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CHAPTER 1
INTRODUCTION

The needs for modern life of human beings are tieguin demands for rapid technology and
product development strategies for industries. fitmabers of the products those are highly
promising with advanced functionalization to satitie demands of consumers, have been
increasing dramatically since the last decade. fEn@ “emerging contaminants” has been
introduced to the environmental literature in orderindicate new potentially hazardous
pollutants. An emerging contaminant is defined akemical or material that is characterized
by a perceived, potential, or real threat to hurhaalth or the environment or a lack of
published health standards (EPA, 1999). A contamingay also be defined as “emerging”
because a new source or a new pathway leadingn@mexposure has been discovered or a
new detection method or treatment technology has lweveloped (DoD, 2009). Among
these emerging pollutants, health and personal paréucts (PPCP), pharmaceuticals and
endocrine disrupters, perfluorinated compoundsnfgistion byproducts and nanomaterials
have gained most attention in the literature. Neaatennals differ from other conventional
pollutants as well as emerging pollutants due teirtlphysicochemical characteristics

depending on their nanoscale and may need moreutliinvestigation than other pollutants.

Nanomaterials are materials or products that aaieddetween 1 and 100 nm (EPA, 2007).
As the knowledge on nanomaterials has been impgosince 2007, the European Union
suggested the following more detailed definitiomatural, incidental or manufactured
material containing particles, in an unbound statas an aggregate or as an agglomerate and
where, for 50% or more of the particles in the nendize distribution, one or more external
dimensions is in the size range 1 nm-100 nm” (EW130Engineered nanoparticles (ENPS)
are new for the environment, since they are notrahtand manufactured with different
production technologies to add different functibmsarious kinds of products and their usage

in products and so occurrence in the environmemtext almost a decade ago.



1.1 Definition of the Problem

Physicochemical properties of ENPs, such as rapgtistrength, electrical properties, and
optical characteristics, may differ from those atm/macro sized particles because of their
nanoscale that provides high surface area and gmaeffects (Farre et al., 2011). Because
these properties make them highly attractive andalde for many different new
technological applications, the use of ENPs in tegttnology has increased all over the
world. However, the ENP product inventory databessémited. Although there are some
local inventories, well-organized databases arkingcbecause of the absence of regulations
for ENP declaration in the products. There are psemier databases (www.nanowerk.com
and www.nanoproject.org) for the amount and typd&NPs and their usage data based on
product categories. Therefore, it is difficult tcake an analysis in terms of environmental
release (Holden et al., 2014). Moreover, analytit&lasurements of ENPs in the natural
environment are very scarce due to technical diiies in detecting and identifying
nanoparticles in complex environmental matrice® lgurface waters, soils and sediments
(Gondikas et al., 2014).

Every year, a huge number of ENP products are helegsed to the market and most of the
them are in the health and fithess category (ab0@t) including personal care products,
clothing, cosmetics, and sunscreens, which entaricipal wastewater streams directly as
well as industrial wastewater streams (Nanoteckeptpp013). The most widely used ENPs in
terms of number of products are Ag and Zi@gNPs are mostly used in textiles (30-50%)
and TiQ NPs in cosmetics (70-80%). AgNPs show a 20 foldaase in the number of the
products they are used in (from 2006 up to 2014y¢R et al., 2014). In addition, various
kinds of coating materials are used for AgNP préidu¢ which can lead to completely
different characteristics. Citrate, sodium borolyelr (NaBH,), and polyvinylpyrrolidone
(PVP) are the most frequently used capping agent&dNPs (El Badawy et al., 2010). More
than 10,000 tons/year of T}QIPs are used in products (Piccinno et al. 2012)th&shumber

of products that contain ENPs have been increasiamatically since 2006 (about 521%),
the need to understand the release of ENPs frogupt® to the environment and conducting
Environmental Risk Assessment (ERA) has becomeagentissue. Various information and
data including release from products, their fasewall as, their effects in the environment are
required to apply ERA. However, all of these preessare highly complicated and depend on

various factors.



ENP-containing products may lead to release of maerials to the environment during and
after use and depending on their physicochemicaaciteristics. Hence, the sources of ENPs
in the environment might be increasing accordinggpending on the treatment efficiency
achieved in municipal wastewater treatment systants landfilling facilities. Due to their
characteristics specific to their nanoscale, tkze distribution or shape of ENPs entering the
environment may differ from their original ones.eféfore, product specifications will not be
sufficient for the characterization of the ENPstthee released to the environment from
products. As a consequence, the sources, reletdssgys, fate and transport before entering

the environment need to be understood to be algerform an environmental ERA of ENPs.

Quantification of the emission of ENPs will not sefficient for assessing their hazards and
the possible exposure and effect pathways for huarah ecosystem, since their fate in
environment will be affected by numerous charastes, such as particle size, size
distribution, particle shape and structure (Fatrale 2011). The physicochemical properties
of ENPs are important in order to evaluate thete fand transport in the environment.
Chemical composition, mass, particle number and¢eatnation, surface area concentration,
size distribution, specific surface area, surfdearge/zeta potential, stability, solubility, and
nature of ENPs are universally agreed propertiasale essential for a proper assessment of
ENPs (Klaine et al., 2008).

In conclusion, there is a need to implement ERAENIPs. Proposed ERA approaches should
apply tools that decrease uncertainties aboutseldate and effects and compensate for the
gap in data and information about various aspelcEENPs. Since the current knowledge of
ENPs enables the usage of retrospective ERA, studieusing on the possible relations
between key release/fate processes or effects MRJOE environmental characteristics should
be conducted for precise predictions.

1.2 Environmental Risk Assessment

The environmental risk assessment of conventiohahmicals is regulated at national and
international levels. However, the need for envmental risk assessment of ENPs is of
relatively recent concern due to their short hisiarproduct manufacturing. Usage of ENPs
has been increasing dramatically in recent yeadstfagir potential hazards are not known yet
at all (Bleeker et al., 2013). In addition, riskiemunication, integrated with risk management
(Kuhnel, et al., 2014), through regulators, managerd the public, is troublesome due to the

scarcity in quantitative risk assessments (Klaihale 2012). Basically, ERA consists of 4



steps including hazard identification, exposureessment, effect assessment and risk
characterization (Van Leeuwen and Vermeire, 200¥he Predicted environmental
concentration (PEC) and the Predicted No-Effectd@atration (PNEC) are determined by
exposure and effect assessment, respectively.iRidkaracterized usually with risk quotients
which are derived as the ratio of PEC and PNE@HE/PNEC is higher than 1, it is assumed
there is risk. This PEC/PNEC approach requires daid information about the release,
environmental fate and effects of ENPs. Risk cfasgion, which is the transition step
between ERA and risk management (Van Leeuwen amch&lee, 2007), however, is not

possible since the risk quotients only inform akibetpresence of a risk.

Such PEC/PNEC based risk assessment is not adpligab due to the high variation in
outcomes on ENP fate and effects among the stullieseover, bioavailable fractions and
modes of action also influence the reliability aizhrd assessments (Holden et al. 2014).
Comprehensive environmental assessment, risk deawtion methods and decision
analysis techniques are suggested for use in sis&sament studies to decrease uncertainties
(Miseljic and Olsen, 2014, Schauman et al., 201dje®@icz, et al., 2012, Gotschalk et al.,
2011) and to identify urgent research needs (Linlbval.,, 2009). ENPs with similar
physicochemical properties or biological effectooudd be classified and managed with
detailed decision trees (Hunt et al., 2013). Sittee low concentrations of ENPs in the
environment or the lack of adequate measuremertadstprevent the usage of retrospective
risk assessment, a framework for the prognosticassessment of ENPs is needed based on
the new developments in scientific knowledge (Qek al., 2015). An approach for
environmental risk assessment of ENPs should ieckrdission sources in the environment,
possible effects of the usage of ENPs, flexibifity adapting recent information and data,
feedback for research areas and product improvenf@fiessner and Bottero, 2011).

As an alternative to the PEC/PNEC, approach Griegat. (2011) and Sorenson et al. (2010)
applied a worst case scenario approach. Griegadr €011) defined protected units (PU) and
causes of risks (CR) and the worst case scenarsoobtained by combining a protection-
specification sub model, a risk decomposition suizleh and a worst-case composition sub
model. All possibilities for each ecosystem compurend the mode of action of the ENPs
were elaborated in PU-CR diagrams, however, inolyithe factors about the release of ENPs
from products in the worst case definition couldyptde a more holistic approach. In addition,
risk communication could be supported by obtaingagrisk magnitude based on the
combination of all PU-CR diagrams. Money et al.l2Pestablished the baseline model FINE



with expert commentary, which has a Bayesian natRisk quotients were achieved by
combining the no observed effect concentrations skediment and water and factors for
particle behavior, exposure potential, general misga hazard and risk in these compartments.
In addition to including expert opinions for facessignment, risk characterization might also
be applied using expert opinions. Moreover, theast of ENPs could be included in the

factors to incorporate the likelihood of their ooemce in the environment.

To develop a predictive risk assessment framewaork ta enrich the existing approaches,
multiple criteria decision analysis tools such malgical hierarchy process (AHP) might be
applied for the definition of the compartments tetawith risk besides using worst case
scenarios and Bayesian tools. AHP may offer thetmwm for complicated problems in a
systematic manner, which cannot be obtained witdetiog (Saaty, 1988). AHP is based on
3 main principles including decomposition of th@lem, comparison of the factors in the
hierarchy and analyzing the priorities of thesetdex (Saaty, 1994). Therefore, AHP may
identify the factors related with environmentaksof ENPs and define the relation between
all factors. Impact characterization of ENPs inahgdrelease, fate and toxic effects on
ecosystems (Miseljic and Olsen, 2014) can be peddrwith AHP tools. Linkov et al. (2007)
implemented an AHP approach by taking into accdwnrnhan health and environmental
effects, social importance and stakeholder preterén select the best nanomaterial for usage
in products. However, this method treats envirortademsk assessment as a criteria to make
selections, and does not provide detailed factach s causes of the risk to be evaluated and
to quantify the risk.

Since one of the main concerns for ERA of ENP#éslack of data and information, expert
judgement for the evaluation of the factors and lmomg the characterization components
(Krueger et al., 2012), using fuzzy scales and yfuzderence rules, respectively, can be
incorporated into risk assessment frameworks. Fszayes show to what extent a member
(such as risk factor) belongs to a defined seth(sscrisk) (Zadeh, 1965), which can provide
the conversion of linguistic expert judgements iftbzy numbers with membership degrees
and help decreasing uncertainty (Darbra et al. 3OBlembership degrees are scaled with
specific functions like triangle or trapezoidal.aftard Trapeozidal Numbers (STFN) is
optimistic with a wider membership functions (Géngt al., 2003). Fuzzy inference may help
developing a rule-based scheme with ‘if...then...” ek which include the main

components of the desired quantification. The igpoft the rule base are fuzzified with

membership functions such as STFNs and the relagtween inputs and the desired output



is defined with rule-dased models (Musee et alQ6200ne of the most commonly used
models is called as “min-max method”. Membershigrde of the rule is selected as the
minimum membership degree from the inputs. Maximaparator is used to combine all of
the rules for desired output (Jang et al., 199¥uzzy model for risk assessment of organic
pesticides in aquatic ecosystems (Liu rt al., 20&33o0il protection index mapping applied
with fuzzy rule base (Oinam et al., 2013) and mimation environmental risk of landfilling
site with the combination of fuzzy models (Aydiadt, 2013) are among recent studies where
fuzzy models are applied for ERA. Rule based seheam be applied successfully for ERA
of ENPs. Risk magnitude may be estimated by devjoa rule-based scheme of the main

components selected for the assessment of the risk.

1.3 Release of Ag and Ti@NPs from products and their occurrence in the envonment

Release of Ag and TiO, NPs from products

For ERA studies, knowledge on the releases of EN# products is crucial in order to
determine the likelihood of their occurrence in tkavironment. However, there are
uncertainties about the release processes becatise gaps in data on main release sources
(manufacturing process, production process andeusagod), on released forms of ENPs and
for simulating realistic conditions (Gottschalk aNdwack, 2011). In addition to the release
process, the form of ENPs released also has higlriance. Release processes can lead to
alterations in ENP composition and properties (§abtalk and Nowack, 2011), so for ERA
the form of ENPs that ecosystem components coukkpesed to has to be considered.

Since AgNPs and TiQare widely used in daily consumer products suclpeasonal care
products, textiles etc., most studies describethénliterature focused on the release from
textiles to washing water solutions and sweat. &lstadies agree on the critical role of the
manufacturing process in the variation in the an®w@amd size of released ENPs (Ben and
Westerhoff, 2008; Geranio et al., 2009; Benn etZf110; Windler et al. 2012; Quadros et al.,
2013). The total amount of Ag released from diffiefabrics to the washing solution showed
high variation such as up to 1.36 mg Ag/g sockastel in tap water (Ben and Westerhoff,
2008) or from 0.3 to 377 (1-45%) mg Ag/g fabriceaded in simulated washing water
(Geranio et al., 2009). The release of Fim the product functionalized for antimicrobial
purposes (5 mg/L) was much higher than from profluattionalized for UV-protection (von
Goetz et al., 2013; Windler et al., 2012). Also #iee of the AgNPs released from products

showed large variation, e.g. it was in ranges o620 nm (Ben and Westerhoff, 2008),



mostly >450 nm (at least 50%) (Geranio et al., 208950 nm or mostly <20 nm (Ben et al.,
2010). The dissolved Ag fraction ranged from <0.0Bénn et al., 2010) to 2% (Hedberg et
al., 2014).

Conditions of the medium in which Ag release odead to alterations in form and amount of
Ag released (Tejamaya et al. 2012, Gondikas €t(dl2, Kennedy et al. 2012). Released Ag
in sweat was as much as 38% on a mass basis stutg of Quadros et al. (2013), while
Hedberg et al. (2014) observed a decreased retdasg in washing solution when AgNPs
were added to model laundry detergent after theng vegposed to artificial sweat. Excessive
Ag release occurred because of catalysis of treollison by Cl (Quadros et al., 2013) and
dissolved Ag forms mostly included Ag-chloro comgae (0.34 mg/L solubility) (von Goetz
et al., 2013). In addition to Clthe presence of bleaching agents@br peracetic acid) in
washing solution promotes the dissolution of Agr@eéo et al., 2009). On the other hand, the
presence of detergents with zeolites (Hedberg.ef@ll4), amine or carboxyl groups in the
washing solution, high pH and low dissolved oxygenditions (Quadros et al., 2013) limit
the dissolution of Ag. AgNP characteristics suchsadgace coating also play a role in Ag
release. Electrostatically charged AgNPs could tedugher Ag release during the first times
of washing because of their weak bonds on the sairtd Ag (Hedberg et al., 2014). In
addition to these factors, usage habits may havenpact on Ag release from the products.
Increased release of Ag from blankets after seweaahings, for instance, could be due to the
tear of fibers during usage or UV exposure of tig\Rs (Quadros et al., 2013).

