) is the highest concentration that
has no measurable effects on the tested organisms;

e LOEC (Lowest-Observed-Effect Concentration) is the lowest concentration
with statistically significant effects (at least 5% of the population affected);

e ECx (effective concentration) is the concentration (e.g. mgcontaminant/L) that
affects the X% of the tested population. The most common ECx are the ECso
and ECio;

e EDx (effective dose) is the dose (e.g. mgcontaminant / Kgbody weight / d) at which X% of
the population of the tested organisms is expected to show a response. The
most common EDx are the EDso and ED1. Dose is given all at once;

e LCx (lethal concentration) is used when the endpoint is mortality and X% is
the percentage of the affected population;

e LDx (lethal dose) is analogous to LCx but refers to the dose instead of
concentration.

A representation of the response curve, with its typical sigmoidal shape, is shown in
Figure 3.1. The black points on the curve are the results of the ecotoxicological tests,
while the red one is what can be extrapolated from the curve, in the example the ECso
or LCso (in case the response is mortality) (Viegas, 2021). The response curve must be
based on cause-effect linkage to a single variable, which is much different from
incidental linkage or linkage to more variables. The assumptions behind the response
curve are that a specific observed response is caused by the substance the population
have been exposed to and the specific response can be properly measured. In
addition to this, the magnitude of the response is related to the magnitude of the
dose or concentration to which organisms are subjected.
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Figure 3.1: typical response curve.
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Data generated by response tests to toxic pollutants follow a normal distribution,
with a bell-shaped frequency-response graph (Figure 3.2) and a sigmoidal
cumulative frequence-response graph (Figure 3.3). The Gaussian distribution
represents the fact that most of the organisms show response to a certain
concentration (i.e. the mean of the distribution, ECs or LCso), while less and less
organisms give a higher or lower response as the concentration gets higher or lower
compared to the mean. This reflects into the cumulative frequence-response graph
being sigmoidal, with maximum steepness around the concentration at which the
mean response occurs (i.e. ECsoor LCs), and a ceiling effect as the concentration gets
higher, as can be observed in Figure 3.3. The steeper the cumulative frequency-
response graph around the ECso or LCso, the smaller the variance of the Gaussian
distribution. The greater the ECx, LCx, LOEC, NOEC, the smaller the pollutant
toxicity (Hughes, 2005).
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Figure 3.2: normal or Gaussian frequency- Figure 3.3: cumulative frequence response
response curve to toxic pollutants (Hughes,  from the distribution in Figure 3.2 (Hughes,
2005). 2005).

At the turn of the 21t century, there was the need to develop simpler, faster and cost-
effective ecotoxicity testing. The traditional method of testing involves the use of
higher organisms (e.g. fish or invertebrates), and the drawbacks are that this is not
time-effective, it is expensive, it requires specialized equipment and operator skills,
and ethical issues might arise. For these reasons, and because of the principle of the
3Rs (replacement, reduction and refinement of vertebrate animal testing), pursued by
the European Union with the DIRECTIVE 2010/63/EU (2010), ecotoxicity testing
using microorganisms is recommended. Ecotoxicity tests with microorganisms are
indeed less expensive, easier to be implemented, faster and miniaturized (i.e.
performed with smaller samples). The use of microorganisms does not provide less
informative results from an ecotoxicological point of view. In fact, many
microorganisms play important roles in ecosystems, such as primary algae
producers, organic matter decomposers and nutrient cycling actors. Microorganisms
are important not only at the ecosystem scale but also in higher organisms (animals,
humans and plants), as they provide the microbiota. “The detrimental effects of
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environmental contaminants and other types of pollution on microbes can thus
considerably impact higher trophic levels and eventually the Earth Biosphere”. Test
procedures should follow standard methods and international guidelines, such as
those provided by the Organization for Economic Cooperation and Development
(OECD), the International Organization for Standardization (ISO), and the European
Chemical Agency (ECHA) (Viegas, 2021).

Toxic potency is “the relative concentration of contaminants to reach a specific level
of effect on a given biological endpoint” (Wu et al., 2022). Either acute or chronic
measures can be endpoints to assess toxicity, such as lethality or inhibition of
reproduction.

Toxic Unit (TU) is defined as the ratio between the concentration of a component in a
mixture and its toxic endpoint (European Commission, 2011). TUs are obtained
normalizing the concentration of a substance in a mixture with respect to its ECx,
LCx, NOEC or LOEC. For example, in case the normalization is done with respect to
the ECx:

_ Cfree

TU J
ECy

(3.1)

where Cee is the freely dissolved concentration of a contaminant. Thus, TU=1
corresponds to the concentration of a contaminant causing effects on X% of the
population. TU approach makes chemicals with different toxicity comparable, so that
the “TU of a mixture is the sum of the TUs of individual chemicals” (European
Commission, 2011).

3.2.1. Inhibition of bioluminescence

Vibrio fischeri are non-pathogenic, marine, luminescent bacteria (Bond and Martin,
2005). In natural environment they live in symbiosis with squid species. Vibrio fischeri
produces bioluminescence as a life-saving strategy for squids, as it camouflages them
from predators in starry night sky or moonlight (Martinez-Romero et al., 2022). This
test organism is largely used in ecotoxicological tests as it is sensitive to a wide range
of toxicants, and it is usually supplied in a standard freeze-dried (lyophilized) state.
This state allows to maintain the sensitivity and stability of the organism (Bond and
Martin, 2005).

The duration of this test, compared to inhibition of algae growth (72 hours) and
Daphnia reproduction (21 days) tests, is much lower. Thus, this test is indicated to
assess acute rather than chronic toxicity. Inhibition of bioluminescence is an indicator
of much lower ecological relevance compared to inhibition of growth and
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reproduction assessed through P. subcapitata and Daphnia magna. However, the test is
fast and relatively cheap and for these reasons widely used.

The test consists into revitalizing the freeze-dried bacteria with water, creating the so
called “stock solution”. The stock solution is then mixed with a salty solution, to
create the “test suspensions”. Test suspensions are exposed to a sequence of
contaminated diluted solutions, in a 1:1 volume proportion. The inhibition of light
emission is assessed at different times using a luminometer. The test criterion is the
luminescence usually measured after a contact time of 15 min or 30 min, and
optionally 5 min. Bioluminescence naturally decreases over time, but its inhibition is
expected to be more extensive as the pollutant is more toxic and/or more
concentrated (Swedish Standard Institute, SS-EN ISO 11348-3:2008, 2008).

3.2.2. Inhibition of algae growth

The 3-day inhibition of algae growth test aims to determine the effects of a substance
on an algal species in terms of growth inhibition, which is the endpoint of the test.
The test is suitable to assess chronic toxicity.

Different freshwater unicellular green algae species can be used for the test.
Pseudokirchneriella subcapitata (Figure 3.5) is largely diffuse in ecotoxicological
assessment and its use is recommended by different international organizations
because it is known to be highly sensitive to different chemical species (Machado and
Soares, 2024). Furthermore, its peculiar “C” shape makes it easy identification and
counting at the microscope.

Figure 3.5: Pseudokirchneriella subcapitata

The algae to test can be purchased in liquid suspension, and then cultured in the
laboratory. Culturing requires a growth medium, according to OECD “Test
Guideline No. 201” (2011), to be periodically refreshed. Exponentially growing
organisms are exposed to the contaminant in batch cultures for a period of 72 hours.
Despite the short duration of the test, effects on several generations can be assessed,
due to the exponential growth. The ecotoxicological response is the reduction of
growth in a sequence of batch cultures exposed to various concentrations of
contaminant. For full expression of the ecotoxicological response, cultures are
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allowed to growth exponentially under optimal conditions of nutrients, light and pH,
so that the inhibition of growth can be related only to the presence of the
contaminant (OECD, “Test Guideline No. 201”7, 2011). Once every 24 hours from the
starting of the test, a sample is taken from the batch cultures. Samples are usually
frozen, to make the algae incapable of reproducing; this allows the counting to be
postponed. Microscopic or electronic counting are the reference methods for
counting; however, indirect methods such as turbidimetry, photometry or
fluorimetry may be used when sufficiently sensitive and correlated with cell density
(Swedish Standard Institute, “SS-EN ISO 8692:2012”, 2012). Indirect methods require
the calibration of a model linking the indirect measure (e.g. absorbance) with the
algae cell density expressed as cells/ml. The growth in the contaminated cultures is
compared to some control cultures, where algae are grown without being exposed to
contaminants.

3.2.3. Daphnia reproduction test

Daphnia magna (Figure 3.4) is a species of planktonic crustacean found worldwide in
stagnant freshwater and brackish water habitats, ranging from small ephemeral
ponds to vast lakes. Males reach a length of about 2 mm, while females are up to
about 5 mm. They feed of suspended solids, as the food is gathered with the help of a
filtering apparatus, so efficient to even allow the collection of bacteria. The preferred
food source is planktonic algae. Daphnia are characterized by a cyclic parthenogenetic
life cycle, where the predominant reproduction mode under favourable conditions is
asexual. In unstable environments, and when environmental conditions deteriorate,
they can switch to sexual reproduction.

Daphnia are largely employed in ecotoxicology studies and are among the best
studied organisms for ecotoxicological purposes (Ebert, 2005 and 2022). The 21-day
reproduction test is suitable to assess chronic toxicity.

Figure 3.4: female adult of Daphnia magna (Watanabe, 2011).
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The purpose of this test is to evaluate the impact of chemicals on the reproductive
capacity of Daphnia magna. For this purpose, juvenile female Daphnia (referred to as
the parent organisms), which are less than 24 hours old at the beginning of the test,
are subjected to varying concentrations of the contaminant dissolved in water. The
test organisms are usually purchased in the form of eggs kept in a solution
preventing hatching. The duration of the test is 21 days, during which Daphnia grows
and reproduces under optimal conditions of nutrients, light and pH for full
expression of the ecotoxicological response. Upon completion of the test, the total
count of viable offspring produced is determined. Although the reproductive
capacity of parent organisms can be quantified in alternative ways (such as the
number of viable offspring produced per organism per day from the initial
appearance of offspring), these should be presented alongside the total offspring
count at the end of the test. The dataset of the adverse impact of the tested substance
on the reproductive capacity is interpolated with an appropriate model, using non-
linear regression, to estimate the concentration responsible for the X% reduction in
reproductive capacity or, alternatively, as the NOEC/LOEC value. The tested
concentrations ideally include the lowest concentration resulting in observable effects
(e.g., ECuw), implying that this value is derived by interpolation rather than
extrapolation. Additionally, the survival rate of the parent organisms and the time
required to produce the brood should be documented. Potential effects on growth
(e.g., length) and population growth rate can also be investigated (OECD, Test
Guideline No. 211, 2012).

3.3. Ecotoxicity of PAHSs

Different living species can metabolize bioavailable PAHs, producing metabolites
that can be mutagenic and more toxic than the parent compounds. As a matter of
fact, it is known that many PAHs, such as benzo[a]pyrene, are precursor of potent
carcinogens (Newman, 2015). To exhibit genotoxicity, PAHs indeed requires
metabolic activation (Fu et al.,, 2012). This process of biotransformation produces
more water-soluble molecules that are rapidly excreted. These metabolic capabilities
are peculiar of vertebrates; however, also some invertebrates, especially crustacean
and annelid, can metabolite PAHs. For these reasons, biomagnification could be
underestimated, especially for food webs involving vertebrates. Vertebrates are
however relatively high in trophic level, so at lower levels biomagnification could
happen. In addition to that, toxic metabolites of PAHs may be biomagnified too
(Meador, 2008).

