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Abstract

Since the beginning of plastic production in the 1950s, the pollution of the environment by plastic
has been increasing, which is why the problem is being discussed in science and the public. Since
2004, particular attention is being paid to the effects of microplastics (MP) on the environment.
MPs are particles of different polymer types with a diameter of 1 to < 1000 pm, although a
uniform definition has yet not been established. During the production of plastic, partially harmful
additives such as phthalates are added to increase the functionality and service life of plastics.
They can be released into the environment from MPs through leaching. The aim of this work is
to investigate the influence of salinity and turbulence on the leaching process since those factors
can be assigned to particular environments that are involved in MP transport such as rivers or
oceans. This would help to identify environments which are most susceptible to additive pollution.
Leaching experiments were carried out with PVC since this polymer introduces the most phthalates

into the environment.

The results of the thesis show that leaching processes of DEHP plasticized PVC MPs are limited by
aqueous boundary layer diffusion (ABLD). Increasing turbulence increases the leaching rate. Based
on model results describing the diffusion processes of the phthalate, the increased leaching rate can
be attributed to a thinner ABL surrounding the MP pellet. Hence, the shorter diffusion distance
through the thinner ABL increases the leaching rate. Further, it was found that higher salinity
reduces the leaching rates, as an addition of salt displaces the slightly water-soluble phthalates
from the aqueous solution. Thus, the partition coefficient of DEHP between the MP pellet and
the aqueous phase increases. Further, the results of the ABLD model show that leaching half-
lives increase with increasing salinity and decreasing turbulence. However, even at slow leaching
conditions, leaching half-lives were estimated to be 416 years, while residence times of MPs in rivers

range from days to weeks. The main fraction of DEHP will thus be released into the oceans.

This study provides first insights of the effects of two environmental factors on the leaching pro-
cess of a phthalate from PVC. However, other environmental factors need to be considered when
assessing the leaching of phthalates into the environment. Further research is thus obligatory to
gain a better understanding of the leaching processes and pollutant interactions of MPs and the

environment.
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Zusammenfassung

Seit Beginn der Plastikproduktion in den 1950er Jahren nimmt die Verschmutzung der Umwelt
durch Plastik zu. Seit 2004 wird ein besonderes Augenmerk auf die Erforschung der Auswirkungen
von Mikroplastik (MP) auf die Umwelt gelegt. MP sind Partikel verschiedener Polymertypen mit
einem Durchmesser von 1 bis < 1000 pm, wobei sich eine einheitliche Definition noch nicht durchge-
setzt hat. Bei der Herstellung von Plastik werden teils schiidliche Additive wie Phthalate zugesetzt,
um die Funktionalitdt und Lebensdauer der Kunststoffe zu erhéhen. Sie kénnen durch Auswaschung
aus MP in die Umwelt gelangen. Ziel dieser Arbeit ist es daher, den Einfluss des Salzgehalts und der
Turbulenz auf den Auslaugungsprozess zu untersuchen, da diese Faktoren bestimmten Umweltsyste-
men zugeordnet werden kénnen, die am MP-Transport beteiligt sind wie beispielsweise Fliisse oder
Ozeane. Dies wiirde helfen, gefihrdete Okosysteme fiir Additivverschmutzung zu identifizieren.
Die Auslaugungsversuche wurden mit PVC durchgefiihrt, da dieses Polymer die meisten Phthalate

in die Umwelt einbringt.

Die Ergebnisse der Arbeit zeigen, dass Auslaugvorginge von DEHP aus PVC MP durch die Diffu-
sion durch eine wéssrige Grenzschicht (ABL) limitiert werden. Mit zunehmender Turbulenz erhoht
sich die Auslaugungsrate. Basierend auf Modellergebnissen, die die Diffusionsprozesse des Phtha-
lats beschreiben, kann die erhohte Auslaugungsrate auf eine diinnere ABL, die das MP-Granulat
umgibt, zuriickgefiihrt werden. Die kiirzere Diffusionsstrecke durch die diinnere ABL erhoht da-
her die Auslaugungsraten. Weiterhin wurde festgestellt, dass ein erhohter Salzgehalt die Auslau-
gungsraten reduziert, da die Zugabe von Salz die schwer wasserloslichen Phthalate aus der wéssrigen
Losung drangt. Dadurch erhoht sich der Verteilungskoeffizient von DEHP zwischen MP und der
wassrigen Phase. Weiterhin zeigen die Ergebnisse des ABLD-Modells auf, dass die Halbwertszeiten
der Auslaugung mit zunehmendem Salzgehalt und abnehmender Turbulenz zunehmen. Allerd-
ings wurden selbst bei Bedingungen niedriger Auslaugunsraten, Halbwertszeiten von 416 Jahren
berechnet, wihrend die Verweilzeiten von MP in Fliissen nur von Tagen bis Wochen reichen. Der

Hauptanteil von DEHP wird daher in den Ozeanen freigesetzt.

Diese Studie liefert erste Erkenntnisse iiber die Auswirkungen von zwei Umweltfaktoren auf den
Auslaugungsprozess eines Phthalats aus PVC. Bei der Bewertung der Auslaugung von Phthalaten
in die Umwelt miissen jedoch weitere Umweltfaktoren beriicksichtigt werden. Weitere Forschung
ist daher obligatorisch, um ein besseres Verstdndnis der Auslaugungsprozesse und Schadstoffinter-

aktionen von MP und der Umwelt zu erlangen.
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1 Introduction

Since the beginning of mass production of plastics in the 1950s, the annual plastic production
volume has increased drastically (GEYER ET AL., 2017). The global plastic production
has increased by an average of ~10 tonnes per year since 2008 (Figure 1). According to
PLASTICSEUROPE (2019), 359 million tons of plastic were produced worldwide in 2018. The
plastic industry is of great importance for many economic sectors. In Europe for instance,
the plastic industry represents the seventh largest industry, producing 61.8 million tons of
plastics in 2018, which represents 17.2% of the global plastic production. This corresponds
to a revenue of more than 360 billion euros (PLASTICSEUROPE, 2019). The rapid increase in
global plastic production can be explained by numerous factors. One advantage of plastic is
that it can be formed into various shapes. Therefore, it can be used in different ways and has
become part of our everyday life. In addition, plastic is light, durable and offers a cheaper
alternative compared to many other materials in various industries (BERGMANN ET AL.,
2008). Hence, it is used in numerous sectors, such as packaging, electrical and automotive
industries, agriculture and construction. The sectors with the highest plastics consumption
in Europe are found in the packaging and construction industry (PLASTICSEUROPE, 2019).
Plastics helps saving energy, reduces transportation costs due to its light weight and improves

our health through a variety of medical products (THOMPSON ET AL., 2009).

The pollution of the environment by plastic waste is receiving more and more attention in
science and public. Special attention is given to the disposal of plastic and its sinks in the
environment. In order to obtain the full benefit from the life cycle of a plastic object, disposal
and recycling must be well organized (ROCHMAN ET AL., 2013A). While Europe had a
recycling rate of 42% in 2018 (PLASTICSEUROPE, 2019), 91% of the world’s plastic waste
is still not adequately managed (NATIONAL GEOGRAPHIC, 2020). Since the beginning of

mass production, plastic has accumulated in rivers and in the countryside (BUSCHMANN
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Figure 1: Rising plastic production from 1950 to 2018 in million tons per year worldwide
(blue) and Europe (black) (GARSIDE, 2020).

AND FREUND, 2019; BARNES ET AL., 2009). The biggest sink however, are the oceans,
where approximately 10% of the plastic produced ends up (THOMPSON, 2006). Thereby,
a share of 80% of the plastic waste which can be found in the sea is disposed off on land,
where it is carried into oceans by wind and surface runoff (ANDRADY, 2011). In the ocean,
plastics are transported by ocean currents a few hundred kilometres away from the coasts
and ends up in large eddy currents, such as the Great Pacific Garbage Patch. Once there,
it takes hundreds to thousands of years to decompose (EL1As, 2018, MOORE, 2008). For
example, half of the plastic found in oceans is older than 13 years and 80% is older than 4
years (KOELMANS ET AL., 2016). Plastic is therefore a long lasting pollutant and comes

in various sizes and shapes.

Many of the in the ocean floating plastic fragments are leftovers from packaging, plastic bags,
fishing equipment, shoes, cigarette filters and other household items (DERRAIK, 2002).

Those plastic fragments include microplastics (MP). They refer to plastic fragments with
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a size of 1 to < 5000 pm (MOE, 2015) although a uniform definition has yet not been
established. HARTMANN ET AL. (2019) propose a size definition according to the SI
system of 1 to < 1000 pm. Due to their small size, they are highly bioavailable. The
ingestion of those particles poses a risk to marine flora for several reasons. Supersaturation
from MP blocks their gastro-intestinal passage, which may lead to death due to malnutrition
(MOORE ET AL., 2001). In addition to the physical hazards, there are rising concerns about
the chemical hazards of MPs to the environment and its organisms. Thereby, MP is acting as
a vector for various chemicals. On the one hand, MPs can sorb existent pollutants from the
water and release them back to aquatic organisms. Compared to other environmental carrier
media with higher abundance, such as suspended organic particulates or water, plastics
however plays a negligible role as a transport vector to marine organisms for those compounds
(KOELMANS ET AL., 2016). On the other hand, various auxiliary compounds, so-called
additives, can be introduced into the surrounding water. Additives are added during plastic
production to increase its functionality and service life. These include dyes, UV stabilisers,
flame retardants, as well as plasticisers such as phthalates and bisphenol A (BPA) and many
other substances, which can act endocrine disrupting and carcinogenic (TALSNESS ET AL.,

2009; TEUTEN ET AL., 2009).

Since additives can leach into their surrounding during the life span of plastics, leaching
processes of additives into aquatic systems are currently in the focus of science (KOELMANS
ET AL., 2014; LUO ET AL., 2019A). While the main focus is put on additive release from
medical items (ROSE ET AL., 2012; GAYATHRI ET AL., 2004) and food packaging (FANG
ET AL., 2017; KERESZTES ET AL., 2013), only little research exists on the influence of
various environmental factors influencing leaching. Those include salinity, turbulence, tem-
perature, dissolved organic matter (DOM) content and the formation of biofilms on the
plastic surface. Understanding how these factors influence the leaching process would be
relevant for the environmental risk assessment for these materials. This would help iden-
tifying aquatic ecosystems which are most susceptible to additive pollution. Among the

aforementioned environmental factors, turbulence and salinity can be assigned to particular
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environments that are involved in MP transport. For instance, oceans and rivers have higher
turbulence compared to lakes due to wave movements and river currents, while rivers and
lakes have a lower salinity compared to oceans. Analysing the impact of salinity and turbu-
lence on the leaching process of additives is therefore of importance to identify environments
which are most susceptible to additive leaching. Such findings are practically relevant for

environmental risk assessment.