AgNPs and especially TEONPs are commonly used in building paints for amitrobial or
coloring purposes. Released %iénd pristine TiQ NPs behave differently (Al-Kattan et al.,
2014), so studies with pristine NPs cause uncérsirabout the fate of these ENPs in the
environment. Al-Kattan et al. (2013) applied 113leg of weathering, which included 3
hours of UV light, 0.5 h of irrigation and 2.5 h dfying. The released amount of Ti®as
highest during the first cycles (up to 1.5 pg/Liildahe concentration became constant at
around 0.7 pg/L (0.007% of TgdNn a mass basis) after 10 cycles. The size oasele TiQ
was around 100 nm and the concentration of;p@rticles with a size of over 450 nm was
below 0.2 pg/L. Release of TiQvas higher for plaster surfaces (6 pg/L) thandement
fibers (<2 pg/L). Although UV exposure increasee tlelease of Ti@from plaster and
cement surfaces due to the degradation of orgaaitngs with photo catalytic activity, it was
not significant even after 1 year. According to gwhors it is not possible to extrapolate this
data to 20 years, which is the average time foeweth of paintings. So the possibility of paint



degradation and release of fi€hould be kept in mind for ERA. In their furthéudy, Al-
Kattan et al. (2014) showed that in the presenc8 aiM C&", TiO, was aggregated to
particle with sizes of more than 450 nm and endedthuhe sediment; however, the presence
of Natural Organic Matter (NOM) did not affect thetability. Kaegi et al. (2008) analyzed
the facade run off of Ti@from a building and urban runoff. The particlesrevaround 150
nm on average. Tirelease was much higher from new facade (600 ptbAr) from 2 years
aged facades (8 pg/L). Urban runoff was resulted iIRO, concentration of 16 pg/L, with
particles having a larger size distribution whittows the possible contribution of other road

or facade coatings.

In conclusion, the amount, size distribution andrf@f released ENPs are crucial for their
occurrence in the environment and highly dependenthe manufacturing way of product,
conditions of the medium to which release occunsyacteristics of the ENPs and the usage
habits for the product. In addition to the high iggon in characteristics of ENPs, the

variations in these factors also contribute to uiadaties for ERA.
Occurrence of Ag and TiO, NPsin the environment

Detection of ENPs in natural environmental mediagzosome difficulties and appropriate
analytical methods still have to be developed (feraes et al., 2012). Therefore, most of the
existing studies are based on modeling approadtasdly on predictions of the release of
ENPs from products and their transformation/transpion on the way to the environment
(Boldrin et al., 2014; Benn et al., 2010). Consitgrthe common usage of ENPs in daily
consumer products, they have a high potential & @m in Wastewater Treatment Plants
(WWTPs) and/or Municipal Solid Waste Disposal FHées (MSWDF) before entering the
environment. Therefore, addressing the fate of ENPshese facilities, including their
possible transformation and partitioning betweetewand solid phases, may provide an idea
about their occurrence in aquatic and soil medtasis Tnay help determining the possible
amount and form ending up in the environment and k& contributory to ERA studies on
ENPs.

The percentages of ENPs (used in personal careu@sjdthat will end up in WWTPs and
landfills were estimated as 28-32% and 36-43%, eethely, based on consumer surveys
considering use and disposal habits. The amourdgyand TiQ that are produced globally
are 452 and 88000 tons/year, and 200 and 47700yéams respectively end up in WWTPs
(Keller et al., 2013). The studies about the fdtAgand TiQ NPs agree on the partition of
these ENPs to the sludge phase (>90%) in WWTPgdBast al., 2015; Kirkegaard et al,



2015; Hendren et al., 2013; Kaegi et al., 2011; tarbsff et al., 2011; Gottschalk et al.,2009;
Blaser et al., 2008; Boxall et al., 2007). Modelistudies predicted WWTP effluent
concentrations in the range of 1.4-8 ng/L for AgNBarton et al., 2015; Benn et al. 2008).
However, the range of estimate was much wider enstludy of Lazareva and Keller (2014),
being 0.003-0.26 and 1.33-43.88 ug/L for AgNPs aid, NPs, respectively, in WWTP
effluent. The same study predicted biosolids cotraénons of 0.18-2.01 mg Ag/kg biosolid
and 70-367 mg Tigkg biosolid. AgNPs were mostly transformed to,8gdue to the
reducing conditions present in the WWTP, whicheissltoxic (Hendren et al. 2013; Kaegi et
al., 2011; Kim et al., 2011; Levard et al.,2011heflefore, redox transformations are fairly
effective for Ag, however, generation of core shahucture, dissolution and subsequent
transformation is also possible (Dale et al. (20IBD, seems to be affected only by
partitioning to the solid phase due to its higholobility and undergoes negligible redox

transformation (Barton et al., 2015).

Leachate seems to be most relevant pathway foexpesure of ecosystem components via
landfill facilities (Marcoux et al., 2013). Redumti dissolution/precipitation and
adsorption/desorption processes can influence e¢lease of ENPs from landfill areas to
leachate (Boldrin et al, 2014). Most of the ENRfi@ns were aggregated and large enough to
partition to the solid phase (63 and 71% of Ag amn@,, respectively) and the leachate
solution consisted 7.9% and 8.7% of Ag and JJi@spectively. Dissolved Ag and TiGvere
less than 1% in leachate solution. Ag was preserieachate in ionic form or bound to
ammonia or chloride (Ag(Ng)k"; AgCl, and AgClaq) When sulfide concentration was lower
than 5 pg/L, otherwise Ag interacted with hydrogeiifide or sulfide (AgH&q AgS).
Chloride was not as effective as sulfide and ammoni affecting the speciation of Ag.
Electrostatic adsorption and filtration can decee#ise transport of ENPs through porous
media, however, adsorption onto colloidal matteesy ppromote mobility (Hennebert et al.,
2013). Design, operation, composition, depth, agel @f the landfill and precipitation rates
can influence landfill leachate and cause tempandl spatial variations in the occurrence of
ENPs in the environment (Bolyard et al., 2013). Té&e of ENPs in leachates needs to be
investigated in terms of agglomeration and inteoacivith other waste components especially

under anaerobic conditions (Marcoux et al., 2013).

WWTPs, landfill facilities, and run-off are the maisources of the ENPs and their
transformation products in the environment. Notydhle release from products but also the
fate of ENPs in waste treatment and disposal fesliare quite complicated process, making



it hard to predict the amount and form of ENPs thay occur in the environment and lead to

uncertainties for ERA.

1.4 Fate of AgNPs and TiQin the environment

The fate of AgNPs and T¥ONPs in the environment is closely related withirtlexposure
potential and bioavailability. Exposure potentiiboganisms is determined by ENP behavior
which is influenced by agglomeration, dissoluti@alyvective transportation, sedimentation,
and sediment resuspension (Garner et al., 2014td?nas et al., 2012). Unlike for organic
chemicals, the interaction of the ENPs with thgpsusled material in the aquatic environment
cannot be characterized by a using sorption coefffic(k;) which is calculated from the
octanol-water partition coefficient, because ENRs reot thermodynamically in equilibrium
with the water and solid phase (Lowry et al., 201@NPs are just present as
thermodynamically unstable suspensions in the walandy et al., 2008).

ENP specific characteristics, such as coating nadtersize, surface energy, and
heteroaggregation, have an important role in fabegsses (Praetorius et al., 2012). The high
surface energy of ENPs leads to aggregation (Hahdy., 2008) and results in low exposure
for pelagic aquatic species and a limited reagtidtie to the reduced transportation and
surface area. On the contrary, dissolution provakebilization and exposure of aquatic
species (Garner et al.,, 2014). ENPs collide witkpsaded matter depending on their
diffusion coefficients and surface properties anel properties of the suspended matter. So,
their interaction can be called heteroaggregat@uik et al., 2012). Heteroaggregation is
expected to be more dominant in natural water (Caikl., 2014), except for the discharge
points where higher concentrations of ENPs may beewed (Garner et al., 2014).
Attachment efficiency is used to evaluate homoaggfien of ENPs in natural water. Recent
modeling approaches are using the heteroaggregatiastant (k), which is the product of
collision efficiency (K) and attachment efficien€y). However, collision efficiency is not
constant because of the variable natural collodl rmatural water characteristics (Quik et al.,
2015). ENP and other particle concentrations, mHjci strength and temperature have an
impact on attachment efficiency (Arvidsson et2011).

In addition to the ENP specific characteristicstav@hemistry is highly effective for the fate
and transport of ENPs in the aquatic environmergh(B et al., 2013). The pH, water
temperature, concentration of different ions, ambsalved organic carbon (DOC), sulfide,

dissolved oxygen and chloride concentration areomanmt characteristics of the environment



affecting the behaviour of ENPs (Garner et al., 22 abrega et al., 2011; Kennedy et al.,
2010; Liu and Hurt, 2010; Chen and Elimlech, 200@mberland and Lead, 2009; Fabrega et
al., 2009).

When the ionic strength, especially ®and Md" concentration, is higher; it leads to
suppression of the electrostatic double layer whlietreases the repulsive energy and results
in ENP aggregation and sedimentation (French e2809; Handy et al., 2008). Changing
metal speciation, altering the surface charge atigbes, sorption to mineral surfaces,
interfering with mineral dissolution/precipitatiomeactions, and driving redox and
photochemical reactions are the effects of DOChenfate of substances in the environment
(Aitken et al., 2006).The presence of DOC affebis behavior of ENPs by changing their
surface charge (Zhang et al., 2009) or providingadsorption surface (Keller et al., 2010).
DOC binds to the ENPs and enhances their stallithe aquatic environment due to steric
or electrostatic repulsion. (Chen and Elimeleci)72@Chen et al., 2007; Chen et al., 2006).
Humic acid macromolecules facilitate bridging i foresence of multivalent cations such as
C&”*, resulting in enhanced aggregation (Chen et aQQ7R Different types and
concentrations of DOC and cations may have diffeedfects on the stability of ENPs,
therefore on particle size distribution which chesmgheir availability and mechanism of

action for aquatic organisms.

The behavior of ENPs in soil may be more compligdiecause of the role of soil particles,
which are negatively charged and may interact WHNPsS for processes such as
agglomeration or dissolution (Tourinho et al., 201Bhe first thing to consider for the
behaviour of ENPs in soil is to determine in wha@mpartment (stationary phase and pore
water) they will partition. Subsequently, the fafeENPs can be evaluated in more detail in
the most relevant phase to determine their bioalbgily. Particle size is also very important
for the mobility of ENPs in soil. Larger particlean be trapped in between soil particles
depending on the pore size of the soil, smalletiggas will be mobile pore water (Darlington
et al., 2009). Soil related properties such asrcgmatter content, mineralogy, activity of
sulfur species, pH, redox potential and water gunéee suggested to also be of importance

for the transformation and fate of AQNPs in soib(\evert et al., 2014).
AgNPs

For AgNPs, aggregation, dissolution and metal-lilhdinding modifications are critical
transformation processes (Gondikas et al., 201Bgs@& processes therefore also determine
their exposure potential to organisms and are fgmitly influenced by ENP and



environmental characteristics. Coating materiadste major characteristics of AQNPs which
mainly influence their fate and toxicity. Surfachacge, aggregation and toxicity of the
AgNPs are strongly affected by these coating malge(Levard et al., 2012). Citrate-coated
AgNPs dissolved three times faster than PVP-coaghdPs. After 48 hours, the dissolved Ag
fraction was 36% and 47% for citrate and PVP-co#tgNPs, respectively (Gondikas et al.,
2012). Dissolution is mostly affected by water cistmy (electrolyte composition, ionic
strength, redox environment, pH, DOC). Oxidatiorthe major source of ionized Ag in the
aquatic environment and dissolved oxygen)(f3 the critical factor affecting this process
(Kittler et al., 2010). However, complete dissabatiof AgNPs is difficult due to the slow
kinetics of the oxidation process (Ma et al., 200LRs et al., 2010; Nel et al.,, 2009). For
AgNPs smaller than 20 nm, oxygen enhances surfamiatoon and hence the dissolution
process (Martinolich et al., 2012). Chloride richvieonments increase the dissolution of
AgNPs, as well (Kaegi et al.,, 2011; Levard et 2a011; Liu et al., 2011 Li et al., 2010).
Organic matter or ligands adsorb on AgNPs and ahangface properties. Organic matter
containing sulfhydryl bonds (thiols) may increale solubility of AQNPs by competing with
inorganic ligands (Adams and Kramer, 1999). Sulfglydbonds are usually found in low
molecular weight organic matter such as humic aams$ found in nanomolar or micromolar
concentration levels in water and sediments depegndin redox potential, presence of
organisms that excrete thiol containing compoundd eatalysts of thiol oxidation (Le
Faucheur et al., 2005; Ciglenecki et al., 2000 Betl Kramer, 1999). There are some studies
about the dissolution of AgNPs in natural environtaé samples. Chlorinated tap water
causes almost complete dissolution in a few hduwsgli et al., 2015). Smaller sized AgNPs
usually dissolve slower than larger ones, in 24rsioand there is no difference between
different coating materials. Dissolution was highar tap water than creek water and
dissolution was slower after 24 hours (Mitrano ket 2014). Solubility of AQNP-PVP was
lower than 1% in natural water except for sea wéBét) (Angel et al., 2013)increase of
chloride concentration results in the formation A§CI(s) complexes which promotes
agglomeration because of bridging effects. Howelvased on the equilibrium conditions, the
most dominant form becomes Ag&P-complexes which are less soluble in aquatic media
than Ag ions (Chambers et al 2014). Consideringsfamation, Ag can be found in the form
of Ag sulfide as clusters or complexes adsorbedrganic sulfides (cysteine and glutathione)
that can bind Ag in the interstitial water of sedims (such as in River Rhine). Ag can also be
found as Ag sulfides (Blaser et al., 2008).



Agglomeration (colloidal stability) is the majorqmess affecting the fate as well as mobility
and bioavailability of ENPs in the environment @tielling et al., 2011) due to their surface
properties (Weinberg et al., 2011). Surface chaafierations of AgNPs due to ionic
compounds influence their coagulation and settkimgtics (Gondikas et al., 2010; Mylon et
al., 2004). Divalent cations compress the electastdouble layer due to the screening of
surface charge of citrate-coated AgNPs and leaabgiomeration (Chowdhury et al., 2012;
Shih et al., 2012a; Ottofuelling et al., 2011; Doguos et al., 2010). AgNP-PVP is very stable
owing to its coating material providing steric staltion (Cumberland and Lead, 2009; El
Badawy et al., 2010; Huynh and Chen, 2011; Kviteklg 2008; Thio et al., 2012; Zhang et
al., 2012). However, dissolved organic carbon (DO@3y cause stabilization effects in
natural water due to steric mechanisms (Chinnaporgal., 2011; Delay et al., 2011; Gao et
al., 2009; Thio et al., 2012). Although these stsdieport the effect of ions or NOM for
different concentration ranges on the agglomeratioAgNPs, most of them are in synthetic
media and more aimed at understanding mechanisimsisk assessment, more concrete data
on relations between ENP agglomeration and watemdtry would be beneficial. Moreover,
verifying ENP agglomeration behavior and its relas in natural environments is required.
Therefore, agglomeration studies need urgentlydmepared with dissolution studies which

are relatively informative in terms of ERA for batfinthetic and natural aquatic media.