Sunlight reaching the Earth is composed of 91% visible (400-800 nm) radiation, 8.7%
UVA (320-400 nm) radiation and 0.3% UVB (280-320 nm) radiation. One third of
UVA radiation at 400 nm can penetrate the epidermis of 0.1 mm, while 99% of UVB
radiation at 300 nm can penetrate only 0.03 mm (Fu et al., 2012). When PAHs are
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retained and accumulated in biological tissues, the exposure to UVA light may lead
to phototoxicity; for instance, anthracene, benzo[a]anthracene, fluoranthene and
benzo[b]fluoranthene can be activated by UVA radiation. Light exposure can
increase the toxicity of anthracene to aquatic organisms up to 1000-fold due to UV
exposure (Overmans et al., 2018). When the number of aromatic rings is more than 5,
visible light can be absorbed too (Meador, 2008). When exposed to light, the PAH is
promoted to a higher energetic level, going from the ground state to an excited
singlet state. From the excited state, the PAH dissipates energy through intersystem
crossing (generating excited triplet state compounds) or electron or energy transfer to
molecular oxygen and biological molecules. Reactions (generally photooxidation)
between the excited PAH and oxygen or other molecules can happen too. The result
of these mechanism is the formation of reactive species or intermediates that can
damage cellular constituents, such as cell membranes, nucleic acids or proteins (Fu et
al., 2012; Ahrens and Hickey, 2002). Phototoxicity can be significant for plants and
species living in shallow water, because of the large exposition to sunlight. The
phototoxic effects should not be underestimated; for example, toxicity of anthracene
to aquatic organisms can increase up to 1000-fold due to UV exposure (Overmans et
al., 2018).

Toxicokinetic (rate of uptake and elimination of contaminants) and toxicodynamic
(how contaminants interact with organisms to produce their effects) are influenced
by environmental conditions, such as pH, temperature, dissolved oxygen, salinity,
and presence of other toxicants. In addition to toxicokinetic and toxicodynamic,
different environmental conditions can also affect the sensitivity of an organism. The
same organism, exposed to the same toxicant concentration, can indeed present
different toxic responses whether it grows in optimal or stress-inducing conditions.
All these considerations must be considered when observing the toxic response.
(Meador, 2008).

In acute toxicity assessments, most organic compounds cause immediate lethality.
The lethality in this case is caused by non-specific mechanism, thus all PAHs
contribute to the mortality in an additive way, proportionally to their concentration.
On the contrary, PAHs sub-lethal effects are caused by different actions related to
immunotoxicity, growth and development, endocrine disruption, mutagenicity, and
neoplasia. This type of toxicity occurs at lower tissue concentrations and longer time
to develop. Since the sub-lethal responses are mechanism-dependent, not all the
PAHs play the same role. For example, mutagenicity is not caused by all PAHs, but
only by some specific PAHs from which organisms are able to generate metabolites
that make covalent bonding with the DNA; only these specific PAHs will give an
additive effect. Observed effects are relatively easy to determine, but understanding
the mechanism that generate such effects is way more complicated. For this reason,
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many mechanisms of toxic response are not known or poorly understood (Meador,
2008).

The toxic response of organisms is not only related to the intrinsic toxicity of a
chemical, but as defined in the previous chapter, is also related to its bioavailability,
which is strongly affected by hydrophilicity. Thus, ecotoxicology of PAHs is strictly
related to their water solubility. The higher the Koc and Kow values, the higher the
lipophilicity, the lower the elimination rate from organisms, the greater the
biomagnification. Bioaccumulation is for these reasons proportional to the lipid
content of the organism. However, many species can metabolize PAHs, generating
more water-soluble substances, and in this case, biomagnification is not the primary
issue. There are two main routes of exposure for an aquatic organism: feeding and
water exposure. More hydrophobic contaminants will be taken up mainly through
dietary sources, while hydrophilic contaminants mainly by water exposure.
Alkylated compounds usually present high hydrophobicity (Meador, 2008). It has
also been observed that low molecular weight PAHs tend to be more toxic, while
heavier PAHs tend to be more carcinogenic.

3.4. Ecotoxicity of tar asphalt

Petroleum-based binder presents large percentages of high-molecular-weight
paraffinic and naphthenic hydrocarbons. Because of the large size, great viscosity,
and limited water solubility of these compounds, they are not readily bioavailable
and have minimal ecotoxicological effects. On the other hand, coal tar binder
presents high concentrations of more water-soluble aromatic compounds, usually in
the toxicologically active 3 to 7 ring size range. This difference in composition is
related to the different origins of the two materials. Coal tar binder is composed by
lighter hydrocarbons because it is the volatile fraction of coal. Petroleum-based
binder contains higher molecular weight hydrocarbons because it is the less volatile
fraction of petroleum.

As a result of this, petroleum-based concrete asphalts present minimal toxicological
activity compared to tar asphalts. The main hazard associated with tar asphalt is
from the PAHs that can move into the ecosystems from the breakdown of the
material, contaminating soils and groundwater. In addition to hydrocarbons and
PAHes, in tar asphalts, compounds containing sulphur, nitrogen and oxygen can be
found as well, together with metals, such as vanadium, nickel and iron (Speight,
2015; API, 2009).

A potential risk arises with tar asphalt when a harmful substance originating from
the roadway is released and moves to a receptor (either human beings or the
environment) and inflicts adverse impacts. For such a risk to occur, PAHs from tar
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asphalt must be bioavailable. It is the bioavailable fraction that causes adverse effects
to exposed organisms. This underscores the importance of determining the
bioavailable PAH fractions rather than focusing on the overall PAH concentration.
Despite this, there is scarcity of studies on the bioavailability of PAHs released from
tar asphalt roads (Kumpiene et al., 2021). It is believed that leaching of PAHs from
tar asphalt is very limited (Readman et al., 1987; Arp et al., 2009; Kumpiene et al.,
2021). Thus, bioavailability of PAHs from tar asphalt road is believed to be limited.
This evidence can be explained by the fact that PAHs are strongly sorbed or trapped
within road tar particles and cannot be easily desorbed in porewater or organisms.
PAHs spreading to the soil is limited and mainly occurs due to asphalt particle
transport rather than leaching. Since the mobility of PAHs is limited, only highly
contaminated asphalts samples (PAHis > 1200 mg/kg) were found to cause serious
bioavailable porewater concentrations (Kumpiene et al., 2021). However, as already
reported in Chapter 1, old tar asphalts can easily exceed 5000 mgpan/kg. Thus,
whenever tar binder is present in the asphalt, risks should not be underestimated.
Ahrens and Depree (2010) indeed found that “PAH contamination by coal tar
pavement binders is a common occurrence in older residential street and footpath
pavements from Auckland, New Zealand”. In conclusion, even if the mobility of
PAHs is believed to be limited, there is evidence that tar asphalt can contribute to
unusually high PAH concentrations in streams and estuarine sediments adjacent the
roads.

As a result of this, anytime tar asphalt is present on the road, some potential
ecotoxicological effects should be taken into consideration. There is a lack of
knowledge about the magnitude of these presumed effects, as studies exposing
living organisms to tar asphalt are lacking. More research on direct exposure of
living forms to tar asphalt is needed.

Beyond asphalt, alternative origins of PAHs in roadside soils exist, including fuel
leaks, vehicular exhaust, tire abrasion, as and airborne particulates. Attributing all
PAHs solely to asphalt may lead to an overestimation of risks associated with tar
asphalt. Kriech (2022) indeed found that “deposition from atmospheric pollutants
and materials dispersed by vehicles do have a measurable impact on the quality of
stormwater runoff”. Thus, when analysing an asphalt specimen, it is important to
differentiate between PAHs derived from traffic-related sources and those from the
coal tar binder. To do this, the ratio between benzo(a)pyrene and benzo(ghi)perylene
can be used to distinguish traffic-related emissions from non-traffic-related
emissions” (Kumpiene et al., 2021).
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4 Materials and methods

4.1. Non-standard ecotoxicological testing

The standard ecotoxicity testing for PAHs in aquatic ecosystems relies on exposing
living forms to spiked liquids. Spiking methods involve the addition of PAHs to
water in different concentrations and, as the concentrations of PAHs are known,
there is no need for passive sampling or for calculating the Ctee. In these tests, there is
no equilibrium involved with solid phases, since the only phase present is the spiked
liquid, to which living forms are exposed.

The tests performed during this study were performed according to a non-standard
procedure, in order to better simulate the exposure as in the environment. Different
phases (water, soil, asphalt) were put together in batch systems and the PAH
contamination was not spiked, but asphalts were added as the PAH source. There
was the need to wait for the equilibrium to be reached among the different phases,
during which PAHs migrated from the asphalt to the other phases until the
concentrations got stable.

Passive sampling was part of the non-standard setup so that in future research it will
be possible to compare the TUs calculated with Equation 3.1 and those calculated
using the Ctree from the POM analysis.

In the case of Daphnia reproduction test, the guidelines (OECD, 2012) suggest the
renewal of the spiked growth medium once a week to limit the decrease of
contaminant(s) concentrations. The approach used in this work during the inhibition
of algae growth (P. subcapitata) and inhibition of reproduction (Daphnia magna) tests
is called “passive dosing”, because the expected decrease in Cte is compensated by a
shift in the equilibrium that cause a release of PAHs from the solid phases. With
passive dosing, as the Ceee decreases, the asphalt-soil mixture and the POM ensure a
long-lasting release of PAHSs. In this way the Cee is expected to be more stable in
time, as passive dosing was also intended to limit the effects of the non-replacement
of the growth medium.

“Most studies on PAHs examine responses to water concentrations, dietary input, or
sediment/soil exposure” (Meador, 2008). This study focused and was designed to
assess responses to water concentrations, with the assumption these are bioavailable.
However, the presence of the soil made the tests like mesocosm experiments, as the
microbiota of the soil was present in the test flasks too.
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The ecotoxicological tests performed in this study are summarized in Table 4.1,
reporting the organisms used, the type of toxicity investigated, the endpoint assessed
and the duration of the test.

Table 4.1: ecotoxicological tests performed in this study.

Type of organism | Species Toxicity | Endpoint Duration

marine bacteria Vibrio fisheri acute luminescence 15, 35 and 55 minutes
inhibition

freshwater micro algae | P. subcapitata chronic growth 3 days
inhibition

freshwater crustacean | Daphnia magna | chronic reproduction 21 days
inhibition

Despite being different, the experimental setups were implemented following as
much as possible the conditions for standard ecotoxicological tests, suggested by
guidelines SS-EN ISO 11348-3:2008 (2008), OECD No. 211 (2012) and EN ISO 8692
(2012).

4.2. Materials

4.2.1. Asphalts

Six different asphalts were used, as reported in Table 4.2. All samples were taken
from Swedish roads, where the use of new coal tar is illegal since the early 70s.
Asphalts 1, 2, 3 and 5 were obtained from the Swedish Transport Administration
(Trafikverket). Asphalt B and C were samples of asphalts sent to landfill.