2 State of Knowledge, Aims and

Hypothesis

2.1 State of Knowledge

Microplastics are a risk for the aquatic environment

Plastics consist of polymers, whereby countless polymer types exist today. The most used
polymers include polypropylene (PP), polyvinyl chloride (PVC), polyethylene terephthalate
(PET), polystyrene (PS) and polyethylene (PE) (PLASTICSEUROPE, 2019). Ocean surface
samples mostly contain PP, PE, PVC, PET and styrofoam (expanded PS) which occur in

various sizes such as MPs (ANDRADY, 2015).

MPs are divided into primary and secondary MP according to their origin (COLE ET AL.,
2011). Primary MPs are produced in their final form for direct consumption and are used
in a wide range of applications. For instance, plastic granules which are used as a basic ma-
terial in the plastic industry for plastic production are considered as primary MPs (Do SuL
ET AL., 2009). While primary MPs are produced in small units for special purposes, sec-
ondary MPs have various sources originating from fragmentation of larger plastic elements.
Fragmentation involves physical, biological and chemical processes that reduce the structural
integrity of the plastic. Most of the secondary MPs in the environment are degraded by pho-
tolytic degradation through the sun’s UV radiation or physical abrasion, for instance due
to wave movements (ANDRADY, 2011). Other sources of secondary MPs are the abrasion
of car tyres and shoes which end up in the wastewater (MOORE, 2008). Moreover, up to
1900 plastic fibres from synthetic textiles can be flushed into the sewage system per washing

cycle (BROWNE ET AL., 2011). Once there, secondary MPs can pass wastewater treatment
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plants and hence end up in rivers and finally in oceans (MASON ET AL., 2016).

MPs are found in high concentrations in the environment. For instance, in Belgian ports
concentrations of up to 390 MP particles per kilogram of beach sediment have been measured
(CLAESSENS ET AL., 2011). Such a high presence of MPs in aquatic habitats has numerous
effects on the environment and its creatures. Due to their small size, MPs can be ingested by
even the smallest organisms such as zooplankton and are therefore bioavailable. Moreover,
MPs are consumed by larger creatures such as worms, echinoderms, bryozoans, sea cucum-
bers and crustaceans as they only partially select their food (WARD AND SHUMWAY, 2004).
Small organisms suffer in particular from the uptake of MPs, as the smaller gastro-intestinal
passage can be blocked more easily. This can lead to death due to malnutrition (MOORE
ET AL., 2001). However, larger organisms such as fish and seabirds which seek their food
on the water surface suffer from the intake of MPs as well (MOORE ET AL., 2001). The
ingested MP particles can lead to cell death, reduced fertility, inflammations and wounds in
the intestines and can accumulate in tissues of the organisms (ROCHMAN ET AL., 2015A).
A study by ROCHMAN ET AL. (2015B) discovered that MPs in the form of particles and
fibres can be found in 67% of all stomachs of commercially purchased fish in the US. Since
MPs reach humans at the end of the food chain, there is currently increasing concern about

the effects of MPs on human health.

The capability for MPs to act as a sorbent for hydrophobic organic compounds (HOC) has
been demonstrated in several studies (TEUTEN ET AL., 2007; ROCHMAN ET AL., 2013B;
LOHMANN, 2012). Sorption is the phase transfer process of a substance from one phase to
another (ATKINS AND DE PAurLA, 2013). While absorption describes the transfer into a
different phase, adsorption is the accumulation at the interface between two phases. Due
their small size, MPs have a high surface-to-volume ratio compared to bigger plastic parti-
cles, which increases the frequency of interactions with HOC. Those include pharmaceuticals,
fertilisers and pesticides (herbicides, insecticides, fungicides) which are released into the en-
vironment for instance from wastewater and agricultural activities (UBA, 2017). They

accumulate in the groundwater, rivers, oceans (LUO ET AL., 2019B), soils (CORRADINI
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ET AL., 2019) and in the air (GASPERI ET AL., 2018). These substances include poly-
chlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT), polycyclic aromatic
hydrocarbons (PAHs), various drugs and other organic substances (LOHMANN, 2011). Tox-
icological effects have been demonstrated for many of them. They can interfere with the
hormonal system of organisms, influence metabolism and reproduction, damage organs and
have carcinogenic effects (RONNEFAHRT ET AL., 2012; UBA, 2017). Moreover, due to
the hydrophobic character of those substances and the non-polar structure of most polymers
such as PS, PE and PVC, MP is particularly favourable to the sorption of HOC (MAYER
ET AL., 2003; SEIDENSTICKER ET AL., 2018). For instance, HUFFER AND HOFMANN
(2016) found a strong relationship between sorption coefficient of MPs of four different
polymer types (PA, PE, PVC and PS) and the hydrophobicity of seven aliphatic and aro-
matic organic sorbates. Therefore, hydrophobic interactions are of major importance which
is why non-polar polymers can be used for passive sampling (NAMIESNIK ET AL., 2005).
After sorption, the concentration of these substances can be several orders of magnitude
higher in MP than in the surrounding medium. This depends on the residence time of MPs
in water (MATO ET AL., 2001) and the difference in fugacity between the MP pellet and
its surrounding (KwWON ET AL., 2017). Sorbed HOC can then be transported over long
distances to the most remote regions, such as the arctic (DO SUL ET AL., 2009; ZARFL

AND MATTHIES, 2010).

While sorption of organic substances on MPs is undisputed in science, the effect of MPs as a
transport vector to organisms via ingestion is yet not understood (KOELMANS ET AL., 2016;
BROWNE ET AL., 2013). Although MPs have a higher sorption affinity for HOC compared
to other carrier media, such as natural organic and inorganic particulates or water, they are
still present in much lower concentrations (KERSHAW, 2015). KOELMANS ET AL. (2016)
estimates that only ~0.001%0 of HOC bound to environmental media in the ocean is bound
to plastics. Therefore, they argue that MPs play a negligible role as a transport vector for
foreign organic substances to organisms. Moreover, KWON ET AL. (2017) argue that HOC

have a high fugacity in the water phase and a low fugacity in MP. This is why MPs should
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be considered as a final sink and not as a source of HOC. For instance, BECKINGHAM AND
GHOSH (2017) have shown that the transport of PCBs to the worm L. variegatus can be
reduced by the presence of plastic. This is caused by the so-called cleaning effect of MPs
which can reduce the body burden of HOC. Similar results have been shown by the modelling
approach of BAKIR ET AL. (2016).

Additives

MPs are considered a source of additives to the aquatic environment (KwWON ET AL., 2017)
since additives have a low fugacity in the water phase compared to a high fugacity in plastic
(KARAPANAGIOTI ET AL., 2011). Compared to the vector function of MP, where foreign
HOCs from the water phase are transported, additives are introduced by MP into the envi-
ronment. Therefore, science focuses more and more on the processes of additive release since
desorption of chemicals from MPs has been far less studied then sorption and might play a

more important role as a vector for HOC to aquatic organisms than previously assumed.

Especially phthalates which are added to polymers as plasticizers have been linked to diseases
such as breast cancer (LOPEZ-CARRILLO ET AL., 2010), DNA damage to human sperm
(HAUSER ET AL., 2007), liver damage (KAMBIA ET AL., 2001), obesity (TEITELBAUM
ET AL., 2012) and environmental hazards (STAPLES ET AL., 1997). One of the most
used groups of phthalates are phthalate esters (PAE), which are used since the 1930s to
plasticise brittle PVC to increase its durability and flexibility by lowering its glass transition
temperature (GRAHAM, 1973; STAPLES ET AL., 1997). Many PAEs have raised concerns
regarding human health and environmental impacts which is why they are listed as priority
pollutants in the EU, US and Canada (VENTRICE ET AL., 2013; EPA, 2014). One of the
most applied phthalate esters is the colorless, non-volatile and odorless, viscous liquid Di-2-
ethylhexyl phthalate (DEHP) (Figure 2). With more than half of the phthalate production

worldwide, it is considered the most used PVC plasticizer (CARLSON, 2010).

DEHP is considered a high performance phthalate an is used to produce highly elastic PVC.
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Figure 2: Chemical structure of the ortho-phthalate DEHP (CoyH3504) (SPECIALCHEM,
2017).

It offers good gelling and shows reasonable good flexibility at low temperatures and resistance
to high temperatures (SPECIALCHEM, 2017). In addition, its low costs lead to a widespread
use of DEHP-plasticized PVC in commercial products such as tubings, packaging material,
clothing, roofing, flooring and medical applications like blood containers. (TICKNER ET AL.,
2001; SHEA ET AL., 2003). Products made out of plasticized PVC contain up to 40% DEHP
(WILKES ET AL., 2005). A common DEHP content for flexible PVC is ~30% (STARK
ET AL., 2005). Due to its adverse effects on humans and the environment some countries like
the US limited its share to 0.1% in special items such as toys since the additive is especially
toxic for children (SPECIALCHEM, 2017). Moreover, DEHP is listed as a substance of very
high concern (SVHC) under the European REACH legislation (Registration, Evaluation,
Authorisation and Restriction of Chemicals). This is why its application is prohibited in
Europe since 2014 (ECHA, 2020). The US Food and Drug Administration (FDA) limited
its usage in food packaging for fatty foods, since DEHP easily extracts into non-polar solvents
(SPECIALCHEM, 2017). Even though DEHP consumption is currently decreasing due to
the concerns about its adverse effects, it is still the most commonly used phthalate in the

world (CARLSON, 2010; SPECIALCHEM, 2017). Therefore, DEHP can be considered a
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model phthalate since a lot of data has been collected on it.

DEHP is commonly found in waters and sediments in the environment due to its high pro-
duction volume, its worldwide use and its leachability (HELM, 2007). Since DEHP has
a low water solubility of 3 ng/L (ECHA, 2020), it is often linked with particles but can
also be detected in water samples. For instance, PEIJNENBURG AND STRULJS (2006) found
DEHP concentrations of up to 2.35 pg/L in Lake Bergum and 19,200 pg/kg in sediments
in the Nordsea Canal. Moreover, DEHP was found in several river and seawater samples
worldwide (ZHANG ET AL., 2018; EREMINA ET AL., 2016; Liu ET AL., 2012). Once in
the environment, DEHP has shown to be persistent and is therefore assigned to the group of
persistent organic pollutants (POP) (ECHA, 2020). Even though mineralization of DEHP
has been observed in anaerobic environments (STAPLES ET AL., 1997), biodegradation of
DEHP is generally an extremely slow process due to the strong bonding to organic matter
(FENG ET AL., 2002). Additionally, abiotic factors do not play an important role in the
environmental degradation of DEHP. For instance, photolysis through natural UV-radiation
(LERTSIRISOPON ET AL., 2009) as well as hydrolysis seem to be negligible (LERTSIRISO-
PON ET AL., 2009; CHANG ET AL., 2005). Given the high persistence of DEHP in the
environment, it is important to understand its input pathways and hence the corresponding

leaching processes.