TiO,

When single TiQ NPs enter the aquatic environment, they tend taeggge in order to
decrease their interfacial energy which occurs wutheir high surface energy (Mukherjee
and Weaver, 2010; Yang et al., 2009). Accordinghto modeling results of Praetorius et al.
(2012), free TiQ concentrations in river water decrease over tisigjultaneously its
concentrations attached to suspended matter ircrapglly up to a maximum point and then

decrease exponentially till the end of the rive©.lconcentrations in the sediment increase to

several orders of magnitude higher than thoseanitter water.

lon valance affects aggregation behaviour of ;TNIPs more significantly than pH. Large
clusters of Ti@ NPs were formed in the presence ofCans (Chowdhury, et al., 2012).

TiO, NPs are usually stable between pH 5 and 8, whieleavironmentally relevant values,
however, pH is not effective in the agglomeratibri is higher than the point of zero charge
(Garner and Keller et al., 2010). Humic acid a#ectENP electrophoretic mobility more
significantly in the presence of monovalent ionntidivalent ions. Addition of humic acid

decreased the ENP diameters at different ionimgths. Aggregation could be irreversible



due to agitation and resuspension (Elzey and Gras&010). Agglomeration of Tilin
freshwater and seawater was observed (>200 nmj) @ffe and 50 hours, respectively,
regardless of water chemistry. However, initial @@mtration was effective, with higher TiO
concentrations agglomerating more than lower camnagons, which should be considered as
an uncertainty of scaling up for ERA studies. Caonicgions of TiQ (0.01 and 0.1 mg/l)
close to environmentally realistic conditions résdlin sedimentation (33.5-52.2%) (Brunelli
et al., 2013).

The higher organic matter and clay content of thieresults in the higher adsorption of TiO
NPs, on the contrary, higher pH, zeta potential amuic strength reduce adsorption
(Kirkegaard et al., 2015; Vandevert et al. 2014 d-at al., 2009). Acidic pH levels enhanced
the transportation of Ti©particles in porous media in the presence of huaum at
concentrations as low as 0.5 mg/L. The mobilityTdd, NPs was reduced in the presence
of >100 mM NaCl or 2 mM G4 (Zhang et al 2015). However, NOM leads to thetedsteric
stabilization by adsorbing onto ENPs (Fabrega .et2809) and may cause disagglomeration
of TiO, NPs (Baalusha, 2009, Loosli, 2013).

Agglomeration is the major process for both AgNRd &i0, NPs to be taken into account
when predicting their speciation and bioavailapiih the environment. However, existing
studies are too diverse to define clearly which EXB environmental characteristics are most
representative for agglomeration predictions irursgdtenvironments. Both for AgNPs and
TiO, NPs, a holistic and systematic evaluation, whielates the major environmental
characteristics to agglomeration, would be usefubgét an idea about their behavior and
bioavailability in the environment. After making reelations of agglomeration with proper
environmental characteristics, it would be possiblelassify environmental bodies based on
their water chemistry in terms of the agglomeratiendency of ENPs. Thus, feedbacks for
ERA studies could be supplied for the major fatecpss of ENPs.

1.5 Toxicity of AQNPs and TiQin the environment

Concentration levels that cause acute or chronicity for single species or toxicity at the
community level are essential for ERA studies ttedrine the strength of hazards. Toxicity
of ENPs may vary depending on the species and amd{®iberio et al., 2014) and on the
exposure environment. In addition to the magnitofdthe toxic concentrations, estimation of
environmental risks for ENPs is highly influencegtheir intrinsic properties (size, coating,

shape etc.) and environmental conditions (ioniergjth, NOM etc.) which cause variations



and uncertainties for ERA. For example, the preseiother metals (Pb, Zn, Cd, Fe, Al, Ni
and Cr ) and N@ reduced the toxicity of AQNPs and Ti@ zebrafish embryos, while CI
and PQ enhanced their toxicity (Pavagadhi et al., 2014).

AgNPs

Toxicity tests with AgNPs resulted in a large vaoa in L(E)C50 values (in mg/L) for
various aquatic species such as crustaceans (@lgag (0.36), fish (1.36), nematodes (3.34),
bacteria (7.10), yeast (7.90), mammalian cells3}l Vibrio fischeri(32), and protozoa (38)
(Bondarenko et al., 2013). Acute toxicity of AgNRsyen with effects on survival, was
observed at low concentration levels. The lowesbQ@r the toxicity of AQNPs t®aphnia
magnawas 1.1 pug/L (7 days) (Allen et al., 2010), thghleist LC50 was 121 pg/L (<24 hours)
(Volker et al., 2013). Bondarenko et al. (2013)lected aquatic toxicity data from the
literature and determined the toxicity class of AgN\according to EU-Directive 93/67/EEC
(CEC, 1996), which uses the lowest median value3f&ey model species (crustaceabDs (
magng, algae Pseudokirchneriella subcapitgtand fish). Results showed that AgNPs are
very toxic (<1 mg/L) to crustaceans. AgNPs are atsac for the growth ofP. subcapitata
(chronic toxicity) at low concentrations (2-50 ppg{McLaughlin and Bonzongo, 2012; Wang
et al., 2012). Ag is a unique ENP in terms of asi¢ity due to the ionic form released in the
aguatic environment. lonic Ag affects functionabgps in the cell membrane, like thiol (-SH),
of higher aquatic life by interacting with proteiasd enzymes and results in cell inactivation
as the mode of toxic effect (Hiriart-Baer et aD08; Liau et al., 1997; Ratte, 1999; Wood et
al., 1999).

Surface coatings of AgNPs lead to variations indiox (Croteau et al., 2011; Silva et al.,
2014; Pavagadhi et al., 2014; Ahn et al., 2014gré&tare debates about the effect of size on
the toxicity of AgNPs. While some studies repoxtreasing toxicity with decreasing size of
AgNPs (Cupi et al., 2015; Seitz et al., 2015; Ahale2014; Angelsfort et al., 2014; Allen et
al., 2010), other studies did not observe any sfaged effect (Gaiser et al., 2011; Kennedy
et al., 2010). Azurin metalloprotein activity isfedted by AgNPs because of dissolution of
Cu(ll) from the enzyme surface, which is affectgdagueous Ag salts and the dissolution

product Ag(l}aqy

Ag speciation is important in order to determinevtich Ag forms aquatic organisms will be
exposed, since dissolution of AgNPs results inréiease of ionic Ag (Lee et al., 2004; Fortin
and Campbell, 2000). There are still uncertaindiliesut whether AQNPs themselves are toxic
to bacteria or that ionic Ag released in the waiauses the toxic effects (Shahverdi et al.,



2007; Panacek et al., 2006; Morones et al., 20@05diSand Salopek-Sondi, 2004). While
(Navarro et al., 2008b) supports the idea that Agbitcity results from the ionic Ag form
released from the ENPs, (Fabrega et al., 2009ayesh@vidence that AQNPs have specific
effect on toxicity. Yin et al. (2011) also suppatrthis idea by showing that gum arabic coated

AgNPs have greater effects balium multiflorumthan AgNQ.

There are two mechanisms for the toxicity of AgN®dacteria. One of them is oxidative
stress generated by the formation of reactive axygpecies (ROS) such as oxygen
superoxide (®) that can potentially be formed at the surfacehef AQNPs (Choi and Hu,
2008; Hwang et al., 2008; Kim et al., 2007). Theosel one is the interaction of Agons
with thiol groups of vital enzymes and proteinggeting cellular respiration and transport of
ions across membranes, ultimately leading to oedithl (Bottero et al., 2011; Ratte, 1999).
Toxicity of ANPs to Gram-positivBacillusspecies was affected by surface charge, showing
that low zeta potential leads to an increase indogt growth inhibition. Negatively charged
AgNPs attached to cell walls of the bacteria (Ell@8ay et al., 2010). Arabic gum and citrate-
coated AgNPs inhibitefllitrosomonas europaeat 2 mg/L in nitrogen removal in activated
sludge systems due to colloidal stability and” Agrmation. PVP-coated AgNPs showed no

effect on nitrification (Arnaout and Gunsch, 2012).

Toxicity can be decreased in the presence of NOMgchwprovides stabilization of the AgNPs.
Therefore, the presence of NOM should be consideréerms of fate and toxicity of AQNPs
(Seitz et al., 2015; McLaughlin and Bonzongo, 20¥B)gregation, dissolution and toxicity
can be affected by the presence of anions suclitrate¢ sulfide and thiosulfate. A§ was
formed on the surface of AgNPs, resulting in thabition of surface oxidation and therefore
inhibiting dissolution. In addition, released Agigocan be bound by sulfides (Angel et al.,
2013). However, the effect of dissolution is anotissue of debate for predicting the toxicity
of AgNPs. The existing studies do not agree aivakther the toxicity is due to dissolved Ag
ions (Kim et al., 2011; Zhao and Wang, 2011, Kewgnetl al., 2010) or nano-specific
properties of the AgNPs (Das et al., 2013; Grifitial., 2008).

Jung et al. (2015) applied a high throughput stwith algae and with the nematode
Caenorhabditielegans including as endpoints food consumption at theutetion level and
body length, locomotion speed and lifespan at tigarism level. AQNPs were toxic and BiO
was safe foC. elegansAlgae were the mostly affected group; they aeeghmary producers
of the ecosystem and food source for higher tropeiels. Therefore, direct structural

changes in the ecosystem or indirect effects duthéochange in water quality could be



observed (Bondarenko et al., 2013). Van der Pldesgiwved reduced population growth of
earthwormsIl(umbricus rubellusin the presence of AgNPs at concentrations ubtbmg/kg

dry soil. Carbone et al. (2014) found that AgNP$® (hg Ag/kg dry soil) induced the
microbial biomass and changed the microbial comtyum a forest soil after 60 days

exposure.

Soil toxicity of ENPs is limited compared to ageatoxicity for which various kind of
organisms such dsemna minor(Gubbins et al., 2011; Navarro et al., 2008b)aalgnd fungi
(Navarro et al.,, 2008a), vertebrates (zebra figtgh&rani et al., 2008; Chio et al., 2012),
invertebrates . elegany (Meyer et al., 2010; Roh et al., 2009), bactéEacherichia coli)
(Dror-Ehre et al., 2009; Sondi and Salopek-Sonld4}; Pseudomonas putid&abrega et al.,
2009b) and human cells (skin keratinocytes, lumgoblast cells, and glioblastoma cells)
(AshaRani et al., 2009; Lu et al., 2010) were @tddiChronic toxicity (reproduction and
growth) is more pronounced than acute (survivaRicity. LC50 values were reported
as >2000 Eisenia andrei, and >1000 Eisenia fetidh mg Ag/kg dry soil by Kwak et al.,
(2014) and Heckman et al., (2011), respectivelyprBduction was much more sensitive than
survival with EC50 values of 22&(chytraeus albidysand 146 E. fetidg mg Ag/kg dry soll
(Gomes et al., 2013, Schlic et al., 2013). Howewaggidance toxicity was observed at very
low concentrations (5.75 mg Ag/kg dry soil) fiar fetidaexposed to AgNPs in the study of
Shoults-Wilson et al. (2011), which shows that b&bra of soil organisms could be
significantly affected in the presence of AQNP<OJNPs also reduced the reproductiorEof
fetida at 1000 mg/kg dry soil (Heckman et al., 2011). éffects of AQNPs on survival and
reproduction were observed for the soil arthropotsomia candidaat concentrations up to
673 mg Ag/kg dry soil (Waalewijn-Kool et al., 2014)onger exposure times are needed for
more accurate evaluations since complexation adatiin reactions in soil can be delaying
the release of Ag ions and so, the toxicity (Gomteal., 2013). Apart from these organisms,
Shah et al. (2014) observed alterations in soitdset community in 120 days die to the
presence of AQNPs and TiQIPs.

AgNPs are estimated to have marginal risk (Soml.e2@11) and toxic effects have to be
understood well for ERA. Although aquatic toxicithata and knowledge seem to be fairly
satisfactory for predictive risk assessment stydespecially at the single species level,
toxicity for soil organisms and the relation betwetoxicity and major environmental

characteristics need further investigation for ERAdies. Since the data is limited mostly to
earthworms, testing other species of soil organsyald be useful to understand the species



sensitivity distribution for soil toxicity of AQNRP<. crypticusare ecologically relevant soll
organisms owing to their crucial role in decomgositand bioturbation in soils (Castro-
Ferreira et al., 2011) and are commonly preferoeddxicity testing due to their sensitivity to
the wide range of stressors (Didden and Rombkel)2@antorufo et al. (2013) showed that
metal bioaccumulation i&. crypticuswas higher than i&. andreiandF. candida Therefore,
testing AgNP toxicity tde. crypticuswould be beneficial for ERA studies and fill a gaghe
literature. Considering the significance of orgamatter for the speciation of AgNPs in the
soil, correlating toxicity with organic matter cent of the soil would add more value for the
prediction of toxicity for different conditions fothe ERA studies. Moreover, it is also
required to understand toxicokinetics and toxicaugits of AgNPs. Most of the studies did
not focus on the uptake of AgNPs over time, whishalso essential to understand the
appropriateness of the standardized toxicity tethod.

TiO,

TiO, NPs are known to be toxic to eukaryotic and prps@e cells (Trouiller et al., 2009;
Adams et al., 2006; Long et al., 2006). Aquatic amigms such as microbes, algae,
invertebrate and fish were affected adversely b9, TNPs (Scown et al.,, 2010). However,
TiO2 NPs usually have much higher L(E)C50 than AgNRZ5Es for the toxicity tdaphnia
magna(immobilization) were 51 pug/L and 14 mg/L for AgdaTiO, NPs, respectively (Cupi
et al., 2015). Chronic exposure bf magnacaused low mortality, however, it decreased
reproduction (Fouqueray et al., 2012). Jcobash €2@14) reported that reproduction rate of
daphnids was reduced over multiile magnagenerations for all TIONP concentrations
(1.19-6 mg/L), and population collapsed after 5egations of exposure to 1.78 mg/L IO
NPs. Reproduction o€. eleganswhich could be more suspicious to TiQlue to their
tendency for sedimentation, was affected by, INPs at 10 mg/L (Angelstorf et al., 2014).
An increased effect of light on the toxicity of TA8Ps was mentioned due to the production
of ROS (Angelsfort et al., 2014). Photo-stable JNXIPs have no adverse effects up to g/L
levels (Aruoja , et al., 2008). In addition, genatoand cytotoxic effects of TiONPs on fish
cells were determined (Handy et al., 2008; Vevers #a, 2008). Cellular change may occur

due to the accumulated degraded nanoparticle®indhls (Lewinski et al., 2008).

Like in water, TIiQ NPs are much less toxic to soil organisms than RgNReproduction
toxicity was observed at 1000 mg/kg dry soil Eorfetida(Heckman et al., 2011, McShane et
al., 2012, Canas et al., 2011).



1.6 Aim and scope of the thesis

Considering the needs for the ERA of ENPs, the raamof this PhD study is to propose an

ERA approach for ENPs that enables evaluating gresentative factors for the risk,

provides tools for reducing uncertainties and oiatut further research needs and risk

management strategies with quantitative risk comoation. AgNPs and Ti@ NPs were

chosen as model ENPs. Two different AgNPs, withatét and PVP coating, were used to

compare the effects of coating material. In thetexinof this main aim, the following

objectives were studied to generate data or knayelédr the proposed ERA:

1)

2)

3)

4)

To determine in a systematic manner the most retevater chemistry parameters for

the agglomeration of model ENPs, which is the ledg process for the fate of ENPs?

To classify the aquatic environment based on tlevaat water chemistry parameters
for agglomeration by considering the possible terapchanges according to the

results of ENP agglomeration behavior in naturalewaamples.