The PAH concentrations in the different asphalts were already known from analysis
performed before this study and are reported in Table 4.2. PAH concentrations were
available for 3 replicates of asphalt B and 2 of asphalt C. Thus, for these asphalts, in
Table 4.2, the average PAH concentrations and their standard deviations were
reported. The fraction of total organic carbon present in the asphalts was estimated at
5%, from the TOC analysis performed in this study and from literature (NAPA and
EAPA, 2009; Speight, 2015; Larsson et al., 2024).

Table 4.2: Asphalt PAH16 concentration in pg/g. avg.: average, SD: standard deviation.

Asphalt ID 1 2 3 5 B (avg. £ SD) | C (avg. £ SD)
naphthalene 190 170 120 200 6.6 +2.45 <0.25
acenaphthylene 46 94 56 100 0.4 +0.02 0.32+0.02
acenaphthene 120 110 110 120 28 +1.46 <0.25
fluorene 250 350 280 410 53 +2.97 <0.256
phenanthrene 540 940 900 1200 212 £12.17 1.0 £0.95
anthracene 220 400 380 530 56 +2.11 0.6+0.19
pyrene 300 500 470 620 120 £2.52 6.1+1.38
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fluoranthene 430 740 680 910 181 +3.06 3.5+1.07
chrysene 160 330 290 440 68 +5.50 3.5+1.00
benz[a]anthracene 170 340 300 440 72 +5.25 3.1+0.94
benzo[k]fluoranthene 61 140 110 180 27 +1.76 3.4+0.33
benzo[b]fluoranthene 140 250 230 330 88 +£9.45 10.4 + 0.66
benzo[a]pyrene 110 210 190 290 54 +5.65 7.8 +£0.45
benzo[ghi]perylene 54 100 98 140 42 £17.76 4.4+0.28
dibenz[ah]anthracene 19 43 37 58 11+3.41 1.8+0.11
indeno[1,2,3-cd]pyrene 62 120 110 160 44 +16.95 4.4+0.31
Total 2872 4837 4361 6128 1063 + 38.84 50.5+7.78
4.2.2. Water

Commercial spring water “Premiere naturell stilla” was used for replicability and the
elemental content, as reported on its label, can be found in Table 4.3.

Table 4.3: Elemental content of the commercial spring water

Element Concentration (mg/L)
Sodium 20
Calcium 15
Potassium <2
Magnesium 3.1
Chloride 34
Sulphate 8
Fluoride 0.3

4.2.3. Soil

Soil was collected from a private domestic backyard located in Luled (SE). Its
characterization (soil type and organic carbon) was known from previous studies. It
was a sandy loam, with organic carbon of 2.8%.

4.2.4. Polyoxymethylene

Polyoxymethylene (POM) was already prepared in stripes of approximately 0.1 g
and 76 um thickness, as suggested by Arp et al., (2015), which were suspended in
deionized water and stored in a fridge.

4.2.5. Test organisms

Algae of the species Pseudokirchneriella subcapitata were already cultured in the
laboratory, using the standard growth medium suggested by EN ISO 8692 (2012).

Bacteria of the species Vibrio fisheri were already purchased and stored in the
laboratory in a freeze-dried form.
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Crustacean of the species Daphnia magna were purchased in the form of ephippia,
also called resting eggs.

4.3. Methods

4.3.1. Pre—equilibration

Pre-equilibration was a period during which soil, water, different asphalts and POM
were mixed in batch systems in order for PAHs to reach equilibrium between the
phases. Mixing of the materials inside the batch systems was ensured by a lab shaker
set at 100 rpm, for 28 days as suggested by Arp et al. (2015).

Glass jars of two volumes (1 L and 0.5 L) were used as batch systems. In the 1-L jars,
the asphalt content was of 100, 10, 2 and 0 % by weight of the asphalt-soil mixture
and the same type of asphalt was put in all jars. In the 0.5 L jars, the asphalt content
was set at 50% by weight of the asphalt-soil mixture, but different asphalts with
different PAH concentrations were used. The content of each jar is reported in Table
4.4, apart from the three POM stripes of approximately 0.1 g each in each batch
system. The total number of different systems was 13, in triplicate, for a total of 39
jars. Some of the systems were PAH-free, as only water or only soil and water were
put into; they served as controls (or blanks) for the ecotoxicological tests. Asphalt C,
for its low PAH content, is believed to be a petroleum-based asphalt and was
included in the study for comparison with the tar asphalts.

Table 4.4: batch system content. *Blank replicates.

Sample | Replicate | Soil weight | Asphalt | Asphalt | Asphaltin the Water
ID ID (g) ID weight soil+asphalt mix (mL)
(g (% w./w.)
L1 0 2 79.92 100 % 800
LS1 L2 0 2 80.04 100 % 800
L3 0 2 79.92 100 % 800
L4 80.28 2 80.19 50 % 800
LS2 L5 79.98 2 79.99 50 % 800
L6 80.42 2 80.01 50 % 800
L7 80.47 2 8.84 10 % 800
LS3 L8 80.22 2 8.88 10 % 800
L9 79.73 2 8.86 10 % 800
L10 80.09 2 1.63 2% 800
LS4 L11 79.89 2 1.63 2% 800
L12 80.10 2 1.64 2% 800
LS5 L13* 79.88 - 0 0 % 800
L14* 80.38 - 0 0 % 800
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L15* 79.96 - 0 0 % 800
L16e* 0 - 0 0 % 800
LS6 L17* 0 - 0 0 % 800
L18* 0 - 0 0 % 800
51 40.06 5 39.93 50 % 400
SS1 52 39.73 5 39.82 50 % 400
S3 40.10 5 40.12 50 % 400
S54* 40.21 C 40.07 50 % 400
552 S5* 39.95 C 40.06 50 % 400
S6* 40.04 C 39.75 50 % 400
57 34.98 B 35.07 50 % 400
SS3 S8 35.00 B 35.07 50 % 400
59 35.03 B 35.10 50 % 400
510 39.99 2 40.04 50 % 400
554 511 40.02 2 39.98 50 % 400
512 40.06 2 39.99 50 % 400
513 40.09 1 40.09 50 % 400
SS5 514 40.00 1 39.98 50 % 400
515 40.17 1 40.03 50 % 400
516 40.04 3 39.96 50 % 400
SS6 517 40.08 3 39.94 50 % 400
518 40.02 3 40.03 50 % 400
519*% 40.06 - 0 0% 400
5S7 520* 40.00 - 0 0 % 400
521* 40.02 - 0 0 % 400

Before filling each jar, the asphalt underwent homogenization. This process involved
shaking the containers while varying their orientation to ensure even distribution of

different grain sizes.

Non-appropriate subsampling may lead to a non-representative asphalt sample, that
results in over or underestimation of the leaching. During the subsampling phase,
spoons specifically designed for the grain size of the material were chosen. The width
of these spoons was at least four times larger than the largest grains, allowing for the
maximum amount of material to be collected without compromising the selection of
larger grains due to insufficient spoon size. To minimize the impact of any
unevenness in particulate distribution, spoonfuls were extracted from various points
in terms of both depth and side of the containers. For the small vessels,
approximately 10 spoonfuls each of soil and asphalt were taken, while 20 spoonfuls

were collected for the large vessels. Spoonfuls were added to a crucible placed on a
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scale, until the planned weight was reached. Then, the weighted material was
transferred in the jars. The smallest particles that remained attached to the crucible
were brushed into the jars. After the introduction of asphalt and soil, water was
introduced in the jars. Lastly, the 3 stripes of POM each were added to each jar. Since
the jars are sealed through a rubber gasket, to avoid sorption of PAHs from the
polymer, a foil of aluminium was placed to keep the gasket separated from the

sample.

The bottles were placed on two laboratory shakers until, after 8 days, one broke due
to overloading. After that, jars were split into three groups and put on the shakers on
a rotating schedule until they had been shaken for 28 days each, for an overall time of
47 days after the shaking started.

Once the shaking was over, one of the three POM stripes in each jar was extracted
from the jars, rinsed, dried, wrapped in aluminum foil and frozen. POM was rinsed
with deionized water to avoid interferences from the contaminated water, soil and
asphalt during its analysis. POM stripes were wrapped in aluminum foils to avoid
sorption of PAHs from the zip locs in which they get stored. Freezing of POM was

necessary to reduce evaporative losses, especially of short-chained PAHs.

Then, the content of large jars was transferred into 1 L Erlenmeyer flasks, while the

content of small jars was transferred into 0.5 L Erlenmeyer flasks.

During pre-equilibration, the temperature was about 17-18 °C, not in accordance

with the standard conditions for passive sampling proposed by Arp et al. (2015).

4.3.2. Passive sampling and Ctree calculation

Polyoxymethylene (POM) is an engineered thermoplastic material with great
mechanical properties, normally used in applications were high strength, stiffness
and wear resistance are required. In this study, stripes of POM were used as passive
samplers because this material can sorb PAHs, reaching the equilibrium with other
phases present in the batch system (soil, asphalt, and water), and because the
equilibrium constant (Krowm) is known from Arp et al. (2015). POM was chosen among
different samplers also because of the slower diffusion rate of hydrophobic organic
compounds into it, and its mechanical strength, properties that allowed simple
handling and rinsing of the material.

In this study, the only source of PAHs was the coal tar binder (CTB) present in tar
asphalt; thus, the PAHs got distributed from CTB to the other phases in the batch
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systems according to a linear equilibrium partitioning model with the liquid phase in
the system:

Csoit  Cpom  Ccrp

Cfree T

= = 4.1)
KD KPOM KCTB
where Csoi1, Cpom, Cerny Crree are the concentrations of PAHSs, respectively in soil,

POM, CTB and water; Ky, Kpouy, Korg are the distribution coefficients between
respectively soil and water, POM and water, coal tar binder and water.

The CTB present in tar asphalt is believed to be mainly composed of organic carbon
and it is expected to completely dominate the sorption of PAHs to asphalt. Moreover,
it is assumed that the overall quantity of PAHSs in the system remains unchanged,
without any biodegradation or photolysis taking place. The total mass of PAHs at
equilibrium is distributed between the different phases present in the batch system as
it follows:

Mpantot = Crree " Vwater ¥ Ccre " Mcre + Cpom " Mpoy + Csoir " Msoir (42)

where mp,y ¢0+ is the total mass of PAHs in the system, mgrp is the mass of CTB (that

can be approximated with the Total Organic Carbon - TOC mass of the tar asphalt),
Mpoy and mg,;; are the masses of POM and soil.

The combination of equation 4.1 and 4.2, gives the following model:

MpAH tot

Cf’ree = (43)

Vwater + Kcrp * Merp + Kponm * Mponm + Kp " Mo
This model can be simplified by excluding phases that become insignificant in
specific cases. As K, = Kp¢ - foc, and Koc typically ranges between 10* and 10% L/kg
for PAHs, the water volume (V,,4:.) is a negligible contributor in Equation 4.3,
unless there is a thousand times more water than organic matter in the system.
Likewise, Krowm is similar to Koc and smaller than Kcrs so POM can be excluded from
the model when its mass is much lower than the mass of organic matter and CTB in
the system. Excluding water and POM phases from Equation 4.3 results in Equation
4.4, that is equivalent in most terrestrial conditions except for soils with an extremely

low Kb.

c - MpgH tot (4.4)
Free — .
Kerg " Merp + Kp - Mgy
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The soil to water distribution coefficient (Kp) can be calculated using literature values
for the soil to organic carbon distribution coefficient (Koc) multiplied by the fraction
of organic carbon in the soil (foc), which only requires the soil specific measurement
of foc. For this reason, Equation 4.4 can be rearranged into Equation 4.5:

Mpan tot
Kcrg " Merp + Koc * foc " Msoir

Chree = (45)

Equations 4.4 and 4.5 have already been validated with the use of passive sampling.
The entire derivation of Equations 4.4 and 4.5 found in the previous paragraphs is
known from Larsson et al. (2024).