Leaching Process from spherical Particles

Leaching is the process of the extraction of a solute from a solid by dissolving it in a liquid
solvent (RICHARDSON ET AL., 2002). In this study, leaching of DEHP from spherical MP
into aqueous environments is examined (Figure 3). Leaching can be divided into two parallel
sub-steps. Firstly, the solute diffuses through the pores or matrix of the carrier substance
to reach its surface which is called intraparticle diffusion (IPD). Secondly, the solute is
transferred through an aqueous boundary layer (ABL) with its thickness 6. This process is
called aqueous boundary layer diffusion (ABLD) and includes the partitioning of the solute

between the carrier substance and the solvent (GRATHWOHL, 2014).

10



CHAPTER 2. STATE OF KNOWLEDGE, AIMS AND HYPOTHESIS

[ film \
| thickness ° \ solvent

5 l
\ Y b /
\ : o,
\ Cs / . solute
N\ / "1 ABL

N e carrier
~ Cw - substance

— —— — — -
with pores

Figure 3: Leaching process, showing the IPD of the solute within the pores of the carrier
substance and the diffusion through the ABL with its film thickness 0 into the
solvent. Cg [ng/kg] and Cy [pg/L] describe the concentrations in equilibrium of
the solid and liquid phase.

The equilibrium distribution of a substance between two different phases is described by a
partition coefficient. It is specific to the respective substance and is also called the Nernst
distribution coefficient (SCHWARZENBACH ET AL., 2002, p. 59). The distribution of the
substance between two different phases represents a dynamic equilibrium. An important
variant of the Nernst distribution coefficient is the n-octanol-water coeflicient Koy which
represents the distribution of a substance between an organic phase and water. It is partic-
ularly relevant for lipophilic and hydrophobic substances (SCHWARZENBACH ET AL., 2002,

p. 223). Besides Ko, the distribution value between a solid phase and a liquid phase, Kp

11



CHAPTER 2. STATE OF KNOWLEDGE, AIMS AND HYPOTHESIS

[L/kg] can be defined by the equation

Kn = —2
D Co

(2.1)

where Cg [ng/kg] and Cy [ng/L] describe the equilibrium concentration of the compound
in the solid and liquid phase respectively (SCHWARZENBACH ET AL., 2002, p. 93). If the
general solid phase S in Formula 2.1 is replaced by the specific solid PVC, the distribution

coeflicient between PVC and water

Crve
2.2
o 2

Kpye-w =

is obtained. The time until equilibrium between the PVC and water phase is established
depends on molecular properties of the solute and the particle, as well as on the basic
parameters of the liquid phase (THOMPSON ET AL., 2009). The release of the solute is
controlled by the kinetics of the IPD and ABLD, whereby the slower process controls the

overall diffusion process (GRATHWOHL, 2014).

Intraparticle Diffusion (IPD)

The IPD describes the internal mass transfer mechanism of a compound in the pore structure
and matrix of a spherical particle (WU ET AL., 2009). In case the IPD is more slowly than

the ABLD, the overall leaching kinetics are limited by the IPD and can be described as

2
fdesorbed(t) =1-—=1- ) —, €Ip (_T) (23)

where fgesorpea(t) describes the cumulative fraction of a solute leached from the PVC particle
over time (ENDO ET AL., 2013B). The parameter M; represents the mass of the solute
in the PVC particle at time t, and My expresses the initial mass. The radius of the PVC

particle is described by R and the diffusion coefficient in PVC is expressed by Dpy ¢ which
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is the only solute specific parameter of the model (KwWON ET AL., 2007). The coefficient
Dpye is influenced by various internal factors, such as the molecular weight of the solute.
Molecules with a low weight have higher diffusion coefficients since this facilitates the mi-
gration through the porous medium (STARK ET AL., 2005). In order to diffuse through a
solid matrix, a compound needs to change its position in the grid by overcoming an energy
barrier. This process is enhanced at higher temperatures, which increases diffusion coeffi-
cients (RICHARDSON ET AL., 2002). This is known as the Arrhenius-relation (MEHRER,
2007). As shown in experiments from Kim ET AL. (2003), who examined the extraction of
DEHP from thin PVC sheets at different temperatures, this fact also applies to the leaching
process of DEHP-plasticized PVC.

The polymer PVC is made of vinyl chloride monomers (CoH3Cl). During the PVC produc-
tion, the vinyl chloride molecules combine to form long PVC chains in a chemical reaction
known as polymerization. A distinction is made between unplasticized PVC and plasticized
PVC. During the production of DEHP-plasticized PVC, DEHP penetrates into the molecular
space of PVC chains. As DEHP is an external plasticizer, it does not from chemical bonds
with PVC but rather forms weaker physical interactions (KASTNER ET AL., 2012). Those
interactions include polar orientations, which reduce the intermolecular forces between the
polymer chains such that the plastic becomes soft and flexible (GILBERT, 2016, P.353).
The polar carbonyl groups of DEHP interact with the polar carbon chloride bonds of PVC
polymer chains which makes them compatible. However, it is weakened by the absence of
interactions between the non-polar parts of the plasticizer. Consequently, the long PVC
chains become more flexible due to less interaction between each other (WILKES ET AL.,
2005). At high levels of DEHP, the intramolecular interactions between the polymer chains
diminish, resulting in a decrease in overall binding strength. This leads to higher release
rates of DEHP from PVC over time. The migration of DEHP is therefore proportional to
the amount of added DEHP (KiMm ET AL., 2003).

13
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Aqueous Boundary Layer Diffusion (ABLD)

The ABLD can be described by Fick’s first law (ENDO ET AL., 2013B) which describes a
steady-state diffusion (SCHWARZENBACH ET AL., 2002, pP. 786). In case the ABLD in the
PVC particle is more slowly than the IPD, the leaching kinetics of a solute are controlled by
the ABLD (KwON ET AL., 2007; ENDO ET AL., 2013A). The process can be described as

~ Dw Apye t
0 Vpve Kpve—w

) (2.4)

fdesorbed(t) =1l-—=1- eEXp (

where Apy ¢ is the surface area of the PVC particle, ¢ describes the thickness of the ABL
and Vpy o expresses the volume of the PVC particle. The parameter Dy, [m?/s| describes
the diffusion coefficient of the solute in water and can be calculated from the relationship

with its molecular weight M [g/mol] (SCHWARZENBACH ET AL., 2002) by

~27x1078

Dy = = (2.5)

The coefficients Dy and Kpyc_w represent the only solute specific parameters in the ABLD
model, where Kpyo_y is considered the most important parameter for the assessment of
ABLD dominated leaching processes from MPs (KwWON ET AL., 2017; KASTNER ET AL.,
2012). For instance, substances like DEHP which are hydrophobic (logKow = 7.5) and
have a low water solubility desorb more slowly. Consequently, the probability of ABLD
dominated leaching kinetics is high for substances with a high Kpyc_y. For more polar
solutes, leaching rates have been observed to be more IPD-controlled since the diffusion into

the solvent is facilitated (KWON ET AL., 2006).

In contrast, a higher salt content of the aqueous solution can impede leaching into the sur-
rounding medium on neutral organic solutes, which is called the Setschenow relationship or
salting-out effect. The dissolved salt increases the cohesive energy of the surrounding aque-
ous solution and therefore increases the cavity formation energy cost, when a compound is

transferred through the ABL (SCHWARZENBACH ET AL., 2002). Hence, higher salinities
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may alter distribution coefficients. Furthermore, dissolved organic matter (DOM) can in-
crease distribution coefficients of organic compounds and therefore increase leaching rates
(SEIDENSTICKER ET AL., 2017; SMITH ET AL., 2011). Leaching is therefore enhanced by
the DOM facilitated transport of organic compounds through the ABL (TER LAAK ET AL.,
2009). Another factor which changes leaching rates of phthalates from MPs is turbulence.
SUHRHOFF AND SCHOLZ-BOTTCHER (2016) have shown that leaching rates of various ph-
thalates increase with increasing turbulence. Similar results have been found by RAKOWSKA
ET AL. (2017), who examined the desorption of PAHs under turbulent conditions. Results
show that turbulence increases desorption by a reduction of particle aggregate size through
induced shear forces. However, little is known about whether turbulence alters ABLD or

IPD processes of phthalates from PVC MPs.

There are several studies investigating leaching of phthalates from PVC and PS. The main
focus is put on phthalate release from medical items, such as infusion sets (ROSE ET AL.,
2012; BAGEL-BOITHIAS ET AL., 2005; TICKNER ET AL., 2001) and blood storage bags
(GAYATHRI ET AL., 2004). For instance, LATINI ET AL. (2010) were examining the leach-
ing of DEHP from PVC into medical devices. They found, that the main factors determining
to what extent DEHP migrates from medical items are the share of DEHP, storage time and
the degree of PVC degradation. Additionally, ROSE ET AL. (2012) found that leaching of
DEHP from PVC into infusion sets increased with higher temperatures. Moreover, studies
are analyzing phthalate release from food packaging such as food containers (FANG ET AL.,
2017; FASANO ET AL., 2012) with a focus on leaching into fatty foods (YUAN ET AL.,
2020) since the hydrophobic character of phthalates increases their solubility in fatty sol-
vents (HAMDANI AND FEIGENBAUM, 1996). However, little is known how environmental
factors can influence the leaching process of phthalates from PVC MPs in aqueous environ-

ments.

While SUHRHOFF AND SCHOLZ-BOTTCHER (2016) have shown the influence of some en-
vironmental factors (salinity, turbulence, UV-radiation) on leaching of DEHP from PVC

sheets, little is known about the governing process determining the leaching process of spher-
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ical DEHP plasticized PVC particles such as MP and its release kinetics. Identifying the
governing leaching process would allow to calculate leaching half-lives, which are important
in order to understand when and where leaching mainly takes place. Short leaching half-lives
ranging from days to weeks would indicate that the main part of additives would be released
in rivers, where MP is entering via sewage treatment plants (MASON ET AL., 2016). River
residence times for MP in the river Rhine for instance can be up to 10 days (MANI ET AL.,
2015). In contrast, higher leaching half-lives would point out that leaching mainly takes
place in the oceans. However, environmental factors could influence or even change the gov-
erning leaching process, leading to a shift in leaching half-lives. Salinity and turbulence are
particularly important in this context since they can alter leaching processes as mentioned
before. While temperature and DOM-content are not associated to a particular ecosystem,
salinity and turbulence are. For instance, rivers are more turbulent than lakes, while oceans
have a higher salinity than rivers, but are similarly turbulent. Knowing their impact would
help to understand and predict which aquatic ecosystems are most susceptible to additive

pollution and are therefore highly important for an environmental risk assessment.