To evaluate the toxicokinetics and toxicodynami¢sAgNPs in E. crypticus by

investigating the relation between uptake and &ffec

To determine the survival and reproductive toxiafyAgNPs toE. crypticusand the

relation between toxicity and soil organic mattentent and pH of the soil.

In order to achieve these aims, the following redeguestions were formulated:

1)

2)

3)

Can we provide a systematic evaluation procedutie multi-criteria decision making
tools and incorporation of expert judgements tdlibe evaluations of risk factors and

risk characterization? Is the proposed approachcate to the model ENPs?

What are the specific roles of commonly observetw iand natural/synthetic organic
matter for the agglomeration of model ENPs in ratwsurface waters? Which
parameters can be used for the prediction of thegh in size over time of the model
ENPs?

What is the correlation between the agglomeratibthe model ENPs and selected
water quality parameters? Is it possible to clgsafjuatic sources based on these

parameters and does the classification changetiwid?



4) What is bioavailability of AQNPs? Doés crypticusaccumulate AQNPs over time? Is
the effect of AQNPs on survival best explained frerposure concentration or from

Ag body concentration? Does toxicity change withetiof exposure?

5) At what soil concentrations do AgNPs affect sur/amad reproduction oE. crypticu®

Is toxicity related with organic matter content AwgpH of the soil?
The objectives of the thesis are elaborated irdh@wing chapters:

Chapter 1: After a brief introduction about ENPs, the probgetriggered to determine the
aim of this thesis are defined. The needs for pgr&RA approach for ENPs are discussed
based on the conclusions and suggestions of existindies. Existing knowledge on the
release, fate and effects of ENPs was revieweddardo determine data gaps and formulate

the research questions for this thesis.

Chapter 2: A study was performed on the tools that are appligkdin the ERA approach that
is proposed in this thesis. The study demonstthtapplicability of these tools.

Chapter 3: Selected anions, cations, natural organic mattemit acid and fulvic acid) and
synthetic organic compounds (sodium dodecyl suphatl ethoxylates) that were commonly
observed in surface water were tested for theiciBpeeffects on ENP agglomeration under
environmentally realistic conditions. ENP agglontiera was characterized using the change
in size as measured using dynamic light scatteand Nanosight Nanotrack. Then, the
combinations of ions, natural and synthetic orgamiatter were tested in terms of ENP
agglomeration behavior to compare with the speafiects of each parameter. Based on
these comparisons, the parameters most relatedhvaithgglomeration of selected compounds
were determined to be E&Vg** and dissolved organic matter concentrations inatineatic
medium .All agglomeration studies were conductedlfdour, 1 day and 1 week to assess
ENP agglomeration changes over time depending entype of ENP. A surface water
simulated media in terms of agglomeration was psedavhich was validated by comparison

with natural surface water samples.

Chapter 4: Based on the results of Chapter 3, six surface revadad three wastewater
treatment plants were selected with different*'®4g®" and dissolved organic matter
concentrations to determine its effect on the chaimg ENP size. ENP agglomeration
experiments were conducted in unfiltered and Bllersamples to have environmentally
realistic conditions. Agglomeration characterizatiwwas performed using the same methods

as in Chapter 3. Agglomeration of citrate-coatedNRg correlated well with Gi



concentration. However, dissolved organic carbantéedeviations at a certain concentration
range. PVP-coated AgNPs were stable at their @igiize regardless of water chemistry.
TiO, NPs agglomerated up to micrometer scale in moserwaamples after 1 week.

Correlation of their agglomeration behavior with?Ceoncentration was weaker than that of
citrate-coated AgNPs. However, the correlation owpd when dissolved organic carbon
content was higher than 2 mg/L. The effect of dissib organic carbon on the stabilization of
TiO, NPs was more pronounced after 1 day. Fractionatidhe samples based on molecular
weight of the organic matter using ultrafiltratishowed that agglomeration was much more
pronounced for the fraction below 10 kDa than fanfiltered samples. Based on the
correlations found, a classification scheme foragglomeration of model ENPs in water over

time was proposed.

Chapter 5: The uptake of AgNPs and AgNQn E. crypticuswas followed for 10 days. A
background solution with essential elements wakespio inert quartz sand to prepare the
exposure mediunk. crypticuswere exposed to AgNPs at different dose leveldifferent
times (2,3,5,7,10 days). Survival &. crypticuswas determined, and sand, filtered sand
solution andE. crypticuswere analyzed for total Ag concentrations. Ag mosatisorbed to
the sand, with strongest sorption found for iong #&hd PVP-coated AgNPs. Citrate-coated
AgNPs gave much higher Ag concentrations in thatsmi than the other two Ag compounds.
However, the LC50 was also higher for citrate-coadg@NPs, so it was less toxic. The other
Ag compounds had similar toxicity. Accumulation Aff was observed depending on time
and external concentration. For all compounds,LiiB0 decreased with time and reached
steady state after 7 days of exposure. HoweverQL\@kues calculated based on internal Ag
concentrations in the enchytraeids were constaat tine and could be considered more
representative of toxicity regardless of time.

Chapter 6: Survival and reproduction toxicity of AQNPs and AQNo E. crypticuswere
determined in three different standard soils, ngrhefa 2.2, Lufa 2.3 and Lufa 5M, having
different organic matter contents and different fHe standard ISO (2004) guideline 16387
was used for the toxicity tests. Effects on endweit survival were observed at
concentrations higher than 500 mg Ag/kg dry soil ttte AgNPs, while AgN@was more
toxic. Reproduction was more sensitive than suhaval there was no significant differences
in toxicity between AgNPs and AgNOToxicity decreased with increasing soil organic

matter content, but was not affected by soil pH.



Chapter 7: An ERA approach for ENPs was proposed by usingyéinal hierarchy process
(AHP) and fuzzy inference tools. Risk of ENPs wieased on the occurrence likelihood (OL),
exposure potential (EP) and toxic effects (TE). &ding to the principles of AHP, sub-
factors that are related with OL, EP and TE wetermened systematically and a hierarchical
structure was developed considering the placingoofiparable factors at the same level. A
fuzzy scale was proposed to score the factorsarhierarchy using expert judgement. Sub-
factors were scored based on their contributiorrisek and compared in terms of their
importance for the risk to obtain priority weigtts the factors. Then overall scores were
calculated with a weight-average method and coedett standard trapezoidal numbers.
Fuzzy sets corresponding to the overall scores wWetermined using the proposed scoring
scale. OL, EP and TE were combined with a fuzzgrerice rule base using expert judgement
to obtain the risk magnitude and the risk clasetham the scale proposed. Three case studies
were analyzed to demonstrate the applicabilityhef tnethod. The case studies showed that
this approach can provide more informative ressilti€e it gives the risk class which helps
identifying the required risk management stratelghpreover, the priority weights of the
factors may give a clue about research needs orhmlgyidentifying which factor should be

focused on to reduce the risk .

Chapter 8: The overall conclusions and suggestions for furtiiedies will be summarized.
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Figure 1. 1: A schematic view of the scope of the thesis.




CHAPTER 2

INTEGRATION OF ENVIRONMENTAL AND HUMAN HEALTH RISK
ASSESSMENT FOR INDUSTRIES USING HAZARDOUS MATERIALS: A
QUANTITATIVE MULTI CRITERIA APPROACH FOR ENVIRONMEN TAL
DECISION MAKERS

ABSTRACT

Environmental management, for which environmentad Auman health risk assessment is
the first stage, is a requirement for industriethbazefore construction and during operation in
order to sustain improved quality of life in theosgstem. Therefore, the aim of that study is
to propose an approach that integrates environianthhuman health risk assessment for
industries using hazardous materials in order ppsu environmental decision makers with
guantitative and directive results. Analytic hietay process and fuzzy logic are used as tools
to handle problems caused by complexity of envirenimand uncertain data. When the
proposed approach is implemented to a scenamggstconcluded that it is possible to define
risk sources with their risk classes and relateanbership degrees in that classes which
enables to decision maker decide which risk sobesepriority. In addition, they can easily
point out and rank the factors contributing thosé sources owing to priority weights of
them. As a result, environmental decision makens gse this approach while they are
developing management alternatives for unfounded @m-going industrial plants using

hazardous materials.

Emel Topuz, llhan Talinli, Egemen Aydin 2011, Iraéign of environmental and human
health risk assessment for industries using haassdoaterials: A quantitative multi criteria

approach for environmental decision makers, Envinent International, 37(2), 393-403.



2.1 Introduction

70,000 synthetic chemicals, most of which are rdm#s materials, are used in industrial
production processes, products and household gaudistill, there is need for studies about
environmental and human health risks assessmenish vélte developed specifically for

industrial activities (Moore, 2007). Also, Europed&mion (EU) impose obligation of

preparing Environmental Risk Assessment (ERA) fewnand existing chemicals with

REACH directive (EC, 2006).

Industries prepare their own environmental managemeystems (EMS) since Rio
Declaration in 1992 (UNEP) which revealed the neeénvironmental management due to
intensive industrial pollution. EMS are continuola®ps which industries perform their
activities based on Deming cycle (PDCA) in order e able to fulfill environmental
requirements related with them. As a result, emmental performances of those
organizations are ennced by examining their sete@sinuously and improving their adverse
conditions (Stapleton et al., 2001). Thereforerehare two main decisions that must be given
in the context of EMS for industries. First onethe determination of environmental and
human health hazards which are provided by ERAmamdan health risk assessment (HHRA)
process and the second one is to specify the doofethe management alternatives for
industries by considering the results of ERA andRAHprocess. Thus, they are basic tools
that are essential and simplify the job of envirental decision makers for industrial
organizations. Although ERA can be establishedtawili also contain factors that are
necessary to evaluate HHRA to nearby public; iheeded to evaluate worker health risk
because there are some specific factors affectiotkev health. Clarifying factors that
contribute environmental and human health riskgesyatically and having quantitative
results in risk assessment process are the keyspmwinorder to determine environmental
hazards and simplify the decision making processdiveloping management strategies.
However, existing approaches do not exactly presentintegrated risk assessment that
considers all of the possible factors for environtakand human health risks of hazardous
materials originating from industrial usage. Alsloese approaches do not give quantitative
results that can be used for decision making tétisvious risk assessment studies focused on
assessing risks either originating from routineckizsges (planned emissions (PE)) (Di
Marzioa, 2005) or accidents (accidental emissigis) (Stam et al., 2000; Khan and Abbasi,
2001; Gunasekera and Edwards, 2003; Fabiano, Bi0®%n and Dunn, 2007; Andersson et
al., 2007; Darbra et al., 2008; Wessberg et al082&erma, 2009; Clark and Besterfield-



Sacre, 2009) either in a non-quantitative mannewitir simple predictive quantification (eg.
PEC/PNEC) to a certain aspect of the environmeci s1$ water bodies (Stam et al., 2000;
Holt et al., 2000; Hansen, 2007; Blaser et al.,80@ir media (Gunasekera and Edwards,
2006), soil (Khan and Abbasi, 2001; Andersson gt28107; Darbra et al., 2008, Wolf and
Feijtel, 1998; Arunraj and Maititi, 2008; Li et.,&008) or groundwater (Li et al., 2007). In
addition, there are studies that only focused otupational safety and health for process
industries (Papadakis and Chalkidou, 2008; HassichEedwards, 2006;). Also, most of the
studies assessed the environmental risks basedooasses in order to achieve most safety
process design (Vassiliadis and Pistikopoulos, 20B0nasekera and Edwards, 2003; Sadiq
et al., 2005; Khan et al., 2002); proposed appraacthis study based on the risk source
which enabled more accurate evaluation. Althoughotic et al. (2005) developed a detailed
risk assessment procedure for chemical industtiesy did not use fuzzy numbers and
inference system which enables reducing uncertanty expert evaluation. Therefore, the
aim of this study is to develop an integrated ERM BIHRA approach consisting risk factors
related with all of the possible risk sources iniraustry using hazardous materials and the
environmental aspects, which has a holistic vie& emntains all of PE, AE, and indoor air
emissions (IAE) in order to provide quantitativetadéor EMS tools which helps decision
makers as well as achieve an integrated enviroraheancern. Identification, estimation, and
hierarchisation phases are necessary for composkdevel as a result of a risk analysis
methodology (Tixier, 2002). Tixier et al. (2006)eds expert judgment and hierarchical
structure in order to develop vulnerability map iiedustrial sites. Nevertheless, there is no
approach that gives quantitative risk magnitude YRR risk class result for each of the risk
sources directly specific to a full scale indugtrgt is in planning stage or already established
as well as capable of assessing the risks by cemmsglboth the ecosystem that industry is

placed, hazardous materials that are used and hinedih.

2.2 Environmental and Human Health Risk Assessment

Risk must be defined in order to determine whicmgponents constitute concept of risk
magnitude. Risk is the combination of the posgibibf occurrence of an event and the
likelihood and strength of undesirable effects hattevent (Wessberg, 2008; Sonnemann et
al., 2004; Dick et al., 1999). The relation betweéleeam must be analyzed systematically in
order to perform beneficial and realistic risk asseent (Li et al., 2007). While theory of

possibility is used in order to measure occurrevickazards which are originated from the



combination of specific factors (Gentile et al.,03] risk likelihood (RL) corresponds to
probability of occurrence of a hazard. Risk stren@@S) means the significance of the results
which will arise in the case of occurrence of tlazdrd. As a result, Risk Magnitude (RM)
represents the likelihood, possibility and strengftithe risk. Environmental risk (ER) can be
defined as a risk whose results affect human hd#khconditions, environment, soil, surface
water, ground water, air, climate, flora/fauna,diversity, structure of community, buildings,
view of city, cultural heritage and the relationshbetween those components (Wessberg et
al., 2008). As industries are responsible for mining all of the environmental and human
health risks they cause; proposed risk assessmpriiach, consisting of identification of the
events causing hazard and risk, obtaining the nhadmiof effects arising from risks and
estimation the possibility of occurrence of therdgggDarbra et al., 2008; Duffus and Worth,
1996), must present a holistic approach by consiged| of the environmental aspects.

ERA and HHRA identify hazards and priorities, irases public awareness of potential
problems, and provides guidance for corrective mmessand legal controls by organizing,
configuring and arranging scientific informatiorhéy can also be used for determination and
measuring of efficiency of precautions (Sonnem&t04). However, problems may occur
during implementation of ERA and HHRA process. tRirsenvironmental and human health
issues are too complex both to formulate risk magess and consider all of the factors
affecting risk possibility during evaluation. Alsexpert evaluation is needed in order to
compose risk components, quantification of which ek formulation is very difficult. In
addition, lack of data, vagueness and uncertamgnivironmental information (Arunraj and
Maititi, 2008) bring the need of expert opinionglarsing fuzzy inputs for evaluation process

proposed in this study.

2.3 Proposed Integrated Risk Assessment Approach

Complex structure of environmental and human heatk assessment process, that are
affected by multiple factors, lead to using Analgti Hierarchy Process (AHP) in order to
define and assess factors in a systematic manmenrity? weights of risk factors were
determined by using pair wise comparisons and soot@ realistic risk magnitude (RM) has
been inferred. Fuzzy modeling provides evaluatimgeutain, imprecise and vague data.
Indicator risk factors are evaluated with linguistariables such as “high contribution to risk”
which is needed for non-quantifiable factors amdits of that factors are flexed with fuzzy

membership functions providing a more reliable srfaon between risk categories. Experts



may easily define their professional judgments omglex environmental and human health

factors and relationships using either linguisiipressions or fuzzy numbers or both of them.
Main components of the RM that are defined in otdeaissess integrated risks were modeled
with a group of “if-then” rules. Consequently, cdepand uncertain structure of the system

were related with qualitative human thinking insteaf formulation and then RM was

produced.