Passive sampling was implemented by introducing stripes of POM into the batch
systems (glass jars) together with water, soil and tar asphalt. After the pre-
equilibration period, POM stripes were collected and sent to an external laboratory to
quantify the sorbed PAHs in the polymer. The passive sampling procedure is not
standardized, studies present in literature are based on different conditions and the
results are sometimes inconsistent. This was demonstrated by Arp et al. (2015), who
analysed Krom values from previous literature, finding the main causes of
inconsistencies and proposing some standard conditions for avoiding future issues.
Such indications are reported in the following paragraphs.

POM stripes. POM stripes should be commercially available at a reasonable price, to
encourage the use in the laboratories and investigate reproducibility. Another
important aspect is the thickness of the material, as less time is required to reach the
equilibrium for thinner stripes. POM-76, which is POM having 76 pum thickness, is
the most readily available and thin material that can be found. However, only slight
differences in Krom were found when POM thickness ranged from 17 um to 80 um
(Arp et al.; 2015).

Variability of Krowm. It is better to avoid the use of literature Krom values obtained with
POM materials having thickness > 500 um, as well as values obtained through
extraction methods in which POM was not completely extracted (Arp et al.; 2015).

Temperature and salinity. The difference in the Ciee of PAHs between 4 and 40 °C,
compared to the Cee at room temperature (~22°C), is negligible. Thus, the influence
of temperature on Ctee can be neglected. On the other hand, the influence of
temperature on Crowm is considerable; for this reason, it is always better to perform the
pre-equilibration at ~22 °C with small temperature variations. Salinity has, on the
contrary, a small effect on Crom (Arp et al.; 2015).
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Shaking time. 28 days are necessary for the equilibrium to be reached for most of the
hydrophobic organic compounds (Arp et al., 2015), though PAHs are essentially at
equilibrium after 14-21 days (Hawthorne et al., 2011).

3 stripes of POM were placed in each of the batch systems to investigate the Ciree of
PAHs at different stages of the experiments. Keeping track of Cse. changes over time
is crucial as living organisms should be exposed to a constant Ctee of PAHSs during
the tests. With 3 stripes of POM, one can be collected at the end of the pre-
equilibration stage, one at the end of the Daphnia magna reproduction test and the last
one at the end of the algae growth test. Since these phases are consecutive, there is
always a POM stripe representing the start and the end of each phase.

4.3.3. Calculation of the mixture toxicity

As previously described, a mixture of variable proportions of soil and asphalt was
introduced in the batch systems. The calculation of the Toxic Unit of the mixture
(TUmix) was based on:

C
TUix = Z TUpgy = Z et Al (4.6)
ECs50pan

where TUran is the toxic unit of each PAH, Ceee, pan is the freely dissolved
concentration of each PAH, ECso, ran is the concentration of each PAH that affects 50%

of the tested population.

Calculation of Cie. was based on Equation 4.5 as it follows:

CPAH,asph. " Masph.

Ciree = (4 7)

Kcrp “ Maspn. * froc,aspn. + Koc * foc - Msoit
Equation 4.7 is equivalent to Equation 4.5 since the total mass of PAHs can be
obtained by multiplying the concentration of PAHs in the asphalt (Table 4.2) for the
mass of asphalt (Table 4.4), and the coal tar binder is assumed to be the only organic
material present in the asphalt so that the mass of coal tar binder can be obtained by
multiplying the mass of asphalt (Table 4.4) for the fraction of organic carbon of the
asphalt.

The Toxic Unit of the mixture was also calculated using the total concentration
approach which, instead of the Ctee, implies the use of the total PAH concentration in
the solid mixture (Cran), ignoring the bioavailability:

. . CPAH
TUmix,totaE conec. TUPAH,totaI conc. EC5 (48)
0,PAH
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where:

Mp Ay tot (4.9)

Cpan =
msol‘id,mix.

and mran,wot is the total concentration of 16 PAHs present in asphalt and msolidmix. is the
mass of the solid mixture (soil + asphalt).

Linear partitioning coefficients for both coal tar binder (Kcrs) and soil organic carbon
(Koc) are reported in Table 4.5. Serious risk concentrations (SRCs) for water

ecosystem and chronic exposure were used as the ECs values and are reported in
Table 4.5 too.

Table 4.5: SRCeco, water in (1g/L) (Verbruggen, 2012); log Kcrs and log Koc (Arp et al., 2009).

PAH SRCeco, water | LOG10(Kcrs) | LOG10(Koc)
naphthalene 518 3.76 3.78
acenaphthylene 72 3.97 4.67
acenaphthene 102 4.55 4.66
fluorene 117 4.85 5.01
phenanthrene 43 5.29 5.49
anthracene 4.2 5.32 5.66
fluoranthene 12 6.00 6.76
pyrene 4.2 5.95 6.74
benz[a]anthracene 3.1 6.86 7.43
chrysene 1.6 7.04 7.44
benzo[b]fluoranthene 1.3 7.78 7.78
benzo[k]fluoranthene 0.93 7.51 7.89
benzo[a]pyrene 0.87 7.86 8.11
indeno[123cd]pyrene 0.64 7.81 8.49
dibenz[a, h]anthracene 0.14 7.35 9.11
benzo[ghi]perylene 0.16 7.87 8.55

4.3.4. Toxicity test setup

4.3.4.1. Inhibition of Vibrio fischeri bioluminescence
A bioluminescence test was performed in accordance with SS-EN ISO 11348-3:2008,
“Determination of the inhibitory effect of water samples on light emission of Vibrio

fischeri (Luminescent bacteria test) — Part 3: Method using freeze-dried bacteria”,

(2008); with two modifications:

1. Exposure intervals of 15, 35 and 55 minutes were used instead of the standard

15 and 30 minutes.
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2. Test tubes were not shaken before taking the luminescence measures.

The vial containing the freeze-dried bacteria was reconstituted in 1 ml of deionized
water cooled down to 5 °C, forming the so-called stock solution. A salty solution of 20
g/L NaCl, 2.035 g/L MgClz:6 H2O and 0.3 g/L KCI was prepared. Then, 0.5 ml of the
salty solution was added to each of the 39 test tubes (one for each replicate). Then,
test tubes were cooled down to 15 °C using a thermostatically controlled thermo-
block (Figure 4.2).

10 pL of stock solution were added to the test tubes at 20 second time intervals. A
first measure of bioluminescence was performed on the replicates as control, using a

luminometer (Figure 4.2) at 20 seconds time intervals.

0.5 ml of contaminated water from each replicate was added to the test tubes, at 20
seconds time intervals. After 15, 35 and 55 minutes of exposure, measures of

luminescence were taken.

Figure 4.2: bioluminescence test. Thermostatically controlled unit (left) and luminometer
(right)

Data collected during the ecotoxicological test were converted into % inhibition. In
this ecotoxicological test, the focus was on inhibition after 15, 35 and 55 minutes,
without considering the inhibition rate. % inhibition was calculated for the replicate i
at 15, 35 and 55 minutes, using the measure at to as control:

L;
= (1 -7 ) 100 (4.10)

i,tn
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where Li was the luminescence value by the luminometer for the replicate i, L;; was
the luminescence value at the beginning of the test in the replicate i, before adding
the contaminated water to the solution containing bacteria. Then, the inhibition of
the replicates containing asphalt was subtracted by the average inhibition of the
blanks, to isolate the decrease in luminescence due to the contaminant presence.

4.3.4.2.Inhibition of microalgae Pseudokirchneriella subcapitata growth

The last step of pre-equilibration consisted in transferring the content from the 1L
and 0.5 L jars to the 1 L and 0.5 Erlenmeyer flasks. This step generated turbidity in
the liquid phase, so it was not possible to immediately take the samples for the algae
P. subcapitata inhibition test. While waiting for turbidity to decrease, the flasks were
kept as much as possible in dark environment to avoid photodegradation, without
anything to inhibit airflow, to help the pH stabilize.

After about 2 days of sedimentation, 10% of the liquid phase was taken from the
flasks containing the jars’” material and transferred into small glass bottles. After
other 2 days, some material was found sedimented on the bottom of these bottles.
Thus, a smaller volume was subsampled from the bottles and poured into the 100 ml
Erlenmeyer flasks where the test took place. Two different methods were used for
this subsampling. In cases where the sedimented material was primarily
minerogenic, decantation was sufficient to get rid of it as the material was well stuck
at the bottom of the bottles. In the flasks the sedimented material consisted of organic
material with a fluffy structure, the supernatant was pipetted. One stripe of POM
was taken from the flaks containing the jars’” material and added to each test flask.
The four stock solutions constituting the growth medium according to EN ISO 8692
(2012) were added to the Erlenmeyer flasks in the appropriate proportion.
Erlenmeyer flasks were stored in the fridge overnight without anything impeding air
flow, because the growth medium should be aerated for one day before being used,
as prescribed by EN ISO 8692 (2012). Subsequently, both Erlenmeyer flasks
containing jars” material and test flasks were stoppered with cotton to prevent
contamination and reduce evaporation, whilst still allowing a certain exchange with

atmospheric air that can further stabilize the pH.

In the meanwhile, a pre-culture of algae P. subcapitata was started between two and
four days before the beginning of the test to ensure optimal initial cellular
concentration for exponential growth. pH of the growth medium was buffered to 8.1
+ 0.2 using 1M NaOH in liquid solution (EN ISO 8692, 2012). The cellular
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concentration was measured, so that an appropriate volume could be taken and

added to the test flasks to get to a starting concentration of 10000 cells/ml.

Then the test flasks were moved to a shelf with controlled lighting. Light was
measured with a luxmeter to ensure at least 6000 1x, in accordance with EN ISO 8692
(2012). The luxmeter was also used to ensure that the light was evenly distributed

between different test flasks.

The test was performed static (Figure 4.1), even if EN ISO 8692 (2012) suggests to
“continuously shake, stir or aerate the cultures in order to keep the cells in free
suspension and to facilitate CO2 mass transfer from air to water, and in turn reduce
pH drift”.

Fgure 4.1: shaker table with controlled light conditions, setup for inhibition of alae growth
test.

Temperature was monitored and was about 18 °C, lower than 23 + 2 °C suggested by
EN ISO 8692 (2012).

The algae were sampled at different time intervals:

e to->starting of the experiment, 10000 cells/ml as known concentration;
e t1->24 hours from the beginning of the experiment;
e t2->48 hours from the beginning of the experiment;
e t3->72 hours from the beginning of the experiment.
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Before each sampling, the content of the flask was agitated for few seconds with a
magnetic stirrer. 4 ml of suspension were taken with a pipette at to, t1 and t2, and ta.
The sampling at ts was performed in an inconsistent way with respect to to, t1 and t2;
to avoid biased results, the test was repeated, after the end of the Daphnia test (see
paragraph 4.3.4.3). Immediately after each sampling, samples were stored in a
freezer, to avoid degradation and to kill the algae, preventing growth when de-
frozen.