Since DEHP is very hydrophobic and has a very low water solubility of 3 ng/L water (ECHA,
2020), it is challenging to investigate the corresponding leaching processes. Therefore, an
infinite sink developed by HENKEL ET AL. (2019) is used for the leaching experiments. It
is intended to take up DEHP from the aqueous phase in order to keep its concentration well
below its water solubility. This is important since the equilibrium would gradually shift more
towards the MP pellet as the concentration in the water phase rises if an infinite sink would
not be applied. Hence, it ensures concentration gradients on the polymer surface during
the leaching experiments. This is especially important for long term experiments since the
governing leaching process could not be identified, when reaching a concentration of 3 ng/L
water. The infinite sink therefore assures that leaching processes remain unaffected from
solubility problems and helps determining the governing leaching processes. Moreover, this
approach is a step towards a more environmentally realistic scenario since water bodies in

nature can be considered as an infinite sink as well.
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2.2 Aims and Hypotheses

The preceding discussion demonstrated that there are no known studies that examine the
leaching process of DEHP plasticized PVC MPs with an infinite sink and modelling approach.
Moreover, it is not known how salinity and turbulence alter the leaching processes. This
however would be important to better understand where and when DEHP enters aquatic
environments, due to the adverse effects of DEHP on the environment and its wide use as a
plasticizer for PVC. Special attention should be payed to MP particles, since they are highly
bioavailable and a source of plasticizers to aquatic ecosystems (KwWON ET AL., 2017).
Consequently, the following research question is defined: How do the two environmental
factors, turbulence and salinity, influence the leaching process of DEHP from PVC MPs into

aqueous solutions? To answer this question, batch experiments were carried out in the lab.

To show whether ABLD or IPD is the limiting factor of the leaching process, the generated
data is compared to the previously presented diffusion models. Since MP particles with a
large diameter (~5 mm) are used in this study, the leaching process could be limited by IPD.
This can be explained by the fact that the diffusion distance that DEHP has to travel in the
particle to the surface is increased. The amount that can be released at the surface could
therefore be limited by IPD. However, studies indicate that compounds with high Kop
partition coefficients like DEHP are usually limited by ABLD due to their low diffusion
rates in water. Therefore, leaching rates are highly dependent on Kpyc_y, as the most
important variable (LAMPERT ET AL., 2015; KASTNER ET AL., 2012; SEIDENSTICKER
ET AL., 2017). In contrast, leaching kinetics of compounds with low hydrophobicity can be

controlled by IPD (FRIES AND ZARFL, 2012; TEUTEN ET AL., 2009).
Hypothesis 1: The leaching process of DEHP plasticized PVC MPs is dominated by ABLD.

Further, leaching rates of DEHP from PVC MPs in aqueous systems may decrease with in-
creasing salinity. This assumption is supported by the previously presented salting out effect
and especially holds true for neutral organic substances due to their high cavity formation

energy costs. Moreover, the salting out effect is large for substances with high Koy, values
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like DEHP, since they are more susceptible to an increase in cohesive energy (ENDO ET AL.,
2012). This is further supported by SAJIKI AND YONEKUBO (2003), who found out that
leaching rates of the common plasticizer BPA are slower to seawater than to river water.
In case the leaching process is ABLD limited, a possible shift of the partition coefficient
Kpyc_w for DEHP shall be determined with the help of the ABLD model. However, there
are also findings which do not align with this hypothesis. For instance, SUHRHOFF AND
SCHOLZ-BOTTCHER (2016) showed that salinity did not show a distinct trend in phtha-
late release from PVC MPs. However, leaching rates differed for each phthalate. The main
reasons for that are that salinity variations induce complex changes in compound and water
chemistry and have impacts on ionic strength, polarity, dipole moment and pH. However,

ENDO ET AL. (2012) argues that the relevance of the salting out effect is low, but existent.

Hypothesis 2: Leaching rates of DEHP from PVC MPs in aqueous systems are decreasing

with increasing salinity.

Even though SUHRHOFF AND SCHOLZ-BOTTCHER (2016) indicate a clear positive rela-
tionship between leaching rates and turbulence, little is known about whether turbulence
alters ABLD or IPD processes. We hypothesize that turbulence decreases the thickness of
the ABL which causes a faster diffusion through the film and therefore leads to a higher

external mass transfer. IPD might be unaffected by a change in turbulence.

Hypothesis 3: Leaching rates of DEHP from PVC MPs in aqueous systems increase with

increasing turbulence.
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3 Material and Methods

3.1 Used Materials and Preparations

PVC Pellets

The PVC pellets used in this study (Industrie Generali spa, Italy) had a DEHP content of
~35% as the only phthalate as stated by the manufacturer (Figure 4). They had a diameter
of ~5 mm and weighed between 27.75 and 29.25 mg.

Figure 4: PVC MP pellets with a diameter of ~5 mm.

Infinite Sinks

The infinite sink (Figure 5) was made of 10 mg activated carbon powder packed in a 4
x 4 cm piece of filter paper, stabilized with a stainless steel wire according to HENKEL
ET AL. (2019). Before the sinks were built, wires were wiped with acetone and placed in
n-hexane for at least 10 minutes to ensure that the wires were free of organics. The material

specifications used for the infinite sinks are listed in Table Al in the appendix.
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Figure 5: Infinite sink from the front (left) and bottom (right). It consists of 10 mg activated
carbon powder packed in a 4 x 4 ¢cm piece of Grade 50 filter paper stabilized with
a stainless steel wire.

Saline background Solutions

Three solutions with graded salt contents (1 mM potassium chloride (KCl), EPA moderate
hard water, artificial sea saltwater) were prepared. 1 mM KCI solutions were used for the
turbulence leaching experiments to be able to measure the pH-value. The salts used for the

solutions are listed in Table A2 in the appendix.

To prepare the 1 mM KCI solution, 74.55 mg KCl were mixed with 1 L. ultrapure water in a
1 L bottle and shaken until the salt was completely dissolved. Any glassware used was rinsed
three times with acetone and then muffled at 550°C for 5 hours. The moderate hard water
solution was made following the EPA guideline (EPA, 2002). 60 mg calcium sulphate
dihydrate (CaSO4*2 Hy0), 60 mg magnesium sulfate (MgSO,), 4 mg potassium chloride
(KCl) and 96 mg sodium hydrogen carbonate (NaHCO3) were mixed with 1 L ultrapure
water and shaken until the salts were completely dissolved. To prepare the artificial saltwater
solution (EPA, 2002), 38 g of sea salt were mixed with ~0.7 L ultrapure water in a 1 L
volumetric flask and shaken until the salt was completely dissolved. Then the volumetric

flask was filled up to 1 L with ultrapure water. The solution was transferred to a 1 L bottle.
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Since more than 1 L of each solution was needed per leaching experiment, several solutions

were prepared and stored in a fridge at 4°C to prevent biofilm formation.

Furthermore, the total organic carbon (TOC) content, pH value and electric conductivity
were measured to ensure stable and uniform conditions. For the TOC-analysis, samples of the
solution were measured using a TOC-analyzer (Shimadzu, Duisburg, Germany). First, the
samples were acidified to pH < 2 with hydrochloric acid (HC1). Then, they were oxidized at
680°C with subsequent NDIR detection. Electric conductivity and pH values were measured
using a Multi 9620 IDS multiparameter benchtop meter (WTW, Weilheim, Germany). The
TOC content, electric conductivity and pH value for each prepared solution were stable

(Table A4 in the appendix).

3.2 Leaching Experiments

Following, the procedure of the leaching experiments is shown by means of the four steps

execution, sampling, extraction and measurement (Figure 6).

Execution of the Leaching Experiments

The experiments were carried based on the procedure of the leaching experiments of HENKEL
ET AL. (2019). Therefore, 60 mL vials, which were previously rinsed three times with
acetone and muffled at 550°C for 5 hours, were filled with 40 mL of the respective background
solution (depending on the experiment). Furthermore, an infinite sink was added to each vial
and shaken on a horizontal shaker at 125 rpm for at least 24 hours at room temperature. This
ensured a pre-equilibration of the infinite sink and the respective solution. Each leaching
experiment was carried out for eight different run-times (1, 3, 5, 9, 15, 30, 50 and 80 days).
At the time the experiments were started, three PVC pellets with a total weight of 85-
86 mg were added to the prepared vials and put on a horizontal shaker. The pellets had a
similar size, shape and weight and hence similar surface area. Experiments were run at room

temperature and in the dark to prevent photodegradation. Each experiment was carried out
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Figure 6: The experimental procedure is divided into four steps: Execution, sampling, ex-
traction and measurement. Graphic based on HENKEL ET AL. (2019).

in triplicates.

The three turbulence experiments were carried out at different shaking speeds (125, 25 and
0 rpm) on a horizontal shaker to analyze a graded sequence of turbulence effects. The used
background solution in this experimental setup was the 1 mM KCI solution. In contrast,
the three salinity experiments were carried out with different solutions (1 mM KCIl, EPA

moderate hard water, artificial sea saltwater) on a horizontal shaker at 125 rpm.

Sampling

Samples were taken at the respective time intervals. First the PVC pellets and then the
infinite sink were removed with tweezers. To quantify DEHP in the aqueous phase and in
the infinite sink, both phases were spiked with 20 pL of an internal 50 pg/L 2-propanol
DEHP-d4 standard. The inifnite sinks were dried for at least 12 h at 40°C in an oven and
then stored in a desiccator until extraction. After the aqueous phase was spiked, the vials

were placed on a horizontal shaker for at least 24 h until extraction to ensure homogeneity
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of the internal standard and the solution.

Liquid-liquid Extraction

Based on HENKEL ET AL. (2019), DEHP was extracted from the aqueous phase. Therefore,
5 mL of n-hexane were added to the aqueous phase and shaken by hand for two minutes.
The vials containing both phases were then placed in a fridge at 4°C for 30 minutes until the
n-hexane phases separated. The n-hexane phases were then taken off with glass pipettes and
transferred into a 20 mL glass vial. This procedure was repeated three times, resulting in
~15 mL extracted n-hexane which were pooled in the same vial. Subsequently, the n-hexane
extracts were concentrated to ~1 mL. Therefore, the extracts were aerated with nitrogen at
40°C using a laboratory evaporator (Barkey vapotherm basic mobil, Germany; Figure 7).
The concentrated extracts were then transferred with glass pipettes into 1.5 mL brown glass

measurement vials and stored at room temperature until measurement.

Figure 7: A Barkey vapotherm basic mobil was used to concentrate n-hexane extracts.
Therefore the 20 mL vials were placed under a 40°C nitrogen aeration stream.
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Accelerated Solvent Extraction

Before the sinks were extracted, they were taken out of the desiccator and dried at 40°C for
24 h to ensure that the moisture content between the infinite sinks was similar. Next, the
infinite sinks were placed in stainless steel cylinders with a volume of 10 mL (Figure 8). To
extract DEHP from the infinite sinks, an Accelerated Solvent Extractor (ASE 350, Thermo
Fisher scientific Dionex, USA) was used. The sinks were extracted at 120°C and 103 bar
for 7 minutes using n-hexane. The cylinders were then flushed with n-hexane at 60% of
their volume resulting in a total volume of ~16 mL n-hexane extract for each sample. The
n-hexane extracts were collected in 60 mL vials. Between each extraction the ASE is rinsed
with 5 mL n-hexane. The extracts were transferred from the 60 mL vial into a 20 mL glass
vial and concentrated to ~1 mL using a laboratory evaporator (Figure 7). The concentrated
extracts were then transferred into 2 mL brown glass measurement vials and stored at room

temperature until measurement (HENKEL ET AL., 2019).