Zeng et al. (2007) has developed a new risk assedsapproach for the delay risk of
construction projects. The method was considergut@ser to cope with the problems which
may occur during implementation of integrated ERW &lHRA. Proposed approach is shown

in Figure 2.1.

There are some modifications made to adapt the hwdposed by Zeng et al. (2007) to
integrated ERA and HHRA process. In preliminarypsté the model, instead of evaluating
opinions of multiple experts individually, a rislsssessment group which contains experts
from different disciplines is established. This wwodiscusses, defines, determines and
possibly rules out risk criteria in order to gethi@we an agreed judgment which can be
defined as differential designation’ As environmental systems encompass multiple facto
such as water, air, flora, fauna etc., expertshesd factors must get their opinions together in
order to conclude an ultimate result. Thus, it asgible to reach a more representative
evaluation through discussing all of the factorthva holistic approach. Linguistic variables
of factor index (FI), which represent risk posstijlhave been changed in order to adapt to
integrated approach as well as explanations fairsgof Fl and RS. RM is represented by Fl,
RL and RS. Therefore, those components were natgethfor calculation of RM. Fuzzy

numbers are also not changed as they can alspieseatative for this approach.

Finally, hierarchy that will be used for scoring Was constructed by assigning the aim as
integrated ERA and HHRA for industrial hazardoudenals.

2.3.1 Steps of Proposed Approach

Firstly, a risk assessment group which must inclefdemists and biologists that can evaluate
the characteristics of substances; ecologists, rwatgentists, agricultural engineers,
meteorologists, urban scientists that can evalt@echaracteristics of ecosystem; industrial
engineers that know the processes in industry awodugtion flow; and environmental
engineers that can evaluate all of that comporfenits environmental point of view and draw

a conclusion. People that worked for same kinahd@istry, which is being evaluated, for a
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long time and local people that know region veryilvean be included in the group as
experienced people. Risk assessment group evalirdtemation/data that is related with
risks, implements integrated procedure after cdimigorisk factors whether they are relevant
with the case study or not, and assigns new rigofa if necessary.

Preliminary Step

When the production process in an industry is dece@as a system, risk factors will be
objects or environment of it. As a result, enouglifioimation/data about organization,
production process, technology that is used, hagdbonditions, substance characteristics,
environment characteristics that industry is laigt, dreatment and discharge system of
industry and influenced area depending on substamdesnvironment characteristics must be
collected in order to perform hazard identificati@xposure and dose-response assessment
and risk characterization in the content of integptaapproach. Possible influenced area can be

determined solely after all of that informatiorgathered.
Fl Measurement Step
Measure factors in FI hierarchy

It is needed to develop a hierarchy that consistsk factors providing measurement of risk
possibility beside measurement of risk likelihoddhe purpose of preparing FI hierarchy is

elaboration of risk factors and assessing the effikgently.

The overall structure of hierarchy in which maiwcteEns were provided with capital letters is
shown in Figure 2.2. All of them will be explainkiel by level in detail below.

At the first level in the hierarchy, risk assesshmrnindustrial hazardous materials is assigned
as the purpose of the analysis. Emissions thatliaoharged routinely from industry defined

as PE, emissions that occur due to accidents @eiseAE and emissions that occur during
production indoor defined as IAE are the main sesirof environmental and human health
risks for an industrial organization having diffeteisk characteristics, so they are placed at

the second level.

Characteristics of production, treatment processesdischarge amount and time are known
for PE. Risk posed by PE to the environment dep@msharacteristics of substance and
ecosystem which are considered as the sub factd?& .0As hazard definition for all of the
main risk sources are related with substance ctearsiics, they are vital for all of the main

risk sources. While hazard characteristics of sutusts usually define potential hazard
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resulted by usage of them, characteristics relatéd exposure do not directly address
potential hazard, but provide information to evéduransport and fate of substance. Some
reference scores can be used for factors, which kamvn widely and have limited
uncertainty, in order to achieve more homogenowgments. Flammability, reactivity,
explosivity, corrosivity and toxicity are the maimaracteristics for defining hazard of the

substance.

There are different characteristics of ecosystedated with risk. Therefore, spatial

components become essential for such an ERA appread there are studies about
sustainable industrial area locations such as Ruente et al. (2007) and De Juan Luna et al.
(2005). Some of them can be grouped under factelsted with fate and transport of

substance in the environmental components. Waitersal and groundwater compartments
have different physical or chemical characteristioat affect the transport and fate of
substance. Possible characteristics to be considdrging integrated risk assessment
approach process are provided in Figure 2.3. Easb bas its own patrticular situation and

consequently characteristics related with exposhoeild be considered case by case.
“Borders of region” is another important factor aese it represents extent of affected area.

Life, activity and usage purposes of region arededean order to assess damage or hazard to
beneficial uses of regions including industrialsiagjtural, touristic and/or residential as well

as strategic importance.

Environmental sources refer to contribution of emwmental components in the region to ER.
Water bodies and watersheds, terrestrial ecosystémnssts, flora/fauna and population
density are assigned as sub factors in order tmalgfossible exposed groups and assess

effects related with ecosystem.

AEs are considered in two sub factors as “factetated with occurrence of accident” and
“post-accident factors” (Figure 2.4). While postigent factors provides the assessment of
risk factors directly related with substance andsgstem characteristics, factors related with
the occurrence of accident mostly represent theipidisy of accident which is the couple of

environmental risk, since accidents cause envignal emissions.

Transportation of the substance to the industry sndhe industrial plant, storage and
handling during industrial production and productiorocesses has the potential of causing
accident. Transportation modes of substances (maaiin, roadway, pipe transportation) to

the industry are assigned to the lowest level o§ ABginating from transportation accidents.
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As their RL and RS have particular aspects, itaeded to characterize risks and calculate
RMs individually. Frequency and amount of handlimgrehouse conditions and duration of

storage constitute potential of handling accidents.

Failures of components of a manufacturing systeorease the possibility of accidents.
Experience and ability of workers, physical coratis of workplace (temp., humidity,
messiness etc.), equipment that are not maintaimemhmpatible with process and/or

substance, unsuccessful managerial measures deetbis to be considered by experts.

Accidents such as destructions, explosions, crgckic. especially in storage areas can be
caused by earthquakes, floods and hurricanes argk evere damages. For IAEs, physical
factors are critical for risk assessment besidesatteristics of substance as shown in Figure
2.5. Work place conditions and factors related withrkers are two different factor groups
that represent physical factors in the work plad@ecause, workers are the only group of
people that can be exposed to substance in the plack and work place conditions influence

the exposure of workers. Age and health conditiooperators must be taken into account as
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Figure 2.5:Sub factors for evaluating ER of indoor air enossi

the sub factors related with operators, becauskhheandition and age of people specifies

how people would be affected from an exposuresElomposed by scoring the bottom level

risk factors in the hierarchy. Expert group desigaacores according

to explanations given

in Table 2.1. Their decisions about scores arechasdheir knowledge and experiences in the

case of absent data.

Table 2.1:Explanations about FI, RL, RS, RM components

Definition of FI Explanation Fl Fuzzy Number
very high (VH) Very high contribution to environntahrisk (0.0,0.0,2.5)

high (H) Significant contribution to environmentak (0.0,2.5,5.0)
medium (M) No critical contribution to environmehtesk (2.5,5.0,7.5)

low (L) No contribution to environmental risk (5705,10.0)

very low (VL) Exactly no contribution to environmhrisk (7.5,10.0,10.0)
Definition of RL  Explanation RL Fuzzy Number
very low (VL) Very low probability (0.0,0.0,2.5)

low (L) Low probability (0.0,2.5,5.0)
medium (M) There is possibility (2.5,5.0,7.5)

high (H) There is high possibility (5.0,7.5,10.0)
very high (VH) Inevitable to occur (7.5,10.0,10.0)
Definition of RS Explanation RS Fuzzy Number
very low (VL) No acute effect, uncertain chronifeet (0.0,0.0,2.5)

low (L) Acute and chronic effect (0.0,2.5,5.0)
medium (M) High acute and chronic effect (2.5,58)7

high (H) Intensive acute and high chronic effect .0(b.5,10.0)

very high (VH) Intensive acute and chronic effect 7.5(10.0,10.0)
Definition of RM  Explanation RM Fuzzy Number
negligible (N) Risk can be accepted (0.0,0.0,1Mm,3.
minor (Mi) Risk can be tolerated but precautionstroe taken  (1.0,3.0,4.0,6.0)
major (Ma) Risk must be reduced (4.0,6.0,7.0,9.0)

critical (C) Risk cannot be accepted

(7.0,9.0, 1DM)




Expert group can give their scores with crisp nursbkizzy numbers, as a quantitative range
or linguistic terms which are transferred standagditrapezoidal fuzzy number (STFN) then.
In order to express Fl, five linguistic variablesr@ used as shown in Table 2.1. They were
assigned from “Very High” to “Very Low” considerinthe degree of their contribution to

risk.
Compare factors pair wise

Each member in a level is compared with other fadtothe same level under the same group
based on their relative contribution to ER. Charig% scale is used for pair wise comparison.
According to that scale, the scale of 1 is givenfé&mtors that have equal importance. 3,5,7
and 9 denote weakly, strongly, very strongly andolliely more important, respectively. If
there are slight differences between factors, eseates (2, 4, 6, 8) are used (Saaty, 2001).
Experts can give their scores in fuzzy scaleig needed.

Convert scores into STFN

Since the scores for FI measurement and pair vasgarisons are in different formats, it is
needed to convert them into a common form in ortdeprecede calculations. Standard
trapezoidal fuzzy numbers (STFN), which is alsodusestudy of Zeng et al. (2007) and its
conversion equation is shown, is preferred for gtatly. A trapezoidal membership function
can be expressed as A5@", d, &'). For example, triangular fuzzy numbers are coeder

into STFN as =4, a numerical range corresponds'toadl'and 4= &".
Calculate priority weights

Arithmetic averaging method given in equation Jimsployed in order to calculate priority
weights of factors in comparison matrix. ia the defuzzified form of score that is given for
the comparison of;fand K factor in the same level in which there are ndesctif total STFN

is shown asa&( d; , d% , dy , d)), the crisp value of jacan be calculated by using

defuzzification equation 2.

: Z : Lj=2..., N (2.1)

E L n
Y ay
k=1

Wi=

_ alij +2* (@™ +a";) +a"
' 6

(2.2)



While w; is the weight of Fin its own level, w’ which is given in equation 2.3 shows the
weight of Fin the hierarchy. Wsccionindicates the priority weight of i. section thatabove F

in the case of beingt level above it.

t

W =W X rJ w sedion (2.3)

Calculate FlI

FI can be calculated by using equation 2.4 wheris the STFN form of the score that is
given by experts to the bottom level risk factarghe hierarchy. n indicates the number of
bottom level risk factors in the hierarchy whichHdmgs to a specific main risk source (Al,
C7, C8, C9, C10).

Fl= z P xwi i=21....,n (2.4)
i=1

RL and RS Measurement Step

RL and RS scores for the main risk sources thaggptained in Section 2.3.1.2 must be given
by experts according to the scale in Table 2.1. défends on kind of effect whether it is
acute or chronic. RL represents the probabilitytleé risk which is mainly determined

according to the frequencies of events. Those gizenes must be converted to STFN.
Fuzzy Inference

This step provides user to achieve ultimate riskgmtade by using fuzzy sets of risk

components with the fuzzy inference engine.
Convert STFNs to fuzzy sets

It is needed to convert FI, RL and RS scores taysets to be able to use in fuzzy inference
system in which linguistic variables are used dwrfozzy rule construction. Intersection
between STFN forms of FI, RL and RS scores and thepective membership functions give
the membership degrees of those factors in cornelpg fuzzy set which is shown in Figure

2.6 for illustration of scenario implementation.
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Fuzzy inference

If-then rules are used in order to achieve RM byloming FI, RL and RS components.
Fuzzy intersection (minimum) operation provides borng the FI, RL and RS parameters
with “and” operator which leads to getting trunchfezzy RM results. Therefore, fuzzy union

(maximum) operation is used for getting a singlezfumembership function.
Defuzzification

RM can be expressed in terms of a numerical vdiae matches fuzzy result achieved in
fuzzy inference system. For that purpose, centezagye method is used as shown in equation
2.5 where Y indicates the center of th8 fuzzy set of RM and gu(y;) is the membership

function of the " fuzzy set of RM

q
ZYi/'IRM* (yl)
RM=i% i=1,2,..,9 (2.5)

(O Howe ()

2.4 Implementation of the proposed approach

2.4.1 Case Study 1: An industrial plant at the planing stage

A scenario was developed in which a PVC manufaatufactory will be built in Tuzla,

Istanbul, Turkey and use vinyl chloride (VC) as ravaterial. Based on the results of that



scenario, proposed approach re-implemented focdke of Malkara, Tekirga Turkey as an

alternative to Tuzla.
Preliminary Step

Content of the necessary information gathered atimpmary step by risk assessment group

that is established for that scenario are summiizdable 2.2.
FI Measurement Step

Experts decided that there is no need to add mekefactors to the hierarchy for that
scenario. In the light of the information they gatd, there were no chance for substance to
enter water, soil and groundwater media and pasathTherefore, ecosystem characteristics
related with those medias were not taken into atcouring assessment procedure. They
gave scores for other bottom level risk factorscoysidering Table 2.1. In order to give
examples for calculations, scores given by exdertplanned emissions, their corresponding
STFN values, priority weights in the hierarchy dfdvalues of them were summarized in
Table 2.3.

An example comparison matrix for the second levieplanned emissions were shown in
Table 2.4 which includes fuzzy comparison scorekthrir corresponding STFN values and
Table 2.5 which includes crisp values of the fugegres. The scale of 1-1/2 indicates that
substance and ecosystem characteristics may haval d@mportance or ecosystem
characteristics may be slightly important than satse characteristics. Comparisons were
made between row and column, so if column is morgortant than row, reciprocal of the
scale such as 1/2 is used. Pair wise comparisonxestare symmetric because of using
reciprocals of scales. After scoring comparisongzy score is defuzzified as shown in

Equation 2.6.

_1+2*QA+2)+2
1= =

5 1.5 (2.6)

Equation 2.7 and equation 2.8 demonstrate the ledlon of weights of factors at their level
and in the hierarchy, respectively by using theddtsecond level of PEs. For example, there
are two more levels above flammability, so weightiammability in its level was multiplied

by the weights of hazard characteristics and snbstaharacteristics at their own levels.