After sampling at ts, POM was collected, rinsed, dried, wrapped in aluminium foils,
put in plastic bags and stored in the freezer.

At the end of the Daphnia reproduction test (see paragraph 4.3.4.3), about 70 mL of
supernatant were taken from each 0.5 L and 1 L Erlenmeyer flasks, centrifuged at
7000 rpm for 10 minutes to remove algae and suspended particles, then sieved
through 0.25 mm steel mesh to remove the Daphnia. This volume was placed into
glass bottles and stored in the fridge for two days.

Then, 60 ml of the centrifuged and sieved supernatant were pipetted into 100 mL
Erlenmeyer flasks. The test was repeated with some modifications. The Erlenmeyer
flasks were set on a shaker table (Figure 4.1) at 120 rpm, to avoid algae
sedimentation. The new location of the experiments ensured a temperature of the
liquid inside the flasks of about 23-24°C. 10 mL of solution at to were pipetted to be
used as a blank, because the spectrophotometer requires 2 cuvettes to be
simultaneously present in the instrument to perform the “autozero”, that is setting
absorbance equal to zero for the blank. Sampling was done with agitation of the
flasks by hand for 10 seconds. POM was not present into the flasks since the stripe
had been already collected and frozen during the first part of the test. All the other
conditions of the test remained unvaried from the first attempt.

Before taking measurements of absorbance at 686 nm, a sample from the algae
culture was scanned between 350 and 750 nm, to check if the shape of the absorbance
spectrum was the expected one, with a distinguishable peak at 686 nm. After this
preliminary check, all the samples were de-frozen. Then, absorbance at 686 nm was
measured for samples at ti, t2 and ts, with samples at to used as blanks. Absorbance
was converted into concentration thanks to a calibration curve (see paragraph
4.3.6.2).

The pH at the beginning of the test was between 7.9 and 8.6. At the end of the test,
the pH shift was lower than 1.0 for all the samples, apart from S19 (1.1 pH shift
leading to a final pH of 9.2) and S21 (2.2 pH shift leading to a final pH of 10.5).
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Algae were in exponential growth, so the concentrations at ti, t2 and ts were
transformed using logarithm to get the best fit line in the plot time -
LOG(Concentration) for each replicate. These slopes were used as the reproduction
rates of the algae; the greater the slope, the higher the reproduction rate in the
replicate, the lower the inhibition % I;, which was calculated as:

I; = (1 _ ) 100 (4.11)
Thiank

where ri was the reproduction rate (i.e. the slope) in the replicate i and 7wk was the

average reproduction rate in the blank. When inhibition became negative, the

replicate presented higher reproduction rate than the blank, that means promotion of

growth.

4.3.4.3. Inhibition of Daphnia magna reproduction

The Daphnia magna reproduction test was directly performed in the 1 L and 0.5 L
Erlenmeyer flasks containing the jars” material, from which 10% of the liquid phase

was removed as well as 2 POM stripes, during previous lab procedures.

Before starting the test, pH was monitored during different days, until it was stable.
pH should be in the range 6 — 9 (OECD, 2012); thus, it was adjusted in samples where
pH was < 6, adding a solution of NaOH 1 M. This required multiple NaOH addition
on different days, because at the beginning the pH increase was easily compensated
by the buffering capacity of the soil.

According to (OECD, 2012), Daphnia should be fed with concentrated algal
suspension, to minimise the dilution effect of adding a feeding solution to the
Erlenmeyer flasks. The amount of algae that Daphnia needs to be fed with, expressed
in mass of TOC, is in the range 0.1 — 0.2 mgroc per Daphnia per day. Some
preliminary TOC measurements on algae concentrate were performed to set the scale
for algae production. A larger algae production was needed to produce the total
598.5 mgroc required by the test. Thus, about 60 liters of nutrient solution were
prepared according to OECD (2012) but using a concentration of macronutrients
three times higher to boost the production. The 60 litres of growth medium were
poured in a plastic tank, together with the smaller scale P. subcapitata culture, already
present in the laboratory (about 10 liters). To further boost production, aquarium
heaters were introduced in the tank and set to a temperature of about 30 °C, and
some lamps were installed to provide 24 hours of light (Figure 4.4). On a regular

basis, after 2 - 3 days of growth, about 10 liters of concentrated culture were
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separated from the bottom of the tank and placed in a plastic basket to further
sediment, for about 2 days. After this period, a valve placed 2 cm from the bottom of
the basket was opened to separate the supernatant to the sedimented solution. The
supernatant was rejoined with the tank. Further concentration was then achieved
with centrifugation at 7000 rpm for 10 minutes. A TOC analysis (Figure 4.10 and
4.11) was performed on a dilution of the final algae concentrate. The mean
concentration of the non-diluted algae concentrate was 2.228 mgroc/mL. This feeding
solution (Figure 4.3) was divided in portions and frozen. Freezing was intended to
avoid biological degradation and kill the algae to avoid uncontrolled algal bloom in

the test Erlenmeyer flasks.

Figure 4.3: algae concentrate used as Figure 4.4: setup for the large-scale
feeding solution for Daphnia. production of algae.

Daphnia were purchased in the form of ephippia, also called resting eggs. To hatch
the ephippia, 30 minutes rinsing under tap water was performed with the intention
of removing the preservative solution in which ephippia were stored. This solution
has indeed the function of preventing the hatching and need to be completely
removed. Then, ephippia were put in petri dishes containing the same commercial
spring water present in the Erlenmeyer flasks (Figure 4.5). It took about 4 days for
the ephippia to hatch, at an ambient temperature of about 18 - 19 °C, with 24 hours of
light at an intensity of about 6000 lx. The hatched Daphnia are called “parent

animals” and were all females (Figure 4.5).
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Figure 4.5: Daphnia ephippia (right) and juvenile parent animals (left) in the hatching Petri
dish.

“ At the start of the test, the animals should be less than 24 hours old” (OECD, 2012).
Thus, after a few hours from hatching, the Daphnia were separated from the shells of
the ephippia and placed in a different Petri dish. A pH measurement was done for
each Erlenmeyer flask before introducing the Daphnia. Ten organisms were
introduced into each of the 1 L flasks, while five were introduced into the 0.5 L flasks,
for a total of 285 parent animals. The introduction of Daphnia in the flasks was
performed by two operators following a rotation scheme, with addition of one
Daphnia at a time to the 0.5 L flasks, and two at a time for the 1 L ones. This
procedure was intended to minimize the influence of the operator. The transfer of
Daphnia from the petri dish to the conical flask was performed using disposable
plastic pipettes. Erlenmeyer flasks were set on the shelf (Figure 4.6) with 16 hours of
light per day, at about 1200 Ix as suggested by OECD (2012) to optimize asexual

reproduction. The ambient temperature was about 16 — 17 °C.
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Figure 4.6: setup for the Daphnia reproduction test

Once the Daphnia were added to the flasks, feeding started on a 3 times per week
scheme, for the 3 weeks of the test (Table 4.6). The guidelines are poorly written on
feeding indications. Firstly, they do not specify that the suggested 0.1 — 0.2 mgroc is
to be intended per parent animal. Secondly, the suggested 0.1 — 0.2 mgroc is not
related to a specific volume of the liquid phase in the flasks. However, the study
mentioned by the guidelines, from which the 0.1 — 0.2 mgroc comes from, refers this
mass of TOC to a specific volume. The non-standard setup adopted does not allow
the replacement of the liquid phase once a week as suggested by the guidelines. In
this way, there is an extra accumulation of algae. In literature it was found that
Daphnia are usually fed following guidelines” indications without adjusting the mass
of TOC to the volume present in the flasks. Thus, feeding was set at the lowest
suggested value, 0.1 mgroc per Daphnia per day. Due to these uncertainties, after one
week from the start of the test, the TOC in the flasks with no asphalt nor soil was
measured. The TOC was much higher than the one suggested by the guidelines.
Despite this, in many of the flasks Daphnia looked healthy with good reproduction,
suggesting that the overfeeding was not creating issues. For this reason, feeding was
kept at 0.1 mgroc per Daphnia per day. During the test, animals inside the flasks
(Figure 4.7) were observed daily, to note the date of first brood and make some

qualitative observations.
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Table 4.6: Daphnia feeding scheduling and amounts.

Day Volume of | Days Mass Feeding

the flask | covered by | provided | solution

(L) the feeding | (mgroc) provided (mL)
Monday and 0.5 2 1 0.45
Wednesday 1 2 2 0.9
Friday 0.5 3 1.5 0.67

1 3 3 1.34

Figure 4.7: environment inside an Erlenmeyer flask, where living Daphnia can be

distinguished.

After 21 days from the beginning of the test, Daphnia were counted. Counting was
performed by different operators, with a rotation scheme to reduce the influence of
the operator on the results. Counting consisted into pipetting out an adequate
volume of the supernatant from the Erlenmeyer flasks, transfer it in a Petri dish,
count the animals, discharge the volume in a Becker. Depending on the concentration
of animals in the flasks, 5 to 50 ml were extracted for each count. Animals were
divided into parent animals (i.e. the survived animals among those put at the
beginning of the test) and the offspring. Thus, if some animals were significantly
bigger than the average, they were not included in the count and placed in a
separated petri dish. Counting was performed in an 8-hour period, during which
Daphnia could generate new juveniles. To reduce possible biases in the results, the
animals were not counted in one flask at a time, but following the rotation scheme,
all the flasks were counted little by little. Furthermore, parents catching was
prioritized, as parents were observed to have more eggs. This precaution was also
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taken to get all the parents and avoid losing them in the mud at the end of the
pipetting. The number of surviving parents was small, and the result is expressed as
number of juveniles per parent; thus, a small error in parent counting has a big
influence on the result. Furthermore, at the beginning of counting, lamps were used
to lure a high concentration of Daphnia into one spot, from which they were removed
in large amount. Approaching the end of counting, when a small volume of
supernatant was left in the flask (about 15-30 ml), the concentration of Daphnia had
increased considerably. However, it was noticed that the animals could be easily
collected by pipetting the last liquid volume, without the tendency of sticking to the
solid phase. Still, some losses to the solid phase must be assumed. When no more
liquid was left in the flasks, presumed parent animals were observed, and their
dimension was compared to the animals present in the discharge Beckers. This way,
the number of parents could be adjusted, checking if their dimension was clearly
distinct from the juveniles.

The pH at the beginning of the test was between 6.1 and 7.9, and between 6.6 and 8.4
at the end. Maximum pH shift between the beginning and the end of the test was of
1.1.

Data collected during the ecotoxicological test were converted into inhibition%.
Reproduction rates were calculated in two different ways (r1 and rz2). The first
approach (Equation 4.12) was based on normalizing the number of the offspring for
the parents that had survived for the entire duration of the test. The second approach
(Equation 4.13) implied normalization of the number of the offspring for the initial
number of parents (5 for 0.5 L flasks and 10 for 1 L flasks). The inhibition % was then
calculated using Equation 4.10.

N,

r = —freering (4.12)
Nsu.ru. parents
r, = Noffspring (4.13)

Ninitial parents

Inhibition was also calculated with respect to the delay of the first brood:

21 — delay;
I = (1 B Vi

- 100
21 — deiaymank) (414)

where delay is the number of days from the beginning of the test at which the first
brood was observed in the replicates i and delay blank is the average delay in the
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blank, 21 is the total duration of the test in days. With this formulation, Ii = 100%
when delayi = 21 days and I: = 0% when delay: = delayian.