Figure 8: Stainless steel cylinders with a volume of 11 mL (left) and the ASE 350 (right).
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GC-MS Measurement

To quantify the DEHP concentrations, samples were measured with GC-MS. The GC-MS
system and the corresponding measuring program are listed in Table A3 in the appendix.
When measuring with GC-MS, the sample is first vaporized by an oven and absorbed by
a carrier gas (here helium), the so-called mobile phase. The gas is then passed through a
separation column coated with an absorbent liquid phase. This is called stationary phase.
On its way through the separation column, DEHP is distributed between the mobile and
stationary phases. The time required for DEHP to pass through the separation column is
substance-specific and is called retention time (SCHWEDT, 2007). DEHP is then ionised,
fragmented and separated in the mass spectrometer (MS) according to its mass-to-charge
ratio. Following, DEHP fragments were identified, resulting in a mass spectrum that could

be compared with a database.

Calibration solutions were prepared in n-hexane to determine the concentrations of DEHP
extracts. Therefore, ten 2 mL calibration solutions with DEHP concentrations of 15, 12, 10,
7,5, 3,1, 0.5, 0.25 and 0.1 ng/mL were prepared from three stock solutions (500, 50 and
5 ng/mL 2-propanol). In addition, 40 pL of the internal 50 pg/mL 2-propanol DEHP-d4
standard were added to each calibration solution. To determine the concentration of DEHP,
signals of the samples were compared with the signal of the internal standard. This allowed

the quantification of DEHP in the samples.

To calculate the DEHP concentration of the samples, the response factors

A
rf = pear/Cpeup (3.1)

ADE‘HPfd4/CDEHP7d4

were determined. The peak areas of DEHP and the internal DEHP-d4 standard are de-
noted by Apgpp and Apgyp_as, respectively. The corresponding concentrations are Cprgp
[ng/mL] and Cprpp_as [ng/mL]. With the known mass of the internal standard in the sam-
ple Mprrp_d4.s [1g] and the response factor, the mass of DEHP in the sample Mpgryp s [1g]
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can be calculated by

ADEHP,S : MDEHP—d4,S
Mpeups = A (3.2)
DEHP—d4,S * rf

where Apgrps and Apgrp—q4,5 describe the peak area of DEHP and the internal standard in
the sample, while Mpgp_q44,5 denotes the mass of the internal standard. To eliminate back-
ground concentrations, the concentrations of the respective blanks were subtracted from the

calculated masses of DEHP. The measurement data is listed in Section 7.3 in the appendix.

3.3 Calculation of leaching Models and leaching Half-life

Model Parameters

To compute the ABLD and IPD model, their different parameters had to be determined.
The radius of the PVC pellet R was measured using a measuring tape. The partition
coefficient Kpyco_y was calculated based on the molecular structure of DEHP and PVC,
the respective solution, temperature and pressure using the SPARC-calculator!. While the
diffusion coefficient of DEHP in PVC Dpy ¢ was obtained from literature (GRIFFITHS ET AL.,
1983), the diffusion coefficient of DEHP in water Dy, was calculated from its molecular

weight described in Equation 2.5 using Excel.

ABLD model parameter fitting: Turbulence experiments

The ABL thickness

B —3 Dyt
R KPVC_W ln(_fdesorbed(t) + 1)

5 (3.3)

was derived by matching the results of experimental data ( fyesorvea(t) & t) with Equation 3.3

ISPARC online calculator from the University of Georgia, http://archemcalc.com/sparc, based on CAR-
REIRA AND KARICKHOFF (1994)

26


http://archemcalc.com/sparc

CHAPTER 3. MATERIAL AND METHODS

and therefore served as a fitting parameter. This was done using Excel for all eight sampling
times. The mean of the eight ABL thicknesses was then used to plot the ABLD model using
the software R (R CORE TEAM, 2013, V. 4.0.3) with the package ggplot2 (WICKHAM,
2011), for each experiment (0, 25, 125 rpm) respectively. The corresponding R script can
be found in Section 7.2 in the appendix. The choice of § as a fitting parameter and the

sensitivity of the model results are discussed in the result section.

ABLD model parameter fitting: Salinity experiments

As all salinity experiments were run at 125 rpm on a horizontal shaker, the ABL thickness
0 was assumed to be constant. We hypothesize that changing salinities cause a shift of the
partition coefficient Kpyc_y. Starting from the calculated Kpyc_w value from SPARC for

the 1 mM KCI solution, partition coefficients

—3 Dy t

_fdesorbed(t) + ].) (34)

Kpye-w = R4 inf

for the moderate hard water and artificial saltwater experiments were derived by matching
the experimental data (faesorvea(t) & t) with Equation 3.4. Therefore, Kpyc_w served as a
fitting parameter for the moderate hard water and artificial saltwater experiments. This was
done using Excel for all eight sampling times. The mean of the eight distribution coefficients
Kpyc_w was then used to plot the ABLD model using R for both experiments (moderate
hard water and artificial sea saltwater). The corresponding R script for the ABLD modelling

can be found in Section 7.2 in the appendix.

Calculation of the IPD model

The IPD model (Equation 2.3) was plotted with ¢ = 1 : 1,000,000 d and the obtained param-
eters described above. The upper limit of the summation index n, was manually increased
until the point of convergence had been reached at a value of 1,000,000. The corresponding

R script for the IPD modelling can be found in Section 7.2 in the appendix.
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Leaching half-life

Leaching half-lives

RO KPVCfW ln(2)
f2 = 3 Dy

(3.5)

were calculated by rearranging Equation 2.4 using Excel for each ABLD limited experiment.
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4 Results and Discussion

Infinite Sink Validation

The results of the experiments show that the infinite sink developed by HENKEL ET AL.
(2019) works for our experimental setup. The DEHP concentrations in the water phase
were kept below water solubility. Even after 80 days, the infinite sinks were still absorbing
DEHP. The highest measured values in the infinite sink were four orders of magnitude lower
than in the PVC pellets. For the 125 rpm experiment, DEHP masses in the water phase were
lower than in the sink for <5 days (Table A5 in the appendix). After 5 days, concentrations
in the water phase were constant and lower than in the sink. This indicates an equilibrium
between the water phase and the infinite sink. In contrast, the response time for the 0 rpm
experiment was >80 days since concentrations in the water phase were always higher than
in the sink (Table A7 in the appendix). This indicates slower kinetics towards equilibrium
due to the missing water movement. In this case DEHP transport is dominated by Brownian

intrinsic movement, which is generally slow.

4.1 Diffusion Processes of DEHP plasticized MPs are
limited by ABLD

The total mass leached increased linear over time for the 125 rpm (1 mM KCl) experi-
ment (Figure 9) with 130 ng/d. It is illustrated in Figure 9A by the trend line which runs
through the origin since initial leaching is neglected. Since the aqueous diffusion coeffi-
cient Dy (3.9%1071% m?/s) and the partition coefficient between PVC and water Kpyc_w
(2.34x10% L/kg) were calculated, the thickness of the ABL § served as a fitting parameter

for the ABLD model. While § is directly proportional to Dy, it is inversely proportional
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to Kpyo_w. An average § of 38 + 13 pm over all sampling points was calculated. This
number is in accordance with findings of SEIDENSTICKER ET AL. (2017) and ENDO ET AL.
(2013B). SEIDENSTICKER ET AL. (2017) found an ABL thickness of 10 pm for PE MP
pellets with a diameter of 260 ym and a shaking speed of 150 rpm on a rotational shaker.
ENDO ET AL. (2013B) found an ABL thickness of 30 nm for approximately spherical shaped
MP PE pellets from the field at 120 rpm. Hence, the aforementioned studies had similar ex-
perimental setups and calculated ABL thicknesses . Further, they determined the ABLD as
the limiting process in their experiments. Therefore, we conclude that the diffusion process

in our experimental setup (r=250 pm, 125 rpm) is limited by the ABLD as well.
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Figure 9: Total mass leached (sum of the extracted mass of DEHP from the aqueous phase
and infinite sink) over time for the 125 rpm experiment (A). Each data point
represents a blank corrected triplicate with 4+ standard deviations. The black
error bars indicate absolute standard deviations. The orange line represents the
ABLD model for an ABL of 38 pm, while the dotted line shows the IPD model.
Graph (B) shows the models for higher x- and y-values.

When comparing the ABLD model to the IPD model in Figure 9B, it becomes clear that
the ABLD is the slower process. Since the diffusion processes are limited by ABLD, the
pellet would be in equilibrium with the aqueous phase after approximately 4000 years at 125
rpm. For an IPD limited process, this would take only ~500 days (see Figure 9). Therefore,
the IPD model overestimates the experimental leaching curves. This further supports the
finding that the ABLD is the governing mechanism for leaching of DEHP from PVC pellets

and agrees with studies examining leaching of other highly hydrophobic substances (ENDO
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ET AL., 2013B; SEIDENSTICKER ET AL., 2017). For instance, SEIDENSTICKER ET AL.
(2017) found that sorption/desorption processes for typical wastewater pollutants like the
hydrophobic phenanthrene (water solubility of 1.15 mg/L, ECHA (2020)) from PE MP
pellets are limited by ABLD. For less hydrophobic additives or setups with more non-polar
solvents, IPD might play a more important role (KwON ET AL., 2006; TEUTEN ET AL.,
2009; FRIES AND ZARFL, 2012) since ABLD is facilitated due to a lower cavity formation

energy.

However there are also studies that could indicate an IPD restrictive diffusion process for
our experimental setup. For instance, LAMPERT ET AL. (2015) found that sorption by
passive samplers under field conditions are limited by ABLD for substances with high Kow
like DEHP. A reason for that might be that passive samplers are mostly thin PE sheets
(LoHMANN, 2012). Hence, IPD could not limit the diffusion process, since the majority
of the additive is rather at the surface than in the interior of the sheet. In our study
however, pellets were used. Therefore, IPD becomes more important for particles due to
longer diffusion distances from the core to the surface. Since leaching rates are related to the
surface to volume ratio, bigger particles could be limited even more by IPD. Moreover, PVC
has a higher glass transition temperature as the commonly used PE for passive samplers
(BERGMANN ET AL., 2008). Hence, DEHP has a lower diffusion coefficient in PVC than in
PE (GEORGE AND THOMAS, 2001), which leads to more IPD restricted diffusion processes.
However, neither the particle size nor the higher glass transition temperature of PVC led
to an IPD limited diffusion process in our experimental setup. A reason for that might
be the high share of DEHP (~35%) in the PVC pellets compared to a common DEHP
content for flexible PVC of ~25 - 30% (STARK ET AL., 2005). Masses of only ~12 pg
DEHP of the total DEHP (29925 pg) content of the three MP pellets leached during 80
days. Hence, the amount leached over the experimental time was not sufficient to create a
concentration gradient in the PVC pellet. The outer surface of the pellet might not have
experienced a decrease in DEHP concentration, which is why IPD could not limit the overall

leaching process. For pellets with a lower share of DEHP however, IPD might dominate the
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overall leaching kinetics. Because of decreasing DEHP contents, this would also apply for
the pellets used in this experiment if the leaching time had been increased. In practice, it is
recommended to compare the ABLD and IPD models for each case in order to check which

diffusion process controls the overall leaching kinetics.