Table 2.2: Summary of gathered information in preliminarypste

General Information

Capacity 40000 ton VClyear
Transportation frequency Monthly
Transportation mode Roadway
Transportation distance 100 km
Process type Polymerization
Receiving environment Air
Substance Characteristics

Vinyl Chloride Acetonitrile
Physical State Liquid Liquid
Color Colorless Colorless
Odor Sweet Pungent
Vapor Pressure (mmHg) 2580 (40) 83 (20°C)
Vapor Density (Air=1) 2.2 1.8
Boiling Point C) -13.9 77
Melting Point {C) -153.7 -83
Solubility in water (g/L) 1.1
Specific weight 0.9106 0.806
Molecular formula GH3Cl C3H3sN
Molecular weight (g/mol) 62.5 53.06
Flash point {C) -61 0
Explosivity limit (%) 3.6-33 3-17
Auto ignition temperature  47% 480C
Bioaccumulation potential No N/A

Oral(LD50):27mg/kg(mouse)
Drowsiness, somnolence, Dermal (LD50):63mg/kg(rab
mortality Vapor (LC50):333 ppm rat
TWA: 2ppm
2B(Possible carcinogenic)
Mutagenic for mammalian
Possible teratogenic
May be toxic to blood, nervous

Acute toxicity

Cancer, chronic lung

Chronic toxicity disorder, numbness

system, liver
Ecosystem Characteristics
Tuzla Yalova
Population density >1000 personfkm
. L Dominant in the direction ofDominant in the direction of
Wind direction . . . .
residential area residential area
Wind velocity High Medium
. Terrestrial in winter, Terrestrial in winter,
Climate ; . ) .
Mediterranean in summer Mediterranean in summer
Vegetation Maquis Forestry
Natural disaster potential Earthquake sec. seigomc Earthquake first seismic zone
Touristic potential Low High
Strategic importance High Medium
Agricultural potential Very Low High
Borders of region Very High Medium

Industrial potential Very High High




Table 2.3: Scores and FI values for bottom level factors obssance and ecosystem
characteristics (PE)

STFN w’ Fi
FACTORS SCORE A B C D E AE B'E C'E DE
Flammability O 2 0 0 2 2 011 0.0 0.00 0.22 0.22
Reactivity 4 6 4 4 6 6 003 0.120.12 0.18 0.18
Explosivity 5 7 5 5 7 7 005 0.250.25 0.35 0.35
Corrosivity 6 7 6 6 7 7 001 0.060.06 0.07 0.07
Toxicity o 2 0 0 2 2 015 0.00 0.00 0.30 0.30
Persistency 7 8 7 7 8 8 0.004 0.0B03 0.03 0.03
Bioaccumulation 8 10 8 8 10 10 0.004 0.09.03 0.04 0.04
Density 2 4 2 2 4 4 0022 0.040.04 0.09 0.09
Solubility 6 8 6 6 8 8 0004 0.0D.02 0.03 0.03
Volatility 1 3 1 1 3 3 0037 0.040.04 0.11 0.11
Wind Velocity 3 5 3 3 5 5 0.005 0.02.02 003 0.03
Wind Direction 2 5 2 2 5 5 0011 0.020.02 0.06 0.06
Humidity 7 9 7 7 9 9 0001 0.0001 001 0.01

Temperature 4 7 4 4 7 7 0.011 0.@04 0.08 0.08

Existing Conditions 6 4 4 6 6 0.005 0.020.02 0.03 0.03
Boarders of Region 2 5 2 2 5 5 011 0.22 0.22 0.55 0.55
Residential 0 2 0 0 2 2 0.08 0.00 0.00 0.16 0.16
Industrial 0 3 0 0 3 3 0.16 0.00 0.00 0.48 0.48
Agricultural 8 10 8 8 10 10 0.01 0.08.08 0.10 0.10
Touristic 6 8 6 6 8 8 0.03 0.180.18 0.24 0.24
Strategic 3 6 3 3 6 6 0.06 0.18.18 0.36 0.36
Water and Watersheds 6 7 6 6 7 7 0.031 0.190.19 0.22 0.22
Forests 5 8 5 5 8 8 0.004 0.020.02 0.03 0.03
Flora-Fauna 6 8 6 6 8 8 0.01 0.08.06 0.08 0.08
Population Density 0 3 0 0 3 3 0.059 0.00 0.00 0.18 0.18

Fl for PE 1.60 1.60 3.97 3.97

Table 2.4:Pair wise comparison matrix for the second levehbf Fuzzy Scores
Substance CharacteristicsEcosystem Characteristics

Score STFN Score STFN
Substance Characteristics (1, 1) 1,1,1,1) 1, % (1,1, %, %)
Ecosystem Characteristicq1, 2) (1,1,2,2) (1,1) (1,1,1,1)

Table 2.5:Pair wise comparison matrix for the second leveAbfCrisp Scores

FACTORS Substance Characteristics  Ecosystem Characteristics

Substance Characteristics 1 0.75
Ecosystem Characteristics 15 1




As it can be seen in Table 2.2, Fl is calculatedrintiplying scores and priority weights in
hierarchy, and overall FI for a main risk sourcelsas PE is achieved by summing up Fls of

all of the related sub factors.

1 + 0.75
—1lo+ o+l _
Wsubstancecharactdstics - 15+1 2075 1 - 041 (27)
W’ flammability=Wfammability* Whazard characteristic¥V substancecharacteristt®.31*0.83*0.41=0.11 (2.8)

Measurement of RL and RS

RL and RS for six main risk factors were scoredating to the scale given in Table 2.1 and

shown in Table 2.6.

Table 2.6:RL and RSscores in the form of STFN for main risk sourcesagnario

FACTORS RL RS
ER sourcing from planned emissions 1,1,3,3) 2(24, 4)
ER sourcing from transportation accidents (0, ®)3, (6, 6, 8, 8)
ER sourcing from handling accidents (2,2,4,4) , 53, 6)
ER sourcing from process accidents 1,1,2,2 3(3, 4)
ER sourcing from natural disaster accidents (2,2) (7,7,9,9)
ER sourcing from indoor emissions (4, 4, 6, 6) 667, 7)

Convert STFNs to fuzzy sets

FI, RL and RS scores must be converted into fuety. $-or this purpose, fuzzy membership
functions of risk criteria shown in Table 2.1 werawn and intersection points of FI, RL and
RS scores with fuzzy membership function were foimdorder to achieve classes and
membership degrees of FI, RL and RS as shown ior&i@.7 in which FI and RL&RS
membership function were shown. For example, STFN=%(1.6;1.6;3.97;3.97) for planned
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Figure 2.7: Determination of classes and membership degreRd/idior PE



emissions intersects the very high (0.37), higbgpand medium (0.59) classes. Therefore,

corresponding fuzzy set for Fl is;
FI={(very high, 0.37), (high, 0.65), (medium 0.59)}
Fuzzy Inference System

Table 2.7 is given as an example of fuzzy inferestep for planned emissions. Fuzzy rule
base was prepared by using fuzzy classes of faftio@l of the combinations of them. For
instance, expert group decided that if FI is veighh(0.37), RS is medium (0.6) and RL is
very low (0.61), then RM is Major (0.37). FI, RLA&IRS criteria were composed by using
“and” operator in order to achieve RM. Membershggmre of that major risk magnitude is
0.37 which corresponds to the minimum membershgreeamong FI, RL and RS that were
combined. Membership degrees of RM is inferred $ipgi fuzzy union (maximum) operator
and shown in bold type in Table 2.7. The maximummioership degree for major group in
the rule base is 0.6, so membership degree of mgkrmagnitude is 0.6. Membership

degrees for other risk classes (minor, negligibigic) were obtained in a similar way.

Defuzzification

After obtaining membership degrees for risk magtetuthey were defuzzified as shown in
equation 2.9. Defuzzified risk magnitude (4.63swaawn on fuzzy membership function of

RM in order to achieve actual class and membeidgpee of RM.

Table 2.7:Fuzzy inference of RM for PE
Fl RS RL
VL (0.61) L (0.81) M (0.21)
VH(0.37) M (0.6) Ma (0.37)Ma (0.37) C (0.21)
L (0.82) Mi (0.37) Ma (0.37) C (0.21)
VL(0.18) N (0.18) N (0.18) Mi(0.18)
H (0.65) M (0.6) Ma (0.6) Ma (0.6) Ma (0.21)
L (0.82) Mi (0.61) Mi (0.65) Ma (0.21)
VL (0.18) N (0.18) N (0.18) Mi(0.18)
M (0.59) M (0.6) Ma (0.59) Ma (0.59) Ma (0.21)
L (0.82) N (0.59) Mi (0.59) Mi (0.21)
VL(0.18) N (0.18) N (0.18) Mi (0.18)

_ 059*2+ 065*4+06*7+ 021*10 _
0.58+0.65+0.6+0.21

RM*

463 (2.9)



As it is shown in Figure 2.7, RM intersects RM memsghip function on the point of 0.7 for
Minor and 0.3 for Major class, which means planeeassion risk belongs to major class
with a degree of 0.7. An overall summary of resalte given in Table 2.8.

Table 2.8: Summary of risk class, membership degrees andgugte factors for main risk

sources

FACTORS Ma Mi High Score Factors
T(0.15). F(0.11). Border of re. (0.11)

Risk of planned emissions 0.3 07 Ind (0.16). Res (0.08)
Risk of transportation accidents 1 0 Pre-Acc (At (0.9)
Risk of handling accidents 0.21 0.79 Pre-Acc (D.Atc (0.79)
Risk of process accidents 0 1 Pre-Acc(0.21). Act9)
Risk of natural disaster accidents 0.71 0.29 Rre{A.63). Acc (0.37)
Risk of indoor emissions 1 0 PF (0.14). SC (0.86)

2.4.2 Case Study 2: An existing industrial plant

Validation of the proposed approach was aimed thighsecond case study. When a model is
applied to a case which already happened and effeetclear, consistency between results of
the model and actual effects show the validity hf thodel (Leeuwen ve Vermeire ,2007;
Papadikis and Chalkidou, 2008). Therefore, secamgk cstudy was implemented for an
already existing industry which had an accidentabnse of Marmara Earthquake in 1999.
That industry is located in Yalova (Table 2.2), aseylonitrile (ACN) as raw material and
produces about 250,000 tone/year synthetic achijdérs for textile industries. Raw material
storage tank (in volume of 10,000 tons) of thisustdy cracked because of earthquake and
about 6,500 tons of ACN (Table 2.2) released td lavater and atmospheric environment by
infiltration, spilling and volatilization, respeegly. Acute environmental and human health
effects of that accident were observed at neartstion but chronic effects were not declared
yet due to being relatively a new accident. Progaggproach was applied by considering the

conditions (for industry and ecosystem) beforeheprake and after earthquake, respectively.

2.5 Results

2.5.1 Case Study 1

Risk class and membership degree in that class wehgeved for all of the major
environmental and human health risk sources tleapassible to occur in the industry given
in scenario by using proposed approach. Accordinipeé results, there is no critical risk for

the industry. However, all of the environmentakreources except process accidents are in



the major risk class. Owing to the getting reswith their membership degrees of risk
classes, it was possible to rank them accordintpeéo risk magnitudes. Risk arising from
work place emissions and roadway transportation® \iree most major ones, because they
belong to major risk class with a membership degfeke It is necessary to know the priority
of factors that constitute work place risk in ordermake strategic plans for reducing it.
Characteristics of substance have the biggestibation to work place emission risk relative
to physical factors. If the volatility of substance limited with preventive cautions and
exposure of worker was reduced, toxicity of substawould get a lower score by experts,
priority of substance characteristics would be ceduand membership degree of risk in major
class would be reduced to 0.25. Consequently, yptake emission risk will be reduced by

75% in major class.

Emissions of transportation accidents cause thensemajor environmental risk. There are
uncertainties about where, when, why and what kiheccident will occur. Contribution of
post-accident factors to roadway transportation)(&Es dominant as 90%. Results in Table
8 point out that it is needed to change transportatoute in order to minimize ecosystem
scores and reduce RS.

For earthquake related accidents, place must leetedl according to seismic zone degree of
region. However, ecosystem values have high cauttob to risk regardless of earthquake

potential. If effects of factors related with ocmmce of earthquake were reduced by
measures, risk possibility would be decreased.

Ecosystem characteristics are also dominant faidorplanned emissions. In particular,
life/activity/usage characteristics of ecosysterarb@gh risk for industry. Since Tuzla is an
industrial and residential area, those factors Igiglontribute to risk. In addition to these,
toxic nature of VC and wideness of region had gseat contribution to risk. Although,
efficient measures were planned for regular emissipoor air quality of Tuzla due to other

industrial activities in the region prevents redhgcrisk any more.

Emissions arising from process accidents are iromiisk group. As there are not so much
problem with factors related with occurrence ofident, and RS and RL is low due to
controlled conditions relative to transportatiortidents during handling and process, minor
environmental risk depends on post-accident factdmvever, handling accidents were in

major risk class due to its more complicated prdmnt factors.



Except work place emissions, all main environmenski sources have a common factor that
makes high contribution to risk. In order to comg@uhow much risk will be reduced, if
ecological characteristics were changed by selgd@inifferent site for factory, Malkara has
been selected as a new candidate for factorygittimplementation of approach for Malkara
was not explained in details; instead related tesmere reported in comparison with Tuzla
scenario. Detailed scores and results of Malkaem&to are provided in Appendix A. As it is
shown in Figure 2.8, ER is reduced due to changesasystem characteristics, since Malkara

is not an industrial and residential area.
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Figure 2.8: Comparision of RMs in case of using VC in Tuzla Malkara

Handling and process accidents have been reducedlely from major risk to minor, as
the ecosystem characteristics were exactly charigatkara is less prone to earthquake than
Tuzla, so membership degree of earthquake accideviiajor environmental risk class was
reduced more than half. Risk arising from roadwegidents was reduced dramatically owing
to shortened distance of transportation and lesisatrecosystem values along by route. A
non-industrialized and residential region, low pagon density and relatively limited
borders of region caused reduction also in the pasdsibility and risk strength. On the other
hand, forests in the region, rich flora/fauna aethg agricultural area caused an increase in

both risk possibility and strength (Figure 2. 9).
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Figure 2.9: Contribution of ecosystem characteristics to ER A sourcing from
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2.5.2 Case Study 2

Implementation of the proposed approach to secasd study by considering the conditions
before earthquake showed that natural disastedetis has the highest membership degree
(MD) for major risk (Table 2.9). There were cleanyajor risk (MD=1) for the case of
earthquake due to high contribution of pre-accidaators in addition to post accident factors
which shows ecosystem were affected intensivelyabse of ecosystem and substance
characteristics given in Table 2.2. Handling accidehad the second priority risk degree in
major class (MD=0.15), since no precaution wasndie raw material in the storage tank

(i.e. acrylonitrile) not to be emitted to the emviment.

Table 2.9:Summary of risk class and membership degrees éose¢hbond case study

Before After.
carthquake precautions
taken
FACTORS Ma Mi Ma Mi
Risk of planned emissions 0 1 0 1
Risk of transportation accidents 0.05 0.95 0.0%25
Risk of handling accidents 015 085 O 1
Risk of process accidents 0 1 0 1
Risk of natural disaster accidents 1 0 0 1

Risk of indoor emissions 0 1 0 1




Moreover, although process accidents, transponataridents and planned emissions affect
only sea and air in the case of earthquake accddeakage of stored chemical after cracking
of storage tank contaminates not only sea and wiralso soil and groundwater. As the
proposed approach is risk source based and hdegillé application procedure, differences
in factors contributing to different risk sourcesr& objectively reflected to the application as
well as to the results. These results were compatifith the real case explained in Section
2.4.2. However, proposed approach needs more tialdstudies, this case study was applied
for validation purpose and liable results were aebd. If proposed approach was applied
before earthquake, it would be known that earthguakthe most serious risk and must be
reduced by preventing leakage of chemical to enwrent with pre-accident measures.
Therefore, it would be suggested that this industyst built an extra impervious storage
tank, which has half capacity and just around efekisting one, as a precaution for leakage
problem and cover the storage tank with foam tovgme volatilization. According to the
results of proposed approach applied for the chbeitnling an extra impervious storage tank
and covering the tank with foam (Table 2.9), riskss of natural accidents would become
minor (MD=1). This would also be an expected resluié to precautions suggested. These
two different cases also showed the robustneskeoptoposed approach which was applied

different cases successfully and gave compatilsieltsewith realistic conditions.