4.3.5. Response functions and TUso estimate

Response functions (see paragraph 3.2) were fitted by using Cse or the total PAHs
concentration as the x-axis values. The best-fit sigmoidal functions were plotted
using the dose-response model (drm) function in R. Among the four-parameters of
the log-logistic (LL.4) function required by the drm, two were fixed, the upper
(inhibition = 100%) and the lower (inhibition = 0%) limit. The other two parameters
(the slope and the TU associated with inhibition = 50% (TUs0)) were optimized by the
model.

According to Equation 3.1, when the TU is equal to 1, the Ctee is equal to the ECx, in
this case to the ECso (i.e. the concentration causing inhibition of 50%). As a result of
this, the TUso should be equal to 1. TUs was optimized by the drm model and used to
understand whether and how much the response function overestimate (TUso > 1) or
underestimate (TUso< 1) the ecotoxicological effects.

The residual standard error of the response function was used as the indicator of
how well the model's predictions fit the data.

4.3.6. Analytical methods

4.3.6.1. TOC measurements in asphalts, soil and algae concentrate

The fraction of organic carbon present in the asphalt was measured through a
Shimadzu TOC-V CSH analyser, with a solid sample module SSM-5000A (Figure
4.8).

Before being filled with samples, ceramic boats were cleaned from the previously
combusted material by a bath in a concentrated hydrochloric acid solution and 20
minutes in a furnace at 900 °C. After cleaning, the boats were handled with tweezers
and placed in cleaned petri dishes to avoid contamination.

Asphalt samples were weighted and placed into the ceramic boats, then filled with a
solution of hydrochloric acid to remove the inorganic carbon fraction. To speed up
the evaporation of hydrochloric acid, the ceramic boats were placed in an oven
overnight, at 95 °C (Figure 4.9). Oxalic acid was weighted and placed in some
separated boats, used to create the calibration curve and as control during the
measurements; in this case hydrochloric acid was not added. Ceramic boats for both
oxalic acid and asphalt were covered with glass wool to contain the combustion.
Temperature in the TOC-V CSH analyser’s furnace was of 900 °C. The solid sample
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module SSM-5000A presented technical issues during the analysis; so, it was possible
to measure only the fraction of organic carbon in two asphalts. Based on these values
and on previous literature (NAPA and EAPA, 2009; Speight, 2015; Larsson et al.,
2024), a value of 5% was adopted for all the asphalts.

The fraction of organic carbon in the soil was not measured because already known
from previous research and equal to 2.8%.

The same Shimadzu TOC-V CSH analyzer with a “ASI-V” module was used for TOC
measurements in liquid samples.

_-/* =
Figure 4.8: Shimadzu TOC-V CSH analyser (right) and its solid sample module SSM-500A
(left).

Figure 4.9: ceramic boats containing burnt asphalt samples.

The same Shimadzu TOC-V CSH analyzer with a “ASI-V” module was used for TOC
measurements in liquid samples (Figures 4.10 and 4.11). Liquid samples consisted in
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algae concentrates used to feed the Daphnia magna. TOC values of the concentrates
were needed to feed the organisms according to the guidelines (OECD, 2012).

Figure 4.10: Shlmadzu TOC-V CSH Flgure 4.11: ASI—V module w1thdraw1ng
analyzer’s ASI-V module. algae solution, sending it to the TOC-V CSH
analyzer.

4.3.6.2. Cell density — absorbance calibration

To perform the ecotoxicological test “inhibition of microalgae growth”, the algae cell
density must be measured multiple times for many replicates. This procedure is
usually done by time consuming methods, such as direct cell counts using a
microscope and an hemacytometer. A more time-effective method consists in the
calibration of a regression model to estimate the algae cell density from
spectrophotometry measurements. This is an indirect method since cell density is
calculated from measurements of light absorbance. This technique is suggested by
guidelines EN ISO 8692 (2012), where spectrophotometry is reported as an option for
calculating cell density. The instrument used (Perkin Elmer Lambda 25 UV/Vis
Spectrophotometer) was able to detect algae down to 5000 cells/ml.

Rodrigues et al. (2011) proposed a general power equation for the model linking cell
density and absorbance, but data collected under this study were fitting a straight
line in a much better way, with significantly higher R? values. For this reason, a linear

model was chosen:

A=aC+b (4.15)
where A is the absorbance, C is the cell concentration in solution (cells/ml), a and b

are the calibration coefficients.
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Standard solutions at known cell concentrations were obtained by making cell count
(in triplicate) at the microscope for the starting culture only, and then diluting by
adding know volumes of growth medium. The growth medium used to make
dilutions was suggested in the guideline EN ISO 8692 (2012).

So, the set of standard solutions at different cell concentration (down to 5000 cells/ml)
was measured using an hemacytometer (Biirker chamber, Figure 4.12) and a
microscope. Cells were counted in 20 squared areas (highlighted in red in Figure
4.12) of 1/25 mm?.
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Figure 4.12: Biirker chamber

Cell concentration in the standard solution C (cells/ml) was obtained as:

Neeys - D
= (4.16)

NSqT{ﬂ]"ES
where Neis is the total number of cells counted in the squares considered, Nsquares is
the number of squares considered, V is the volume of solution in each square, D is
the dimensionless dilution factor obtained by dividing the total volume of the
diluted solution by the volume of the undiluted cell solution. Choosing the right
dilution was crucial for microscope cell counting, because in case of too high cell
concentration, counting was difficult and not accurate. On the other hand, excessive

dilution led to meaningless average values of Neceis/Nsquares.

Before measuring the absorbance of the standard solutions, the wavelength

associated to the peak of absorbance due to algae presence in the growth medium,
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Apeat, was searched for. This value was expected to be around 680 to 700 nm
(Rodrigues et al., 2011; Almomani and Ormedi, 2016), and scanning from 380 nm to

1000 nm resulted in Apeak = 686 nm.

Once both cell density in the standard solutions and the absorbance at 686 nm were
measured, a linear regression of the data and the calibration curve were obtained.
The relation linking the absorbance and cell concentration in the range 0 — 1.8x10°

cells/ml was found to be linear.

A=0,0731C-0,0018
R?=0,99

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0
Concentration (millions cells/ml)

Figure 4.13: relation between absorbance and cellular concentration.
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5 Results and discussion

5.1. Response plots from ecotoxicological tests

In this paragraph, the results of the ecotoxicological tests are reported as response
plots where the Toxic Unit of the mixtures (TUmi) are calculated using Equation 4.6,
which is based on the freely dissolved concentration of PAHs (Ctee) calculated with
Equation 4.7. The TUmix should be predictive of inhibition, with 50% inhibition at
TUnmix =1 in all the response plots.

5.1.1. Inhibition of Vibrio fischeri’s bioluminescence

A Vibrio fisheri inhibition of bioluminescence test was performed to study the impacts
of tar asphalt on the ecological composition of natural environments, with regards to
acute toxicity. Measurements of bioluminescence were taken from the bacteria
exposed to asphalt-contaminated water, after 15, 35 and 55 minutes of exposure.

The 15- and 35-minute responses are reported in Figures 5.1 and 5.2. The 55-minute
response is not part of the standard test, because the response tends to become less
clear and informative over time, as can also be observed comparing Figure 5.1 with
Figure 5.2. For this reason, the response plot at 55 minutes was not reported. Error
bars refer to the Standard Deviation (SD) of the replicates of each sample. Each point
in the response plots is associated with its ID in accordance with Table 4.4.
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Figure 5.1: average inhibition of Vibrio fisheri bioluminescence after 15 minutes of exposure to
contaminated water. Large: water samples from the 1-L batch systems, Small: water samples
from the 0.5-L batch system (Table 4.4). Error bars: + SD.
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Figure 5.2: average inhibition of Vibrio fisheri bioluminescence after 35 minutes of exposure to
contaminated water. Large: water samples from the 1-L batch systems, Small: water samples
from the 0.5-L batch system (Table 4.4). Error bars: + SD.
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For most of the tar asphalts, a slight inhibition of the bioluminescence could be
noticed after 15 minutes of exposure to asphalt-contaminated water (Figure 5.1), as 6
out of the 8 toxic samples showed inhibition, and for 4 of them inhibition was > 10%.
From the response plot shown in Figure 5.2, no evident inhibition could be observed
after 35 minutes of exposure. These results were expected since the SRCs values used
as ECs in the calculation of the TUmix (Table 4.5) are intended for chronic toxicity
assessment and they should not be predictive of bioluminescence results based on an
acute toxicity test.

In conclusion, Vibrio fisheri showed a slight acute toxicity to the asphalt-contaminated
water after 15 minutes of exposure. Inhibition was not consistent and was not
observed in the 35-minute response. Thus, no clear conclusion on acute toxicity of
Vibrio fisheri to asphalt-contaminated water could be drawn.

5.1.2. Inhibition of microalgae growth

The P. subcapitata 3-day reproduction test was performed to study the impacts of the
tar asphalts (Table 4.4) on the ecological composition of natural environments.

Figure 5.3 shows the response plot, where the TUmix are calculated by Equation 4.6
and the response is the outcome of the ecotoxicological tests expressed as inhibition
% calculated using Equation 4.11. Error bars refer to the Standard Deviation (SD) of
the replicates of each sample. Each point in the response plots is associated with its
ID in accordance with Table 4.4.

The average inhibition of the replicates containing 10% of asphalt 2 (sample LS3,
Table 4.4) was not reported in the response plot, because its inhibition of -83.9 % and
its standard deviation of 170.3% made this value not trustable and informative.

Asphalt 2 was present as 50% of the soil + asphalt mixture weight both in the large
sample LS2 and small sample S54 (Table 4.4). A two-tailed t-test was performed with
significance level of 0.05 to check the hypothesis that large and small flasks were
indistinguishable. The p-value was found to be 0.16, thus there was no significant
statistical difference between small and large flasks, suggesting no scale effect.
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Figure 5.3: inhibition of P. subcapitata growth response plot. Large: water samples from the
1-L batch systems, Small: water samples from the 0.5-L batch system (Table 4.4). Error bars: +
SD.

From Figure 5.3, it can be observed that P. subcapitata did not show total inhibition of
growth, reaching a maximum average value of 61%.

Sample SS2, containing asphalt C at 50% (Table 4.4) that was presumed to be a
petroleum-based asphalt for its low PAH content, showed no inhibition (-2.8%
+24.7%) with a TUmix = 0.028.

Two samples with TUmix = 8.9 (LS2, containing asphalt 2 at 50% w./w.) and TUmix =
11.2 (551, containing asphalt 5 at 50% w./w.) did not show notable difference in
inhibition compared to less contaminated samples of TUmix = 0.31 (LS4, containing
asphalt 2 at 2% w./w.) and TUmix = 1.4 (S53, containing asphalt B at 50% w./w.). This
is believed to be caused by the large standard deviations due to measurement
difficulties.

The TUmix = 1 should be predictive of 50% inhibition, but from Figure 5.3 it can be
noticed that inhibition = 50% is associated with TUmix > 1, suggesting that Equation
4.6 overestimates the ecotoxicological effects on P. subcapitata from tar asphalt.