4.2 Increasing Turbulence increases Leaching rates of

DEHP from PVC MPs

The experimental data (Figure 10, experimental data listed in Tables A5 to A7 in the ap-
pendix) show higher leaching rates with increasing turbulence. Leaching rates at 0 rpm (5.18
ng/d) (Figure 10C) were 2.80 times lower than at 25 rpm (14.5 ng/d) (Figure 10B) and 25.1
times lower compared to the 125 rpm experiment (130 ng/d) (Figure 10A). These findings
agree with SUHRHOFF AND SCHOLZ-BOTTCHER (2016), who show that leaching rates of
DEHP from PVC consumer plastic samples (5x5 mm) increase by 40 times, when increasing
rotation speed with a magnetic stirrer from 0 to 150 rpm. A general trend towards higher
leaching rates with increasing turbulence could therefore be determined in both studies.
However, the increase in leaching rates with increasing turbulence were 1.60 times higher
compared to our findings, which can have various reasons. For instance, the different shape
of the used plastic sheets have a higher surface area compared to the MP particles used
in this study. This might have increased the potential for increasing leaching rates due to
increasing turbulence. Moreover, the higher rotation speed of 25 rotations more per minute

might have increased leaching rates.

The regression functions and coefficients of determination (R?) are shown below the linear
trend lines. Comparing the R?s reveals that the experiments with low turbulence show
a poorer fit. This especially holds true for the 0 rpm experiment, which is due to a less
homogeneous setup compared to the 125 rpm experiment. Since some MP pellets were
initially floating on the water surface, they had to be transferred into the water phase by

gentle shaking, which may have increased initial leaching rates. This effect is weaker for the
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Figure 10: Total mass leached (sum of the extracted mass of DEHP from the aqueous phase
and infinite sink) over time for experiments with different turbulence (A,B,C).
Each data point represents a blank corrected triplicate with 4+ standard devi-
ations. The black error bars indicate absolute standard deviations. They are
generally higher with increasing time and total mass leached. Plot D shows a
comparison of A,B and C.

25 and 125 rpm experiment since those vials were put on the horizontal shaker afterwards.
The variations within the triplicates can originate from deviations of the handmade infinite
sinks, cross-contamination or the standard error of the GC-MS. The latter influenced each

sample and can therefore be neglected due to a compensation within the triplicates.

The model results show that with thicker ABLs the leaching rate of DEHP decreases (Figure
11). By increasing the ABL thickness in the model (indicated by dotted line), leaching rates
become much lower as indicated by the lower slope (Figure 11A - C). This can be explained by

a longer diffusion through the ABL. Different leaching rates can therefore be well explained
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by changes of the ABL thickness. When fitting the models of the 25 and 0 rpm experiment

to the experimental data (Figure 11B and C), ABL thicknesses increase by a factor of 10 for

25 rpm (370 pm) and by a factor of 20 for 0 rpm (770 pm). This can be explained by lower

shear forces acting on the ABL caused by less water movement, which might keep the ABL

thicker. The IPD model (dotted line in Figure 11D) is not capable to cover any experimental

data due to overestimation.

(o2}

S |A) 125 rpm -
T4 ) pm.
’
8 12 /-
S 10 K
© 7
2 8 /.
n X
g 6 .
£ ‘ [
— 4 s L
5| S
B 2|/ o
AT
0 et
135 9 15 30 50 80
Time [d] Time [d]
+=+ 3=10pum 5=38pum ---+ 3=100 pm +=+ 3=100uym — d=370pum ---- &=1000 pm
0.75 , 110101010 B T N e
S C)Orpm ,
= ,
o , :
(0] . L
< 0.50 R4 20000 |
G , { :
I} . .
(] ’
» o
2] ’
g 025 i 10000
P
© S e
° ¥ % ...............
e S I
0.00 A= 0
135 9 15 30 50 80 1e+06 2e+06 3e+06
Time [d] Time [d]
+=+ 3=200uym — d=770pum ---- &=2000 pm -+ IPD 5=38uym — 0=370ym — O =770 ym

Figure 11: Total mass leached (sum of the extracted mass of DEHP from the aqueous phase
and infinite sink) over time for experiments with different turbulence intensities.
The data points show the average of of each triplicate with + standard deviations.
The plots A,B and C show the measurement values and the ABLD model with
varying ABL thicknesses § for the three turbulence intensities. Plot D compares
the most fitting ABLD models of the three experiments with the IPD model.

Based on the fit of the kinetic data using the ABLD model, leaching half-lives t,/, were

calculated. According to Equation 3.5, the leaching half-lives of the turbulence experiments
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range from 416 years (125 rpm) over 4063 years (25 rpm) to 7121 years (0 rpm). These
results indicate that leaching of DEHP from PVC pellets is generally slow, particularly
in environments with little turbulence. With progressing leaching duration, however, the
leaching process might finally be limited by IPD due to a lower share of DEHP, which causes
the formation of a concentration gradient within the pellet. This might decrease leaching
rates for depleted particles even more, since longer diffusion distances from the inside of the
particle to the outer surface could lead to an IPD limited and slow diffusion process. The
point in time at which the PVC pellet is in equilibrium with its surrounding environment is
therefore difficult to estimate. However, it is likely that it will take much longer than the

estimated leaching half-lives.

As demonstrated, the ABLD model can well approximate the leaching kinetics of DEHP
from PVC pellets into water. The model requires values of Kpyc_w, Dy and 6. While
Kpyeo_w and Dy can be estimated, the ABL thickness ¢ for environmental conditions is

difficult to calculate and requires further investigations.

4.3 Increasing Salinity decreases Leaching rates of DEHP

from PVC MPs

The experimental data (Figure 12, experimental data listed in Tables A5, A8 and A9 in the
appendix) show lower leaching rates with increasing salinity. Leaching rates of the 1 mM
KCI (130 ng/1) and moderate hard water (131 ng/1) experiments do not differ significantly
(t-test for difference of slopes p = 0.952). In contrast, the leaching rate of the artificial
sea saltwater experiment (81.6 ng/d) is significantly lower than in the two aforementioned
experiments (both p < 0.001). While the 1 mM KCI and moderate hard water experiments
have similar ion concentrations (1 mM and 4 mM), the artificial sea saltwater experiment
has a much higher ionic strength of ~700 mM. Hence, DEHP molecules have to overcome
a higher cohesive energy when entering the aqueous solution. This increases the cavity

formation energy costs, which shifts the equilibrium towards the PVC pellets and finally
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leads to lower leaching rates. Therefore, the partition coefficient Kpyc_y is considered the

most important parameter for the assessment of leaching (SEIDENSTICKER ET AL., 2017).

The salting-out effect is particularly pronounced with non-polar compounds (ENDO ET AL.,

2012) like DEHP due to the repulsion forces of the increasingly polar solvent.
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Figure 12: Total mass leached (sum of the extracted mass of DEHP from the aqueous phase
and infinite sink) over time for experiments with different salinities (A,B,C). Each
data point represents a blank corrected triplicate with 4+ standard deviations. The
black error bars indicate absolute standard deviations. They are generally higher
with increasing time and total mass leached. Plot D shows a comparison of A B

and C.

Comparing the solubility of various organic compounds such as Phenanthrene or Toluene,

XIE ET AL. (1997) experimentally determined an average solubility reduction by a factor of

1.36 between water and saltwater. The results are in line with this finding since we observe

a solubility decrease of DEHP in our 1 mM KCI and the artificial sea saltwater experiment
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with a factor of 1.32. However, our findings contradict with the results of SUHRHOFF AND
SCHOLZ-BOTTCHER (2016), who found that DEHP leaching rates from PVC pellets did not
change with increasing salinity. Moreover, the authors found that most PVC additives have
higher leaching rates in saltwater, depending on the substance chemistry. Nonetheless, the
cited study is the only one showing that leaching of hydrophobic substances increases with
increasing salinity. In general, comparing the salting out effect of various compounds cannot
be generalized since fluctuations in salinity lead to various changes in water and compound

chemistry such as polarity, dipole moment, ionic strength and pH.

The model results show that a decrease in leaching rates of DEHP cause higher partition
coefficients between PVC and water Kpyo_w (Figure 13) since the fugacity of DEHP in
the particle increases. To compute the ABLD model, the partition coefficient between PVC
and water Kpyc_y served as a fitting parameter. The thickness of the ABL ¢ was assumed
to be 38 pm for all three experiments as the turbulence was kept at 125 rpm. Since the
thickness of the ABL § was previously calculated based on the partition coefficient for the
1 mM KCI using SPARC-calculator, only partition coefficients for the moderate hard water

and artificial sea saltwater experiments were fitted.

By increasing the partition coefficients in the model (indicated by dotted line), leaching rates
become much lower as indicated by the lower slope. This is due to a shift of the equilibrium
towards PVC. In contrast, when decreasing partition coefficients (indicated by dashed-dotted
line) leaching rates increase. Hence, the relationship between decreasing leaching rates and
increasing salinity can be explained by a shift of the partition coefficient Kpyco_y. The
partition coefficient for moderate hard water increased slightly to 2.39%10% compared to the
calculated value for 1 mM KCI using SPARC (2.34x10%). For the artificial sea saltwater
experiment however, the partition coefficient increased by a factor of 1.32 to 3.09%10% as

discussed above. In general, the data can be well described by the ABLD model.

According to Equation 3.5, the leaching half-lives of the salinity experiments range from
416 years (1 mM KCl) over 426 years (moderate hard water) to 461 years (artificial sea

saltwater). Therefore, leaching half-lives increase with increasing salinity due to slower
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Figure 13: Total mass leached (sum of the extracted mass of DEHP from the aqueous phase
and infinite sink) over time for experiments with different salinities. The data
points show the average of of each triplicate with + standard deviations. The
plots A,B and C show the measurement values and the ABLD model with varying
partition coefficients Kpyo_y for the three salinities. Plot D compares the most
fitting ABLD models of the three experiments with the IPD model.

leaching. However, differences in leaching half-lives between different salinities are much
smaller compared to the turbulence experiments. Hence, salinity has a smaller impact on

leaching half-lives than turbulence.

4.4 Environmental Implications

This study has shown that leaching of DEHP from PVC pellets varies between different

environments. When looking at environments with high leaching potential of DEHP from
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PVC MPs, rivers seem to be especially susceptible due to high turbulence and low salinity.
However, leaching half-lives at such conditions were estimated to be 416 years, while residence
times of MPs in rivers range only from days to weeks. The main fraction of DEHP will
therefore be released into the oceans. The high salinity in oceans will further reduce leaching

rates in those ecosystems. PVC MP particles can be considered as a long lasting source of

DEHP in the oceans.