2.6 Conclusion

Characterization of environmental and health riskandustries using hazardous materials is
a requirement for EMSs. Content and implementabbrmanagement strategies must be
determined according to the results of ERA. Howgtreare were lots of factors that compose
these risks; therefore it was needed to evaluatsetfactors systematically in order to achieve
an exact assessment. While applying the proposawagh, it was seen that AHP is useful to
reduce the complexity of assessment process. dtpsaven that risk sources for industries
using hazardous materials are PE, AE and IAE, #reyaffected by different sub factors and
have differences from RS and RL point of view sasldifferences in effected environmental
media for AE and PE for the second case study. tdazefinition, effect and dose-response
assessment, which represent risk possibility, werglucted by using factors in the hierarchy.
Fuzzy rule based modeling provided to achieve aamioal RM for environmental and health

risks by composing FI, RL and RS with expert opasiowhich is not so possible to achieve

with formulas due to complexity of system. Risk r@dwerization was made by using fuzzy



membership functions and risk class and its degréeat class were concluded. As a result,
risk sources could be ranked according to pricritéthem. For example, in Yalova case it
was clear that natural disaster accidents havehitjeest priority in major risk class. In
addition to the priorities of risk sources, factoingt make contribution to risks were also
ranked according to priorities of them. Thus, riskild be reduced effectively, as in the case
of Tuzla and Yalova in which all of major risks aezluced due to changing sitting area and
taking precautions for pre-accident factors, reSpely. Furthermore, selections of
managerial alternatives for reducing ER such astaube, technology or site were simplified.
Numerical RM values provide making strategic analysr integrated risks. Industry can
determine its strong and weak points from envirom@aepoint of view. Additionally, results
of the approach can be used as benchmark for EdMtBegoercentage of risk reduction can be
concluded numerically. In conclusion, using thatrapch enable the usage of PDCA which is
the base of EMS. It is also clear that proposedagmh can be used to simplify EIA in which
guantitative data and result is needed in ordecctoeve an objective decision. It is suggested
to develop more detailed hierarchical methodolod@sthe factors that are in the middle
levels at the hierarchical structure of this pragbapproach in order to provide more accurate
input data for this study.



CHAPTER 3
A SYSTEMATIC EVALUATION OF AGGLOMERATION OF AG AND TIO,
NANOPARTICLES UNDER FRESHWATER RELEVANT CONDITIONS

ABSTRACT

This study aims to investigate effects of freshwatemponents in order to predict the
agglomeration behavior of silver nanoparticles edatwith citrate (AgNP-Cit), or
polyvinylpyrrolidone (AgNP-PVP), and T#Dnanoparticles. Agglomeration studies were
conducted in various media based on combinatidnens, natural organic matter (humic,
fulvic acid) and surfactants (sodium dodecyl sutphalkyl ethoxylate), at a constant ionic
strength of 10 mM. Agglomeration level of AgNP-@id TiQwas mostly dependent on the
concentration of CGdin media, and their size strongly increased to omw@ter scale over 1
week. However, AgNP-Cit and TyQwere stabilized to particle size around 500 nnthia
presence of NOM, surfactants and carbonate overeékwAgNP-PVP maintained their
original size in all media except in the presenéeMg®" ions which led to significant
agglomeration. Behavior of these engineered natiofee was similar in a natural freshwater

medium.

Emel Topuz, Laura Sigg, llhan Talinli, A systemav@luation of agglomeration of Ag and
TiO, nanoparticles under freshwater relevant conditiazdl4, Environmental Pollution, 193,
37-44.



3.1 Introduction

Engineered nanoparticle (ENP) production has draaibt increased in the recent years
(Woodrow Wilson International Center for Scholafdanoparticles may be released into the
environment due to their use in numerous consumaaygts, so that exposure of ecosystem
components and humans to these nanoparticles imégbkpected (Bhatt and Tripathi, 2011,
Geranio et al., 2009; Gottschalk et al. 2013). &foe, their sources, release pathways, fate
and transport in the environmental media, as vielirtpossible effects need to be understood
for environmental risk assessment (ERA) studiesil®\dome of the studies are focused on
the release of these ENPs from consumer produdtsvaste water treatment plants (Kaegi et
al., 2013; Gottschalk and Nowack, 2011), othersused on the fate and transport in the
environmental media (Chinnapongse et al., 20119 €hal., 2012; Ottofuelling et al., 2011).

Agglomeration (colloidal stability) is one of theajor processes affecting the fate as well as
mobility and bioavailability of the ENPs in the émnment (Ottofuelling et al., 2011). ENP
characteristics affecting their agglomeration bébrawnclude surface change, e.g. by surface
reactions, and properties of capping agents usegtébilization (Hyunh and Chen, 2011).
Citrate (Cit) and polyvinylpyrrolidone (PVP) areefluently used capping agents for silver
nanoparticles (AgNPs) (El-Badawy et al., 2010) hwaitrate as a stabilizing agent by surface
charge and PVP as a steric stabilizer. In additomtrinsic properties of ENPs, presence of
natural organic matter (NOM) (Keller et al, 201@)ic strength (IS), pH (French et al., 2009;
El Badawy et al., 2010) and the background elegigotomposition of the aquatic media
(Chen and Elimelech, 2006) affect the behavior NPE. Also, some specific pollutants for
aguatic environment such as surfactants are usesfabgizing agent for ENPs and might
affect the agglomeration of ENPs due to the thegsogption on the surface of ENPs leading
steric or electrostatic repulsion, or to a chamgéyidrophobic properties of ENPs (Kvitek et
al., 2008) .

Although there are studies investigating the agegl@ation of AgNPs or Ti@suspended in
different synthetic media, they are not sufficiaot evaluate their behavior in natural
freshwater media. In most studies on agglomeratialy a limited selection of ions was used
(Li et al.,, 2010; Cumberland and Lead, 2009; El-®8ag et al., 2010; Thio et al., 2012;
Ottofuelling et al., 2011; Hyunh and Chen, 2011jn@hpongse et al., 2011; Jin et al., 2010;
Akaighe et al., 2011; Chowdhury et al., 2012; Skihal.,, 2012a). However, other
components of the natural freshwater media suctN@d or other organic compounds
(surfactants etc.) should also be included in theslim used for agglomeration studies and



should be combined with major ions, such a8 @dg>*, COs>. In addition, either humic acid
(HA) or fulvic acid (FA) are used as representatsfe NOM whereas they co-exist at
significant amounts in freshwater sources (Aike@14). Hammes et al. (2013) used six
different standard water media for the agglomenastudies of ENPs considering various
freshwater components. However, stability was eateldl using theoretical calculations only
for Au nanopatrticles. Moreover, monitoring of aggkration levels of the selected ENPs for
a longer time period up to 1 week is lacking in gnaristing studies. It is critical to monitor
agglomeration for a long time period such as 1 wieekmore reliable interpretations about

fate of ENPs, e.g. for transport processes insiver

Therefore, this study aims to investigate agglom@maof AgQNP-Cit, AQNP-PVP and Ti©
over 1 week in freshwater simulated media in whwemious types of ions, NOMs and
surfactants are present as a mixture (freshwateunlgsted media). Common ions present in
freshwater (Sigg and Stumm, 2011) and having peilett affect agglomeration (NaK”,
cd’, Mg?*, CI, NOs, SQ%, CO:*) were selected and used at relevant concentratmms f
freshwater. NOM (HA, FA) and surfactants (sodiundeloyl sulphate, alkyl ethoxylate) were
used to represent organic matter components ohvi@®r. For a systematic evaluation,
selected freshwater components were mixed withredifft combinations to investigate the
role of each component for agglomeration. AgNB-EgNP-PVP and Ti@(without coating)
were used as model ENPs in this study since theynaist commonly used ENPs in daily life
products (WWICS). Furthermore, the agglomeratiohaveor of these ENP is expected to
differ, as citrate is stabilizing AgNP by surfackacge, whereas PVP exerts a steric
stabilization, and Ti@is an oxide which may be stabilized by surfacergbadepending on
pH and the presence of adsorbing cations and aniitis approach will provide insight about
the relation of agglomeration levels (in termshydrodynamic diameter) of ENPs with
various components of freshwaters. Comparison gfoageration in freshwater simulated
media and in natural freshwater shows that prexiadf behavior in real freshwater based on

the selected components might be possible.

3.2 Materials and Methods

3.2.1 Chemicals

AgNP-Cit and AgNP-PVP were purchased from NanoSysBH (Switzerland) at 1g/L
concentration, TiQP25 was obtained from Evonik Industries in powaenmi. Nominal size
of AgNP-Cit, AgNP-PVP (1 g/L ) and TigJ0.1 mg/L) provided by the manufacturer were



around 25 nm. Daily prepared working suspension&giP-Cit, AQNP-PVP and Ti©(5
mg/L) in nanopure water (NW) were used for agglatien experiments. Stock suspension
of TiO; (100 mg/L) was prepared from powder in NW and bethck and working
suspensions of Tifvere sonicated in a bath sonicator for 2 hourdcloredia solutions were
prepared in NW by using NaCl, KCI, CaCMgCl,, NaCOs;, NaNQ;, and NaSQ, (Fluka).
Their concentrations in different media are showrlable S1. Sodium hydroxide (Sigma
Aldrich) or nitric acid solutions (Merck) were uséml adjust pH. Stock solutions of HA and
FA (20 mg/L) (Standard Suwannee River |, SRHA an@FA&, International Humic
Substances Society) were prepared in NW and theal pH was adjusted to 7.5. Sodium
dodecyl-sulphate (SDS) and Lutensol, the nonioorastant alkyl ethoxylate (AEO), were
obtained from Sigma Aldrich and Mifa company, respely, and stock solutions prepared in
NW (20 mg/L).

3.2.2 ENP Characterization

Zetasizer (Nano ZS, Malvern Instruments) equippét & red laser (633 nm) was used for
DLS measurements. Z-average size (based on ityenean) was measured in triplicate with
at least 12 sub-measurementsand zeta potentialWw@sPtralculated from electrophoretic
mobility using Henry equation. NTA using a Nand8id-M10 equipped with a LM14
temperature controller (NanoSight Ltd.) was usedebat least 3 different videos of ENPs in
suspension which were evaluated by using NanoNJ# 2.2 Analytical Software to get
mode and mean size of the ENPs in suspension. ¥¥hsorbance of AgNP suspensions was
recorded between 200 and 800 nm using a spectaplettr UVIKON 930 (Kontron

Instruments).

3.2.3 Agglomeration Experiments in Synthetic Media

The ionic strength ireach medium containing ions was 10 mM, which isy@ical for
freshwater. Hence, the effect of various ions wasmared at constant IS in the media. SRHA
andSRFAwere used to represent NOM present in fratdvand SDS and AEO were used to
represent surfactants present in freshwater. Toesgwounds were used as test medium at
concentrations of 2, 10 and 15 mg/L. Although, actdnts are found at very low
concentrations (ng/L or pg/L) in freshwater, thesacentrations were used to observe
whether these surfactants may provide stabiliziifigcts. Effects of the organic compounds
were tested in water without added ions and irptiesence of ionic media. Effect of pH in the

range 2.4 — 12.4 was also examined in hanopure wegdium with added HN£and NaOH.



NaCl was mixed with KCI, NaN§) CaCh or MgCh, respectively to investigate the possible
interaction of monovalent and divalent ions. Apfidm these mixtures, a special “ionic”
medium was prepared to simulate a typical freshwailh moderate hardness in terms of IS
(10 mM), composition of ions and their concentnatievels (in Appendix A, Table A.1).
lonic medium was mixed with NOM (5 mg/L) and/or faatants (1 mg/L) in different
combinations in order to simulate freshwater cood# and investigate possible interactions

of these components.

The concentrations of ENPs studied were selectsddban their lower detection limits for
DLS and NTA. Daily prepared working solutions of E&Nwere spiked to prepared media in
order to get 1 mg/L of AgNPs and TiO Experiments were conducted in duplicate in
polypropylene tubes in which adsorption of ENP ubet walls is minimal. Samples were
shaken at 100 rpm to simulate mixing condition®atural freshwaters, e.g. in streams. The
pH was adjusted to 7.5 and 8.5 for the AgNPs a3} Jamples, respectively, to compare the

media without considering pH differences.

Experiments were conducted in duplicate for DLS soeaments. NTA measurements were
made for one sample since NTA was only used forpaosieon. Time series measurements
were done after 1 hour, 1 day and 1 week of agglatiom to investigate the change in size
over time. Time intervals were selected based erptbliminary experiments. Student’s t test
was applied for 95% confidence level (assuming kegaaances) by using Microsoft Excel

software.

3.2.4 Agglomeration Experiments in Surface Water

A surface water sample was taken from Chriesbach €bddof, Switzerland) river and
fillered through 0.2 pm cellulose nitrate filter$his sample was also analyzed for
ions,alkalinity and DOC (dissolved organic carbffgble A.2). Agglomeration experiments

were conducted similar to the experiments with lsgtit media.

3.3 Results

3.3.1 Comparison of DLS and NTA for size measuremén

NTA and DLS results were very consistent with eattter both in average size and trend of
the change in size especially for the samples lgaXiaverage size below 300 nm (Table A3-

A8). However, for the larger sizes, they are ordysistent about the trend of the change in



mean size. DLS and NTA have different shortcominghb respect to size measurement. DLS
tends to give too high size results in the cageadtfial agglomeration, because the calculation
of average size is biased towards larger sizesthdncase of NTA, individual particles are
tracked. Larger size particles cannot be corregigntified using NTA, because only a few
large particles can be imaged. However, NTA is fo¢lpp verify the partial agglomeration
since the presence of different particle sizes lmambserved directly. The use of these two
methods is thus useful to evaluate whether subatadglomeration has taken place. Size
comparisons in various media and over time candpe dising either DLS or NTA. However,
the absolute size obtained with these two methadsd be considered with caution. UV-Vis
measurements can be used for the qualitative di@auaf AgNP stability;, maximum
absorbance at 420 nm did not shift significantly $amples which were stable according to
the DLS and NTA measurements (Figure A3-A4).

3.3.2 Agglomeration of selected ENPs in the presanof various cations

Z-average sizes of ENPs in NW medium were measase®1+0.6 nm, 42+0.4 nm and
317+85 nm for AgNP-Cit, AQNP-PVP and TiOrespectively. AgNPs and TiQvere most
stable around pH 7.5 and 8.5, respectively, whioh aithin the typical pH levels of
freshwaters. Since the isoelectric point of Fi®around pH 6-7 (Jiang, 2009), hydrodynamic
diameter became higher than 1 um in this pH rargge. natural freshwater media with pH 6-
7, the effect of repulsive forces will become lomdaagglomeration level will increase for
TiO,, whereas at higher pH Tihay be stabilized by negative surface carge. Zeayesize
of AgNP-PVP and AgNP-Cit was stable between pH24HRigure Al). Stabillity of AgNP-
PVP, which was compatible with the study of El Baglaet al. (2010) and Thio et al.
(2012),.might be attributed to the non-charged mealgc structure of PVP. Surface charge
density is more related with the stability of thgMP-Cit in this pH range (El-Badawy, et al.,
2010).