Effort was made to monitor the pH of the liquid phase during the test, targeting the
optimal conditions for the test organisms suggested by the guidelines (SS-EN ISO
8692:2012, 2012). However, each flask presented a different pH value, so the
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correlation between pH and growth was investigated. For P. subcapitata, weak linear
correlation (R? = 0.24) was found between pH and the reproduction rates, so no
further investigations were performed.

It can be concluded that P. subcapitata showed chronic toxicity caused by the
exposure to contaminated water from tar asphalt without reaching total inhibition
and Equation 4.6 overestimated the ecotoxicological effects.

5.1.3. Inhibition of Daphnia magna reproduction

The Daphnia magna 21-day reproduction test was performed to study the impacts of
the tar asphalts (Table 4.4) on the ecological composition of natural environments.

Response plots based on different approaches are reported in Figures 5.4, 5.5 and 5.6.
Figure 5.4 shows the response plot based on an initial parent approach (reproduction
rates calculated with Equation 4.13), while Figure 5.5 shows the response plot based
on a surviving parent approach (reproduction rates calculated with Equation 4.12).
Figure 5.6 shows the response plot based on the delay of the first brood. Inhibitions
% were calculated comparing the samples with the blanks through Equations 4.11
(initial and surviving parent approach) and 4.14 (delay of the first brood approach).
Error bars refer to the Standard Deviation (SD) of the replicates of each sample. Each
point in the response plots is associated with its ID in accordance with Table 4.4.

Asphalt 2 was present as 50% of the mixture weight both in the large sample LS2 and
in the small sample S54 (Table 4.4). A two-tailed t-test was performed with
significance level of 0.05 to check the hypothesis that large and small flasks were
indistinguishable. The result of the test suggested no scale effect, as the p-values for
delay of first brood, initial parent and surviving parent approaches were all > 0.05,
respectively of 0.27, 0.13, and 0.79.

Asphalt C at 50% w./w. (sample SS2, Table 4.4) was not reported in Figures 5.4 and
5.5, because of the out of scale negative inhibition value. Data of TUmix and inhibition
% are reported in the caption of Figures 5.4 and 5.5.
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Figure 5.4: average inhibition of Daphnia magna reproduction response plot, based on the
initial parent approach. Large: samples from the 1-L batch systems, Small: samples from the
0.5-L batch system (Table 4.4). Error bars: + SD. Sample SS2: TUmix=0.03, inhibition = -47.9%.
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Figure 5.5: average inhibition of Daphnia magna reproduction response plot, based on the
surviving parent approach. Large: water samples from the 1-L batch systems, Small: water
samples from the 0.5-L batch system (Table 4.4). Error bars: + SD. Sample S52: TUmix=0.03,
inhibition = -240.8%.
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Figure 5.6: average inhibition of Daphnia magna reproduction response plot, based on the
delay of the first brood. Large: samples from the 1-L batch systems, Small: samples from the
0.5-L batch system (Table 4.4). Error bars: + SD.

From the response plots reported in Figures 5.4, 5.5 and 5.6, it can be noticed that
Daphnia magna, for all the different approaches, showed marked chronic toxicity from
exposure to contaminated water by asphalt, reaching 85% - 100% inhibition in LS1
(Asphalt 2 at 100% w./w.) and SS6 (Asphalt 3 at 50% w./w.).

Asphalt C at 50% w./w. (sample SS2, Table 4.4) presented very low inhibitions with
the initial parent approach (-47.9 %) and with the surviving parent approach (-240.8
%). These data were not plotted in Figures 5.4 and 5.5. These low inhibition levels
demonstrate that, contrary to tar asphalt, petroleum-based asphalt does not present
toxicity issues. A single-tailed t-test was performed with significance level of 0.05 to
check if the replicates of asphalt C were statistically distinguishable (lower) in
inhibitions from the blanks at 100% w./w. of soil (sample LS5, Table 4.4). Despite
being much lower in inhibitions, no statistically significant difference was found
between asphalt C replicates and the blanks, as the p values for delay of first brood,
initial parent and surviving parent approaches were all > 0.05, respectively of 0.42,
0.07 and 0.1. The water used in the tests was low in minerals, so introducing crushed
asphalt in the flasks may have enriched the mineral content of water, alleviating
presumed mineral deficiency. It is however improbable that the presence of asphalt
C incentivized reproduction, but there is not enough data to demonstrate this, and it
was out of the scope of the study.
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The TUmix should be predictive of inhibition with 50% inhibition at TUmi = 1. From
Figures 5.4, 5.5 and 5.6 it can be noticed that inhibition = 50% is associated with TUmix
> 1, suggesting that the model proposed by this study (Equation 4.6) overestimate the
ecotoxicological effects on Daphnia magna from tar asphalt.

It can be concluded that Daphnia magna showed chronic toxicity caused by the
exposure to contaminated water by tar asphalt, reaching total inhibition, but the

proposed model overestimated the ecotoxicological effects.

In Figure 5.7 the correlation between number of surviving parents at the end of the
test and the offspring is reported, for all samples including the blanks. In addition to
that, the uncertainty related to numbers of surviving parents and offspring is shown.

600
500

400

R2=0,8691

Oftspring
[#5]
o
(=]

200

100

0 1 2 3 4 5 6 7 8 9 10

Surviving parents

Figure 5.7: correlation between the number of surviving parents and the offspring.
Error bars: + SD.

Strong correlation (R? = 0.87) was calculated between the number of surviving
parents at the end of the test and the offspring. As the number of offspring is strongly
affected by the number of surviving parents, the survival parent approach is believed

to give more accurate values for the reproduction rates.

The standard deviation of the number of surviving parents in each sample (error bars
in Figure 5.7) can be explained by the way survival parents were distinguished from

the offspring at the end of the test, that is with subjective observations. The
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variability of surviving parents within the same series significantly affects the total
number of offspring regardless of the toxic effect, introducing statistical noise into

the analysis, and increasing the standard deviation of the total offspring.

Figure 5.8 compares the inhibition and the standard deviations for each sample,
based on the two approaches. Inhibition based on the surviving parent approach
always had higher uncertainty. This is because, with the initial parent approach, the
number of initial parents in each sample had no standard deviation. On the other
hand, with the surviving parent approach, the number of surviving parents, as

previously discussed, had considerable variability.
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Figure 5.8: comparison between average inhibitions based on the initial and surviving parent
approaches. Error bars: + SD.

Reproduction rates where the offspring was normalized by the survival parents were
always higher, because the number of survival parents was always lower than the
initial ones. Thus, in this study, the inhibition of the initial parent approach was
always higher than the survival parent one. Thus, using the initial parent approach
could help stay in favor of safety, but, in this case, this approach exacerbated the
overestimation of the effects foreseen by the proposed model. Despite these
differences, the response plots (Figures 5.4 and 5.5) were similar. In conclusion, the
choice of the initial or the surviving parent approach does not change the meaning of

the results. Inhibition calculated using the initial parent approach presented lower
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uncertainty but were expected to be less accurate. Inhibitions calculated with the
surviving parent approach were expected to be more accurate but had the

disadvantage to be higher in uncertainty.

Effort was made to monitor the pH during the Daphnia magna tests, to ensure optimal
conditions for the test organisms. However, each flask presented a different pH
value. A moderate linear correlation (R? = 0.55) was found between the percentage of
surviving parents and the initial pH. As already discussed, the percentage of
surviving parents influenced the entity of the offspring (Figure 5.7). However, a
linear correlation with R? = 0.72 was found between the initial pH and TUmi,
excluding the blanks where TUmix were close to 0 (samples SS2, SS7, LS5, LS6; Table
4.4). For this reason, the moderate correlation between pH and the surviving parents
is believed not to imply any direct relationship but being indirectly caused by
toxicity of asphalts. Initial pH conditions were indeed in the optimal range suggested
by the guidelines (OECD, 2012), and it is improbable that their variation among
replicates might have significantly affected the mortality of the initial parents.

5.1.4. Comparison between sensitivities of the test organisms

Based on the response plots, the sensitivity of the organisms to asphalt-contaminated
water was in decreasing order: Daphnia magna (reproduction, chronic toxicity) >
Pseudokirchneriella  subcapitata (reproduction, chronic toxicity) > Vibrio fisheri
(bioluminescence, acute toxicity).

Responses of Daphnia magna and P. subcapitata were well comparable because they
were both referred to chronic toxicity tests (inhibition of reproduction/growth), while
Vibrio fisheri was used in the acute toxicity test (inhibition of bioluminescence).
Chronic toxicity assessed through P. subcapitata and Daphnia magna gave higher
response than acute toxicity assessed through Vibrio fisheri, in accordance with
previous literature (Eom et al, 2007; Bispo et al., 1999; Pagnout et al., 2006).
However, the lower response of Vibrio fisheri might have been influenced by the fact
that the SRCs values used as ECso for the calculation of the TUs (Table 4.5) are
intended only for chronic toxicity assessment and they might be not predictive of the
inhibition of bioluminescence.

From previous research (Eom et al. (2007); Pagnout et al. (2006); Verbruggen (2012)),
it is well known that both Daphnia magna and P. subcapitata are sensitive to PAHs, in
agreement with the results of this study. However, from previous literature it is not
clear whether the sensitivity of Daphnia magna to PAHs mixtures is higher or lower
than P. subcapitata. This uncertainty may be originated by the variable nature of
PAHs mixtures from contaminated asphalts. It is indeed to be considered that, if
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chronic toxicity is tested for single PAHs, Daphnia magna is more sensitive to certain
compounds than P. subcapitata and vice versa. The sensitivity of Daphnia magna and
P. subcapitata to single PAHs is known from Verbruggen (2012). Thus, once the POM
is analyzed and the actual PAHs concentrations in water will be known, the results
obtained in this work could be compared with previous literature. This verification is
left to future research because at present the actual PAHs composition of the
contaminated water is unknown.

5.2. Response functions and comparison between TU
models

In this paragraph, two modelling approaches for the TUmix were compared. The first
approach has been proposed in this study where TUmix is calculated considering as
environmental expected concentration of PAHs (Ctee) predicted by Equation 4.6. The
second approach is based on the total PAH concentration (Crasn), often used because
cheap and time-effective, where the TUmix is estimated considering the environmental
expected concentration Cran calculated with Equation 4.9.

Response functions reported in paragraph 5.1 were fitted for the tests where an
evident trend between TUmix and inhibition % was found (i.e. Daphnia magna and P.
subcapitata inhibition of reproduction — growth). For the P. subcapitata inhibition of
growth test, maximum inhibition reached was 61%, so that data were lacking in the
inhibition range 61% - 100%. Thus, only response plots from Daphnia magna test were
used to compare the two models. From fitting, the TUmix associated with 50% (TUso)
of the observed effects were extrapolated.

In Figures 5.9 to 5.14 the sigmoidal response functions for Daphnia magna tests are
reported. The inhibition % of the points in the plots does not vary, because it is the
observed effect in the ecotoxicological tests, while the TUmix varies because it is
calculated with the two different approaches. The residual standard error (Res. st.
err.) of the fitting is reported in the caption of the Figures.
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Figure 5.9: inhibition of Daphnia magna reproduction, sigmoidal response curve based on the
initial parent approach. TUmix calculated with the Ctee model (Equation 4.6). Res. st. err. =

20.1.
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Figure 5.10: inhibition of Daphnia magna reproduction, sigmoidal response curve based on
the initial parent approach. TUmix calculated with the total Cran model (Equation 4.8). Res. st.
error = 20.5.
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Figure 5.11: inhibition of Daphnia magna reproduction, sigmoidal response curve based on
the survival parent approach. TUmix calculated with the Ciee model (Equation 4.6). Res. st.
error = 24.6.
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Figure 5.12: inhibition of Daphnia magna reproduction, sigmoidal response curve based on

st. error = 28.4.

the survival parent approach. TUmix calculated with the total Cran model (Equation 4.8). Res.
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Figure 5.13: inhibition of Daphnia magna reproduction, sigmoidal response curve based on

the delay of the first brood. TUmix calculated with the Ciee model (Equation 4.6). Res. st.
error =24 4.
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Figure 5.14: inhibition of Daphnia magna reproduction, sigmoidal response curve based on

error = 24.8.