However, MP pellets could settle in rivers before entering the oceans. This especially holds
true for less plasticized PVC, since the density of DEHP (0.99 g/cm?®, ECHA (2020)) is
lower than of PVC (1.2 - 1.4 g/em3, ECHA (2020)). Once there, leaching rates can be
smaller than in the water phase. Fragmentation of particles at the bottom of rivers may be
reduced due to the lack of physical impacts. This however depends on the respective river
regime. While rivers with high flow velocities may enhance physical degradation of MP due
to friction with other sediments, mixing and re-suspension might not occur in slow rivers.
Hence, MP pellets might not reduce in size in such environments. When looking at the
ABLD model (see Equation 2.4) it becomes clear that larger pellets have higher leaching
half-lives than smaller pellets. Furthermore, less turbulence keeps the ABL thicker, which
leads to slower leaching rates, as shown in this study. Consequently, less plasticized MP
pellets can also act as a long lasting source of DEHP in river beds. However, the lighter
and more plasticized MPs, which are reaching the oceans, might sediment as well due to
biofilm formation. For instance, KAISER ET AL. (2017) found that after 6 weeks of biofilm

formation on MP pellets, sinking velocities of MPs increased by 81% in salt water.

Hence, PVC MP pellets will either end up in river or sea beds. The released DEHP will
then most likely be adsorbed by adjacent sediments close to the pellets. This results in
DEHP concentrations, which can be more than 10,000 times higher than in the water phase
(PEIJNENBURG AND STRULJS, 2006). Worms and filter feeders often feed unselectively on
sediments (WARD AND SHUMWAY, 2004 ), which leads to the ingestion of MPs (KOELMANS
ET AL., 2014) and sediments with elevated DEHP concentrations. Therefore, the aquatic

community living in sediments is particularly vulnerable to the endocrine disrupting and
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cancer inducing DEHP. In contrast, the exposure of additives to fish by MP ingestion seems
to be negligible (KOELMANS ET AL., 2014). Additionally, fish do not seem to be strongly

exposed to DEHP from water due to the low concentrations of DEHP found in the oceans.

For further understanding of leaching of DEHP from PVC MPs in the environment, other
environmental factors such as DOM facilitated transfer or temperature need to be considered
as well. For instance, DOM can increase leaching rates of ABLD limited leaching processes
(SEIDENSTICKER ET AL., 2017; SMITH ET AL., 2011) since DOM facilitates the transport
of organic compounds through the ABL (TER LAAK ET AL., 2009). High DOM concen-
trations could therefore decrease leaching half-lives, which increases the amount of additives
released during the residence time of MP pellets in rivers. If the leaching half-lives would
decrease drastically to days or weeks, rivers could be more susceptible to additive pollution
than indicated by this work. Therefore, further experiments and modeling work for the
assessment of leaching of DEHP is recommended. However, due to the increasing amount
of plastic in the environment, only a reduction of plastic emissions into ecosystems can be

seen as a sustainable solution for the future.
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In five batch experiments, using an infinite sink, the influence of turbulence and salinity
on the leaching process of DEHP-plasticized MP was investigated. The experiments have
shown a positive relationship between turbulence and leaching. Leaching rates increased by
a factor of 25 when increasing the turbulence from 0 to 125 rpm. As shown by the ABLD
model, this can be explained by a reduction of shear forces acting on the ABL, leading to
a decrease in ABL thickness from 770 to 38 nm. This causes a longer diffusion through the

ABL and therefore lower leaching rates.

In contrast, a negative relationship between salinity and leaching has been determined.
Leaching rates were decreasing by one half when increasing the ionic strength of the solution
from 1 to 700 mM. Therefore, DEHP molecules have to overcome a higher cohesive energy
when entering the aqueous solution, which increases the cavity formation energy costs. This
shifts the equilibrium towards the PVC pellets and leads to lower leaching rates. However,

compared to the effect of turbulence on leaching of DEHP, salinity had a minor impact.

The applied diffusion models clearly showed that for the leaching of DEHP from PVC MPs,
the ABLD is the overall rate-limiting step since the IPD model overestimates the experi-
mental leaching curves. A reduction in the additive content could increase the likelihood of
an [PD-limiting leaching process, since this leads to a stronger DEHP gradient within the
particle. Moreover, the presented models do not consider facilitated transfer mechanisms.
For instance, DOM can act as a vector for additives through the ABL. Nevertheless, the
models can be used to demonstrate the upper and lower limits of leaching rates. Since fa-
cilitated transfer via DOM can only accelerate ABLD, the IPD model represents the fastest
leaching possible while the ABLD model represents the slowest leaching process. According
to the ABLD model, the estimated leaching half-lives indicate that leaching of DEHP is

slow, especially for non turbulent environments (7121 years). Leaching will therefore mainly
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take place in the oceans, since residence times of MPs in rivers are much smaller.

This master’s thesis provides first insights on the influence of two environmental factors on
the leaching process of DEHP-plasticized PVC. However, when assessing leaching of ph-
thalates into the environment, more factors such as DOM concentration, temperature or pH
need to be considered. Therefore, further experiments and modeling work for the assessment
of leaching of DEHP is recommended to improve our understanding of leaching processes
and contaminant interactions in the environment. Those could include the investigation of
the aforementioned factors with the same infinite sink approach applied in this study or
experiments examining different polymers types and compounds. Also, an inspection of the
depletion of additives at the outer surface of MP particles during leaching processes with
spectroscopic approaches could help to determine additive gradients in the pellet. This would
further improve our understanding of the involved leaching processes. In addition, findings of
environmental sciences need to find their way into legislation to protect the most susceptible
environments from additive pollution. This could include a reduction of plastic emissions to
the environment by mandatory recycling rates and improved waste management. Moreover,
further restrictions and substitutions of harmful additives could help to protect the aquatic

environment.
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[ Appendix

7.1 Used Materials and Methods

Table Al: Characteristics of the infinite sink materials

‘ trade name characteristic

‘ manufacturer

activated Norit1 SAE | Cabot Norit Nederland B.V., | absorbs DEHP from aqueous
carbon SUPER Klazienaveen, Netherlands phase
flter paper Grade 50 filter | Whatman GE Heathcare, | permeable for DEHP, holds ac-
pap paper Dassel, Germany tivated carbon together
stainless Nr 317L (0.35 | manufacturer unknown, | . R e B Bnom f
. . . . inert, stabilizes infinite sink
steel wire mm thickness) | shop: zivipf.com

Table A2: Used salts for the three saline solutions (1 mM KCl, EPA moderate hard water,
artificial sea saltwater)

salt ‘ molecular formula ‘ producer

potassium chloride KCI VWR, BDH Prolabo, Leuven, Belgium

calcium sulphate CaS0O4*2 Hy0 VWR, BDH Prolabo, Leuven, Belgium

magnesium sulfate MgSOy4 Sigma Aldrich, St. Louis, USA

sodium hydrogen carbonate | NaHCOj3 Merck KGaA, Damstadt, Germany
mixture of several salts | . . .

sea, salt (mainly NaCl) Sigma Aldrich, St. Louis, USA

26



CHAPTER 7. APPENDIX

Table A3: GC-MS Settings with the used system and the associated measuring program

System

Gas chromatograph 7980A, Agilent Technologies,

Injector OPTIC-4, GL Sciences B.V.

Mass spectrometer 5975C, Agilent Technologies

Methode PNTTT / SIM

Column HP- 5MS, Agilent J&W
film thickness: 0.25 pm , dimensions: 30 m x 0.25 mm

Carrier gas Helium 5.0, Linde Gas GmbH

Programme ‘

Column flow 1 mL/min

Injection pulsed splitless

Temperature programme 80°C (0.5 min stable)

20 °C/min to 300 °C (10 min)

Table A4: TOC contents, el. conductivity and pH values for the used solutions (1 mM
potassium chloride, moderate hard water, sea salt water)

Solution Solution number pH value el.  conductivity | ¢ TOC [mg/L]
1S /cm]

sea salt 1 8.53 51 100 0.390
2 8.49 49 900 0.530

mod. hard | 1 8.25 308 0.090
2 8.21 298 0.240

1 mM KCI | 1 5.69 172 0.130
2 5.90 179 0.090
3 6.01 192 0.370
4 5.78 157 0.260
b} 6.04 158 0.240
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7.2 R-scripts for Model Calculations

#Define ABLD model (x=t)

ABLD <- function(x,delta=0.000038,Dw=3.9e-10,r=0.0025,K=1*10"(8.37))
{(1-exp(-(3*Dw*x*86400)/ (r*delta*K)))*29925}

#Model 1is multiplied by total mass of DEHP in pellets (29925 mg) to

#obtain total mass of DEHP leached (mg)

#Call function for e.g. t = 80 days

ABLD(80)

#Define IPD model (x=t)

IPD <- function(t,D=10e-14,r=0.0025,n=1:1000000)
{(1-(6/pi”2)*sum((1/n"2)*exp(-(n"2*pir2*t*D*86400)/r"2)))*29925}
#Model is multiplied by total mass of DEHP 1in pellets (29925 mg) to

#obtain total mass of DEHP leached (mg)
#n=1:1000000 defines the bounds of the summation
#Call function for e.g. t = 80 days

IPD(80)

#PlLot both models (ggplot package required)
library(ggplot2)
ggplot()+
stat_function(fun = Vectorize(IPD), args = list(D=8.2*10"(-14)),
x1lim = c(9,1600000),aes(linetype = "solid"))+
stat_function(fun = ABLD, args = list(delta=0.000038),
x1lim = c(0,1600000),aes(linetype = "dotted"))+
ylab("Total mass leached")+xlab("Time [d]")

7.3 Measurement Data

In the following, measured values for all five experiments are listed in Tables A5 to A9.
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Table A5: Measured DEHP masses [ug] with the GC-MS of the 125 rpm/1 mM KCI exper-
iment. Missing values due to broken infinite sinks are indicated with a hyphen.

Sample | DEHP mass, sink [ug] DEHP mass, solution |} of sink and solution
(18] means [ig]

1 day 1.53E-01 2.43E-01
1.31E-01 2.16E-01 3.88E-01 + 4.01E-02
1.47E-01 2.72E-01

¢ | 1L.44B-01 + 1.18E-02 | 2.44E-01 & 2.83E-02 |

3days | L46E-01 1.42E-01
3.32B-01 1.52E-01 4.79E-01 + 2.28E-01
2.94E-01 3.71E-01

¢ | 257B-01 + 9.83E-02 | 2.22E-01 & 1.30E-01 |

5days | 6.37E-01 2.62E-01
5.12E-01 4.97E-01 8.73E-01 + 2.38E-01
4.17E-01 2.94E-01

¢ | 5.22B-01 + 1.10E-01 | 3.51E-01 & 1.28E-01 |

9 days | 8.28E-01 3.20E-01
7.69E-01 2.65E-01 1.12E+00+ 1.55E-01
7.18E-01 4.59E-01

¢ | 7.72E-01 £ 547E-02 | 3.48E-01 + 1.00E-01 |

15 days | 1.14E+00 5.80E-01
1.17E400 3.92E-01 1.64E+00 + 1.56E-01

¢ | 1L.15E+00 & 2.26E-02 | 4.86E-01 & 1.33E-01 |

30 days | 2.44E+00 7.07E-01
2.42E+00 1.25E+00 3.06E+00 + 8.29E-01
1.48E+00 8.64E-01

¢ | 211E+00 & 5.47E-01 | 9.41E-01 & 2.82E-01 |

50 days | 4.91E+00 5.28E-01
4.48E+00 8.02E-01 5.04E400 + 7.15E-01
3.7TE+00 6.29E-01

¢ 4.39E+00 £ 5.77E-01 | 6.53E-01 + 1.38E-01

80 days | 1.36E+01 2.82E+00
1.15E401 1.42E+00 1.16E+01 =+ 3.88E+00
6.34E-+00 1.19E+00

¢ | LO5E+01 & 3.72E400 | 1.19E400 £ 1.65E-01 |

¢ Blanks | 5.80E-02 £ 5.95E-02

2.05E-02 £ 1.18E-02

| 7.85E-02 + 7.13E-02
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Table A6: Measured DEHP masses [ug] with the GC-MS of the 25 rpm experiment. Missing
values due to broken infinite sinks are indicated with a hyphen.

Sample | DEHP mass, sink [ug] DEHP mass, solution | > of sink and solution
[1g] means [ug]
1 day 1.34E-03 0.00E-++00
1.81E-02 0.00E+00 6.49E-03 + 1.01E-02
¢ | 6.49E-03 + 1.01E-02 | 0.00E400 £ 2.93E-02 |
3 days | 4.59E-0 1.37E-02
3.17E-02 - 4.81E-02 £ 1.53E-02
6.18E-02 1.40E-02
¢ 3.88E-02 & 3.25E-02 9.24E-03 £ 2.29E-04
5days | 1.18E-01 2.83E-02
6.66E-02 2.80E-03 1.03E-01 + 3.96E-02
7.96E-02 1.44E-02
¢ | 8.81E-02 + 2.69E-02 | 1.52E-02 + 1.28E-02 |
9 days 2.20E-01 -
1.38E-01 1.48E-01 2.63E-01 + 4.42E-02
8.36E-02 1.56E-01
¢ | 1L.11E-01 + 3.85E-02 | 1.52E-01 + 5.68E-03
15 days | 1.56E-01 1.82E-01
6.93E-02 1.93E-01 2.81E-01 + 6.98E-02
1.01E-01 1.43E-01
¢ | LOSE-01 + 4.37E-02 | 1.73E-01 & 2.62E-02 |
30 days | - 4.30E-01
- 4.32E-01 3.71E-01 + 1.13E-01
8.57E-04 2.48E-01
¢ | 8.57E-04 £ 0.00E-00 | 3.70E-01 + 1.05E-01 |
49 days | 6.93E-02 1.12E+00
1.12E-01 4.35B-01 8.71E-01 + 5.18E-01
o | 9.08B-02 + 3.04E-02 | 7.80E-01 &+ 1.69E-01 |
80 days | 1.54E-01 1.11E400
1.13E-01 7.62E-01 1.O7E+00 + 2.72E-01
¢ | 1L.33E-01 £ 2.92B-02 | 9.34E-01 &+ 2.43E-01 |

¢ Blanks | 2.74E-02 & 3.14E-02

| 8.19E-02 £ 1.90E-02

\ 1.09E-01 + 5.04E-02

60



CHAPTER 7. APPENDIX

Table A7: Measured DEHP masses [ug] with the GC-MS of the 0 rpm experiment. Missing
values due to broken infinite sinks are indicated with a hyphen.

Sample | DEHP mass, sink [ug] DEHP mass, solution | > of sink and solution
1] means [ug]

1 day 2.56E-02 2.06E-02
1.75E-02 2.35E-02 6.65E-02 + 4.05E-02
3.97E-02 7.27E-02

o | 276B-02 + 1.12E-02 | 3.89E-02 & 2.93E-02 |

3 days | 1.87E-02 6.78E-02
4.09E-02 - 9.76E-02 £+ 1.57E-02

¢ | 2.98E-02 + 1.57E-02 | 6.78E-02 & 0E+00 |

5 days 9.41E-02 -
3.69E-02 7.44B-02 1.41E-01 + 3.34E-02
9.22E-02 7.58E-02

¢ | 6.55B-02 + 3.25E-02 | 7.51E-02 & 9.36E-0 |

9 days 1.53E-01 -
7.62E-02 2.41E-02 1.35E-01 + 1.02E-01
2.46E-02 7.71E-02

¢ | 8.45E-02 £ 6.45E-02 | 5.06E-02 & 3.75E-02 |

15 days | 3.72E-02 5.55E-02
3.72E-02 6.38E-02 9.68E-02 + 5.93E-03

¢ | 3.72B-02 + 3.08E-05 | 5.97E-02 & 5.90E-03 |

30 days | 5.67E-02 4.79E-02
4.59E-02 1.05E-01 1.27E-01 + 3.42E-02
5.01E-02 7.48B-02

¢ | 5.09E-02 £ 547E-03 | 7.60E-02 4 2.87E-02

50 days | 6.34E-02 1.44E-01
7.31E-02 1.27E-01 2.00E-01 + 2.49E-02
8.06E-02 1.11E-01

o | 7.24B-02 + 8.59E-03 | 1.27E-01 &+ 1.63E-02 |

80 days | 1.28E-01 3.11E-01
4.19E-02 3.52E-01 4.40E-01 + 6.53E-02
8.59E-02 4.00E-01

¢ | 6.39E-02 £ 3.11E-02 | 3.76E-01 &+ 3.41E-02 |

¢ Blanks | 1.35E-02 £ 1.65E-02

‘ 7.94E-03 £ 6.36E-03

| 2.14E-02 + 2.29E-02
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Table A8: Measured DEHP masses [ug] with the GC-MS of the moderate hard water exper-
iment. Missing values due to broken infinite sinks are indicated with a hyphen.

Sample | DEHP mass, sink [ug] DEHP mass, solution | > of sink and solution
1] means (1]

1 day 4.54B-02 1.79E-01
2.01E-01 2.48E-01 3.43E-01 + 1.43E-01
2.07E-01 1.49E-01

o | 1L51B-01 + 9.17E-02 | 1.92E-01 & 5.08E-02 |

3 days | 2.70E-01 2.15E-01
4.97E-01 2.28E-01 6.05E-01 & 1.70E-01

¢ | 3.83E-01 £ 1.60E-01 | 2.22E-01 & 9.72E-03 |

5days | 4.23E-01 4.24E-01
5.07E-01 3.09E-01 8.41E-01 + 1.02E-01
4.63E-01 3.99E-01

¢ | 4.64B-01 + 420E-02 | 3.77E-01 & 6.05E-02 |

9 days | 6.76E-01 4.38E-01
6.56E-01 3.56E-01 1.08E-+00 + 7.10E-02
7.15E-01 3.93E-01

¢ | 6.82E-01 & 3.00B-02 | 3.96E-01 & 4.10E-02 |

15 days | 5.49E-01 8.01E-01
5.18E-01 3.62E-01 1.11E+00 + 3.32E-01

¢ | 5.33E-01 £ 2.13E-02 | 5.81E-01 &+ 3.10E-01 |

30 days | 2.41E+00 1.30E+00
1.57E+00 1.17E+00 3.30E+00 + 5.27E-01
2.04E+00 1.39E+00

¢ | 2.01E+00 & 4.18E-01 | 1.29E400 £ 1.09E-01

50 days | 3.38E+00 2.02E400
3.46E400 2.09E400 6.51E400 £ 1.80E+00
4.46E+00 4.13E+00

¢ | 3.77E+00 £ 6.03E-01 | 2.74E+00 £ 1.20E400 |

80 days | 7.92E+00 3.T4E+00
8.97TE+00 1.59E+00 1.08E+01 + 1.99E+00
9.03E+00 1.23E+00

¢ | 8.64E+00 + 6.28E-01 | 2.19E+00 £ 1.36E+00 |

¢ Blanks | 6.80E-02 £ 3.14E-02

‘ 9.62E-03 £ 7.69E-03

7.77E-02 £ 3.91E-02
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Table A9: Measured DEHP masses [ug] with the GC-MS of the sea saltwater experiment.
Missing values due to broken infinite sinks are indicated with a hyphen.

Sample | DEHP mass, sink [ug] DEHP mass, solution |} of sink and solution
(18] means [ig]
1 day 2.59E-01 2.24E-01
2.45E-01 3.82E-01 4.69E-01 + 1.85E-01
1.16E-01 1.81E-01
¢ | 2.07B-01 + 7.86E-02 | 2.63E-01 &+ 1.06E-01 |
3days | 3.24E-01 2.38E-01
6.59E-01 5.05E-01 7.96E-01 + 3.31E-01
4.47E-01 2.16E-01
¢ | 4.77B-01 + 1.70E-01 | 3.20E-01 &+ 1.61E-01 |
5days | 6.44E-01 2.52E-01
5.05E-01 2.64E-01 9.52E-01 + 2.35E-01
6.99E-01 4.92E-01
¢ | 6.16B-01 + 1.00E-01 | 3.36E-01 & 1.35E-01 |
9 days | 9.17E-01 5.74E-01
7.11E-01 3.29E-01 1.27E+00 + 3.19E-01
¢ | 8.14B-01 + 1.46E-01 | 451E-01 &+ 1.73E-01 |
15 days | 1.03E+00 4.13E-01
1.23E400 6.42E-01 1.62E400 =+ 2.31E-01
1.10E400 4.34E-01
¢ | L12E4+00 & 1.04E-01 | 497E-01 &+ 1.27E-01 |
30 days | 2.79E+00 1.13E+00
2.96E+00 1.03E+00 3.67E+00 + 3.60E-01
2.59E+00 9.17E-01
2.38E+00 8.95E-01
¢ | 2.68E+00 & 2.53E-01 | 9.91E-01 &+ 1.08E-01 |
50 days | 4.47E+00 8.75E-01
2.48E+00 6.45E-01 4.08E+00 + 1.19E400
3.27E+00 4.94E-01
¢ | 3.41E+00 &+ 1.00E400 | 6.72E-01 &+ 1.92E-01 |
80 days | 4.95E+00 1.57E+00
4.28E+00 7.04E-01 5.76E+00 £ 1.09E4-00
¢ | 4.62E+00 & 4.74E-01 | 1.14E400 £ 6.14E-01 |

¢ Blanks | 2.37E-01 £ 2.29E-01

| 3.55E-02 + 1.65E-02

| 2.72E-01 + 2.45E-01
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