Table 5.1: TUso based on fitting of data from different ap

roaches and models

Approach TUso TUso TUso

(expected) (Ctree model) (Cpan model)
Initial parent 1 5.1 6.80 x 10°
Survival parent 1 8.4 1.55 x 10°
Delay of  first 1 10.8 1.35 x 10°
brood

the delay of the first brood. TUmix calculated with the total Cran model (Equation 4.8). Res. st.

From the fitting reported above, TUso values were obtained and reported in Table 5.1.
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The model based on the Cie proposed in this study (Equation 4.6) was not able to
predict the ecotoxicity of the asphalt-soil mixtures in an accurate way. Instead of
predicting TUso = 1, it predicted TUso = 5.1 (initial parent approach) and TUso = 8.4
(survival parent approach), with a considerable overestimation of the effects. On the
other hand, the total concentration model (Equation 4.8), that ignores bioavailability,
predicted TUso values 5 orders of magnitude greater than the those obtained with the
Ctee model (Table 5.1). Considering the total concentrations of PAHs present in the
mixtures as the expected environmental concentration led to a much greater
overestimation of the toxicity. In terms of residual standard error of the response
functions, there was no significant difference between the two models. In the new
approach, the TUmix calculation is based on the Ciee model proposed by Larsson et al.
(2024) (Equation 4.7), that relies on few parameters, relatively fast to be obtained.
Despite this, the total concentration approach is faster because only relies on the
PAHs content of the asphalt. However, the additional effort and time that should be
spent to apply the new approach is limited and largely pay back in terms of accuracy
and relevance. As already discussed, some additional parameters are needed for the
new approach, but they are relatively cheap to be obtained. The main cost is related
to the measurement of the PAH content in asphalt, that is required by both
approaches (see Equations 4.7 and 4.9). Thus, from an economic point of view, there
is no relevant difference between the two approaches.

It can be concluded that the approach proposed by this study should be preferred to
the one based on the total concentration of PAHSs, because much more accurate, still
fast and comparable in terms of costs.
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6 Limitations and future research

6.1. Limitations

Ecotoxicity tests performed on asphalt contaminated water are not PAH-specific and
can result in toxic effects due to contaminants released by tar asphalt different from
PAHs (Kumpiene et al., 2021), especially heavy metals, such as vanadium and nickel
(Speight, 2015; API, 2009).

Fuel leaks, vehicular exhaust, tire abrasion and airborne particulates can be the origin
of part of the PAHs found in tar asphalts. Attributing PAHs concentrations solely to
the CTB may lead to an overestimation of risks associated with tar asphalt
(Kumpiene et al.,, 2021). In this study, no differentiation was done between PAHs
derived from traffic-related sources and those from the CTB.

The fraction of organic carbon (foc) of the tar asphalts can affect the Ctee values in a
relevant way. Instead of measuring the foc for each asphalt, in this study, foc = 5% was
assumed for all the asphalts. This value is however considered a good assumption
from the TOC analysis performed in this study and from previous literature (NAPA
and EAPA, 2009; Speight, 2015; Larsson et al., 2024).

No conclusion on acute toxicity could be drawn on marine bacteria Vibrio fisheri, thus

caution is needed to extent the results of this study to marine aquatic ecosystems.

Green algae Pseudokirchneriella subcapitata did not reach total inhibition of growth,

thus a complete response function could not be fitted.

6.2. Future research

The research highlighted that chronic toxicity is related to PAH concentrations both
total and freely dissolved; therefore, future research could investigate the influence

of heavy metals.

To distinguish between traffic-related and CTB-related PAHs, the ratio between
benzo(a)pyrene and benzo(ghi)perylene might be investigated in future research
(Kumpiene et al., 2021).

The fo. should be measured in future research for each asphalt sample to make the

TUnmix values and the response plots more specific asphalt-based.
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ECs0 values intended for acute toxicity might be used in future research to draw
conclusion from the acute toxicity test based on Vibrio fisheri. The 5-minute response

could be included to elucidate any possible time dependency of the response.

To fit a complete response function for the green algae P. subcapitata, total inhibition
should be addressed. Thus, asphalt-soil mixtures at a higher contamination level

should be included in future research.

POM stripes that were prepared in this study will be analyzed in future research to
determine the sorbed PAHs from which to calculate the Cwe. In this way, it will be
possible to compare the proposed model (Equation 4.6 with the Ctre calculated using
Equation 4.7) and the model based on passive sampling (Equation 4.6 with the Ctee

calculated using the linear partitioning equilibrium of Equation 4.1).
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7 Conclusions

Only few studies have explored the ecotoxicity and the bioavailability of PAHs from
tar asphalt-soil mixtures. Findings from previous literature are not sufficient to
clarify the impacts of tar asphalt on the environment. Despite this, legislations at the
national level in Europe usually prohibit tar asphalt recycling.

In sight of this, the study aimed to investigate the ecotoxicological effects of tar
asphalt on aquatic ecosystems. The study also aimed to propose a new approach for
the estimation of the Toxic Unit of the asphalt-soil mixture (TUmix) that combines
time-effectiveness with accuracy, facilitating risk assessment.

This study provides a valuable contribution to the understating of tar asphalt aquatic
ecotoxicity, as no other studies on this topic were found in literature. Findings show
that aquatic organisms can develop marked chronic toxicity from tar asphalt
contaminated water. Since the ecotoxicological effects regarded endpoints with high
ecological relevance (inhibition of growth and reproduction), it can be concluded that
tar asphalt can threaten aquatic ecosystems. Now, the non-circularity of tar asphalt
legislated by the European Union is better supported by scientific evidence.

A valuable contribution was also provided to facilitate low-tier risk assessment of
asphalt-soil mixtures. The new approach proposed in this study was able to predict
toxicity of asphalt-soil mixtures overestimating TUmix values. However, TUmix values
obtained with the approach based on total PAH concentration, which ignores the
bioavailability, were of 5 orders of magnitude greater compared to those obtained
with the approach proposed in this study. In the new approach, the TUmix calculation
is based on a Ciee model proposed by Larsson et al. (2024), that relies on few
parameters relatively fast to be obtained. Despite this, the total concentration
approach is faster because only relies on the PAH content of the asphalt. However,
the additional effort and time that should be spent to apply the new approach is
limited and largely pays back in terms of accuracy. The additional parameters
needed, when implementing the new approach instead of the total concentration one,
are relatively cheap to be obtained. The major cost is related to the determination of
the PAH content of asphalt, which is required by both approaches (see Equations 4.7
and 4.9). Thus, from an economic point of view, there is no relevant difference
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between the two approaches. It can be concluded that the approach proposed in this
study should be preferred as an alternative to that based on total PAH concentration.

Thanks to this study, comparison between the accuracy of the proposed approach
and that based on passive sampling will be performed in future research.
Polyoxymethylene (POM) samples from the ecotoxicological tests were collected and
are currently stored in a freezer, ready to be analysed in PAHs. This approach, too, is
based on the bioavailable concentration of PAHs, but compared to the model used in
this study to estimate Ctee, the PAH concentration is the result of sampling with
POM. The comparison between the estimated and the calculated Cee will show if
there is any gain in accuracy by implementing the passive sampling approach,
though much more time-consuming (28 days for PAHs to reach equilibrium in the
POM) compared to the calculation proposed in this study.

Ecotoxicity tests performed on asphalt contaminated water are not PAH-specific and
toxic effects might have been caused also by heavy metals released by tar asphalt
(Kumpiene et al., 2021; Speight, 2015; API, 2009). Even if the research highlighted
that chronic toxicity is related to PAHs concentrations, future research might

investigate the influence of heavy metals.

Attributing PAH concentrations solely to the CTB might lead to an overestimation of
risks associated with tar asphalt, as part of the PAHs can indeed be traffic-related. To
distinguish between traffic-related and CTB-related PAHs, the ratio between
benzo(a)pyrene and benzo(ghi)perylene might be investigated in future research
(Kumpiene et al., 2021).

In this study, fo = 5% was assumed for all the asphalts, as a good assumption from
TOC analysis and previous literature (NAPA and EAPA, 2009; Speight, 2015; Larsson
et al., 2024). However, from future TOC analysis it will be possible to understand if

the accuracy gains by measuring foc on each sample worth the extra loss of time.

More research is needed to draw conclusions on the acute toxicity of marine bacteria
Vibrio fisheri. ECso values intended for acute toxicity (i.e. predictive of acute toxicity)
should be used. The 5-minute response might be included to elucidate any possible

time dependency of the response.

To fit a complete response function for the green algae Pseudokirchneriella subcapitata,
total inhibition should be addressed. Thus, asphalt-soil mixtures at a higher

contamination level should be included in future research.
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Appendix

List of Abbreviations

AA: Annual average

AC: Asfalto Catramoso

CER: Catalogo Europeo dei Rifiuti

CLP: Classification, Labelling and Packaging

Ccrs: Concentration in CTB

Ctree: Freely dissolved concentration

Cran: Total PAHs concentration

Crom: Concentration in POM sampler

Csoit: Concentration in soil

CTB: Coal Tar Binder

ECx: Effective concentration that affects the X% of the tested population
ECso: Effective concentration that affects the 50% of the tested population
EDx: Effective Dose

EEC: Extreme Effect Concentration

EWC: European Waste Catalogue

EQS: Environmental Quality Standards

GC-MS: Gas Chromatography coupled with Mass Spectrometry
GV: Guideline Value

IPA: Idrocarburi Policiclici Aromatici

Kers: Partitioning coefficient between CTB and water
Kb: Partitioning coefficient between soil and water
Koc: Partitioning coefficient between OC and water
Kow: Partitioning coefficient between octanol and water
Krowm: Partitioning coefficient between POM and water
LCx: Lethal Concentration

LDx: Lethal Dose

LDPE: Low-Density Polyethylene

LOEC: Lowest-Observed-Effect Concentration

MAC: Maximum Allowable Concentration

MEC: Median Effect Concentration

MW: Molecular Weight

NOEC: No-Observed-Effect Concentration

NOM: Natural Organic Matter

OC: Organic Carbon
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e PAH: Polycyclic Aromatic Hydrocarbon

e PDMS: Polydimethylsiloxane

e POM: Polyoxymethylene

e RAP: Recycled Asphalt Pavement

e SRC: Serious Risk Concentration

e 5QGs: Sediment Quality Guidelines

e TEC: Threshold Effect Concentration

e TOC: Total Organic Carbon

e TU: Toxic Unit

e TUso: Toxic Unit associated with 50% of the observed effects
e TUmix Toxic Units of the soil-asphalt mixtures
o WEFD: Waste Framework Directive

o WQG: Water Quality Guideline
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