Effects of monovalent (NaK") and divalent cations (&3 Mg*") were compared by using
solutions prepared with chloride as a counter-idtonovalent cations at these concentrations
did not change the Z average size of all ENPs fsogmitly over 1 week (Figure 3.1). However,
Z-Average size of AgNP-Cit in the presence dfwere always slightly higher (p<0,05) than
in the presence of Naver 1 week (Figure 3.1.a and Figure 3.1.c), whigght be due to the

larger hydrated diameter of khan Nd promoting agglomeration.
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Figure 3. 1(a):Z Average Size of ENPs suspended in ionic medibl@ S2) AgNP-Cit
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Figure 3. 1(b): Z Average Size of ENPs suspended in ionic medadlg'S2) AgNP-PVP
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Figure 3. 1(c): Z Average Size of ENPs suspended in ionic medabl@ S2) TiQ for the
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Nevertheless, relation between agglomeration andatgd diameter should be studied further
since it could not be validated for other ionshis tstudy. Moreover, agglomeration of AgQNP-
Cit to sizes over 100 nm in suspension of KCI| invéek was not confirmed by NTA
measurements (Table A3). AgNP-Cit in suspensiogloagerated up to 200 nm in the
presence of GAdand Md" within 1 hour (Figure 3.1.a), whereas F&@glomerated from 400
nm to 800 nm over 1 day (Figure 3.1.c). Since thav@rage sizes of these samples were
higher than 1 pm after 1 week and polydispersigexawas so high, the maximum size
measured was accepted as 1 um (Figure 3.1.c). Merethese results were also consistent
with the ZPs of the samples which were much clésezero surface charge levels than in
suspensions with monovalent cations (Table A3, ARese results support the effects of
divalent cations in screening the surface chargeghP-Cit and TiQand in compressing the
EDL (Electrostatic Double Layer) leading to aggloat®n (Ottofuelling et al., 2011;
Mukherjee and Weaver, 2010; Domingos et al., 2@&l0h et al., 2012a; Keller et al., 2010;
Chowdhury et al., 2012).

Agglomeration of AgNP-Cit was quite slow, since Xekage sizes of AgNP-Cit only
strongly increased from 200 nm to pm scale afterentioan 1 day (Figure 3.1.a). The effect
of C&* on the agglomeration of AgNP-Cit was more pron@ehthan that of Mg, which
can be attributed to the higher affinity of*Cé complex with citrate, as reported by Hyunh
et al., (2011), Chinnapongse et al., (2011), El&adet al., (2010) ; Akaighe et al., (2012).
Moreover, both of the cations (Eaand Md") have the same effect on the agglomeration of
TiO- in contrast to AgNP-Cit which supports the spedifiteraction of C& with the citrate
coating of AgNPs.

In contrast, the only critical cation for the aggleration of AgNP-PVP was Mgions at
concentrations higher than 2.5 mM (Table Al). AgR¥P in suspension agglomerated to
227 + 18 nm over 1 hour and 847 + 5.1 nm over 1 week in the presence of N§3 mM-
Table Al), whereas Ghled to Z-average size of only 108 + 1.3 nm overekekv(Figure 1.b).
Moreover, ZP of AgNP-PVP suspension with #gas very close to that with €and it did
not change over time in spite of agglomeration ({@a#5). Therefore, the effect of Mbions

to AgNP-PVP appears to be specific, possibly bymesation of M§* with PVP coating.

The results of the ion mixture experiments indi¢dateeffects of various ions at constant ionic
strength. Z-average sizes of AgNP-Cit and JTilre significantly higher in the case of
mixtures with divalent cations than in monovalemt mixtures (Figure 3.1.a-1.c) and were

lower than the Z- average sizes observed with iddal divalent cations. For AQNP-PVP, in



the case of mixtures with M Z-average sizes were significantly higher tharotiner ion
mixtures (Figure 3.1.b). Therefore, it was cleaattlagglomeration behavior of ENPs
suspended in ionic mixture media was dominatedheymost effective ion determined in
individual experiments and changed based on itsertnation. Higher effect of Gathan of
Mg?*on the agglomeration of AgNP-Cit was also supporvtét ion mixture media. Results
point out that agglomeration level of AgNP-Cit ditbt change in this range of Kfg
concentration (3.3-1.7 mM), in contrast to the effef C&*, which is due to both the

screening of surface charge and complexation wiithte.

3.3.3 Agglomeration of selected ENPs in the presenof various anions

Monovalent (Cl, NO3) and divalent anions (G, SQ*) were compared by using solutions
prepared with sodium as a counter-ion. AlthougAv&rage size of AgNP-Cit in NOand
SO media revealed agglomeration over 100 nm in 1 wéeigure 3.1.a), NTA
measurements with average sizes below 100 nm shonlgdan agglomeration trend (Table
A3). Critical coagulation concentrations for AQNI#t-were determined around 50 mM for
NaNG; (El Badawy et al.,, 2010; Li et al., 2010; Gondikes al., 2012) and N&O,
(Chinnapongse et al., 2011) over 1 day. It appdenefore as possible that, treuld have
agglomeration potential over 1 week at 10 mM cotregion levels (Figure 3.1a). As GO
seems to be effective on stabilizing AgNP-Cit basedthe results of NTA (Table A3),
agglomeration experiments were carried out with Ga@.5 mM of C&") and CaGl (2 mM

of C&") in order to investigate the change in size in ghesence of CGawith and without
COs>. Z-average size of AgNP-Cit in CaG®uspension was 53 + 2.9 nm after 1 week
supporting the stabilizing effect of G&§ whereas 2 mM of Caglead to 620 + 49 nm over 1
day (Figure 3.1.a). Carbonate is also used asatingofor AgQNP and has thus a stabilizing
effect, as also shown with carbonate coated AgiRRE§pietra et al., 2012).

Z-average size of original AQNP-PVP suspension i change in the presence of any
anions studied and was stable over 1 week (Figut)3 Stability of AgNP-PVP in the
presence of NaN§) NaCl and CaGlfor 1 day was proven by Hyunh et al., (2011), El-
Badawy et al., (2010), Gondikas et al., (2012) &ha et al., (2012), respectively. PVP is an
amphiphilic compound, which has a very high molacwleight and makes very strong N
bonds with Ag, and should thus provide a strongicststabilization even over 1 week
(Cumberland and Lead, 2009; El Badawy et al., 26{i@;nh and Chen, 2011; Kvitek et al.,
2008; Thio et al., 2012; Zhang et al., 2012).



Chloride might be effective for stabilizing Ti@hen it is present with monovalent cations
like Na" and K, in contrast to the results with Nah@d NaSQ, (Figure 3.1.c). ZPs which
were closer to the zero surface charge were atfioating the agglomeration of TOn the
presence of NaNand NaSO, (Table A8-Table A9). Shih et al., (2012b) alsorped out
the higher critical coagulation concentration fdi than SQ*. TiO, was stabilized in the
presence of C¢) over 1 weeklue to its pH buffering effect, as shown also biofdelling et
al., (2011) for the stabilization effect of HGQn TiO, over 15 hours. Stabilization effect of
COs* was supported with media of Cagénd Ca(NQ),. Mean size of Ti@after 1 week in
Ca(NG;)2, medium was high (> 1um) and similar to the Gaa#dium (> 1um). However, the
mean size in CaC{medium (212+6 nm) was lower and similar to the;@®ia; medium
(303£2 nm). In addition, mean size of Li@fter 1 week in NaN®and NaSO, was higher
than 1um. Therefore, both GInd CQ* may be expected to exert more specific interastion
with the TiQ surface than N@ and SGQ* (Abdullah et al., 1990; Brown et al. 1999), and

TiO,is stabilized with electrostatic repulsion duehe increased negative surface charge

3.3.4 Agglomeration of selected ENPs in the presemof NOMs and surfactants

Effects of HA and FA without added ions on the aggtration of ENPs in suspension differ
for each ENP. AgNP-PVP was extremely stable inpitesence of HA or FA up to 15 mg/L

over 1 week (Figure 3.2.b). AgNP-Cit seems to lighly agglomerated in the presence of
HA depending on its concentration (Figure 3.2.HA (15 mg/L) caused a slight increase in
average size of AgNP-Cit which was also observat WIr'A images. FA was more effective

for stabilizing AgNP-Cit.

Mean size values were very similar to the origidaNP-Cit suspension for all FA
concentration levels and there was no shift in sizgribution profiles of NTA and UV-
spectrum of the samples (Figure A4). HA is morerbptobic and has higher molecular
weight than FA which might result in strong stestabilization due to its higher affinity to
bind surface of ENPs, but also in bridging effdottween nanoparticles. Gao et al., (2012)
also highlighted the agglomeration effect of HA wheis present at high concentrations due
to the bridging effect between NPs. However, Chioomgse et al., (2011) found slight
agglomeration of Ti@in the presence of FA. Although the mean sizei@f,Tn suspensions
with HA or FA fluctuated over 1 hour and 1 day, thiemate mean size at the end of 1 week
was always smaller than the mean size of origin@h Buspension after 1 week, pointing out
the dispersing effect of NOM for TiO
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1 hour, 1 day and 1 week (HA and FA: 2, 5 and 18.ng

Results obtained for SDS and AEO media were uswally similar to the results for HA and
FA. Mean size of AQNP-PVP did not change in SDR\BO suspension up to 15 mg/L over
one week (Figure A5.b). Although Z-average size$iok in the suspension of SDS and AEO
were fluctuating slightly for 1 hour and 1 day, lveere always lower than the Z-average size
of original TiO, suspension after 1 week, which shows the dispemsifegt of surfactants
(Figure A5.c). Zhang et al. (2008) found similasukts for SDS media and showed that a size



of 500 nm was irreversible for Tg&and that TiQ could not be dispersed anymore, totally in
agreement with our study. On the other hand, SQEAEO lead to lower Z-average size of
AgNP-Cit over 1 week (Figure A5.a). These effauimsy be attributed to steric stabilization
(Kvitek et al., 2008).

3.3.5 Agglomeration of selected ENPs in the presenof freshwater simulated media

(ionic medium mixed with NOM or/and surfactants)

lonic medium was the background of all of the camabibns, with a composition close to the
conditions in freshwaters with moderate hardnesbl@ Al). Different combinations were
prepared as a candidate to be a freshwater sirdutag¢elium to investigate the optimum one.
Z-average sizes of AgNP-Cit in ionic medium (Fig@t8.a) were lower than Z-average size
of AgNP-Cit in NaCl+CaGl medium over 1 hour (Figure 1.a) due to the lovgercentration
of C&" in ionic medium (Table Al). Addition of HA, FA (Bg/L) and SDS, AEO (1 mg/L)
to the ionic media did not lead to any agglomeragffect (Figure 3.3.a), in agreement with
the media including only HA or FA (Figure 3.2.a).dontrast to effects within 1 hour, AEO
promoted agglomeration especially over 1 day wigichld be due to the fact that AEO is a
nonionic surfactant and adsorption of AEO to AgNiP-Qight lead to bridging effects.
Kvitek et al., (2008) also reported low stabilipatieffect for non-ionic surfactants (Brij group)
due to steric effects. Further studies should badgoted to investigate the possible
mechanisms for the agglomeration effect of nondosirfactants. Similar to the ionic
medium combined with AEO, simulated fresh water borations including ions, NOMs and
AEO lead to significant agglomeration over 1 weelpmorting the effect of AEO on
agglomeration of AgNP-Cit. Therefore, agglomeratdrAgNP-Cit in long term like 1 week
would be affected by several components in fresemsmulated media.

Z-Average sizes of AQNP-PVP were below 100 nm dvereek in all media which indicates
high stability of AQNP-PVP (Figure 3.3.b). Howevenmjxture of ionic medium with NOMs
and/or surfactants resulted in very slight agglatien (p<0.05) from 60 nm to 80 nm which
(Figure 3.3.b) can be attributed the effect of “M@0.4 mM) which was at a lower
concentration than in individual Mgmedia (3.3 mM). AgNP-Cit was more vulnerable to
agglomeration than AgNP-PVP as it is expected. Mémnation of the negative charges of
citrate coating with the cations present in mediald lead to the agglomeration for AQNP-Cit
while AgNP-PVP was stable due to the effect ofiststabilization. (Huynh and Chen, 2009;
Chinnapongse et al., 2011; Cumberland and Lead);Z00Badawy et al, 2010; Mukherjee,
2010; Thio et al, 2012).
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Figure 3. 3 (c):Z Average Size of ENPs suspended in freshwatenlated media- TiQfor
the time points 1 hour, 1 day and 1 week (lonic im&¢gere given in Table S2, HA and FA: 5
mg/L, SDS and AEO: 1 mg/L).



Highly stabilized nature of AQNP-PVP might provitte flexibility of using only ionic media
to predict the agglomeration levels in freshwatedm. Figure 3.3.c shows that mostly the
presence of ions determines the size of,TiGsuspension. The scale of Figure 3.3.c is lichite
at 1000 nm since the higher hydrodynamic diameterasured with DLS are not so reliable.
Average size for ionic medium was very close torage sizes for divalent cations and their
mixtures with  NOMs and/or surfactants, supportinfiects of these compounds on
agglomeration. Average sizes for 1 hour and 1 daypdes of TiQsuspended in ionic media
mixed with NOM or surfactants suggest that NOM andactants may act as stabilizer for a
short time. However, results after 1 week were \&@nyilar to the results for ionic medium
itself which shows that agglomeration up to 1 pnghlmibe inevitable over 1 week in spite of
presence of NOMs or surfactants (Figure 3.3.c).vi@iury et al., (2012) stated that HA is
only effective for dispersing in the presence ofnovalent cations. In agreement with this
study, freshwater simulated media showed that ibgedsant effect of HA was not observed
after 1 day over 1 week. TiGgglomerated more in the co-presence of organttemand
divalent cations (Figure 3.3.c). Domingos et &Q10) also reported a similar effect for’Ca
in the presence of FA. However, FA seems to bect¥ie for stabilizing TiQ at a size around
600 nm even for 1 week when it is present in fre@aker simulated medium with other NOM
or surfactants (Figure 2.3.c). The combinationdaut FA resulted in higher average sizes.
Dispersing effect of FA (more than 5 mg/L) was apsonted by Domingos et al., (2010)
when it is present at high concentrations by adsgrbn the surface and leading to thick
steric barriers. In conclusion, HA, SDS and AEOymat stabilize TiQin freshwater as
effectively as when they are present alone oveeékwin contrast to FA which seems to be
also effective in freshwater simulated media. N#hadess, several components in freshwater

media might be effective for agglomeration of 7iO

3.3.6 Agglomeration of selected ENPs in a naturalgace water sample

Whereas AgNP-Cit and Ti@&gglomerated in a natural water sample with thepasition
shown in Table A2, AgNP-PVP was still very stableinl week (Figure 2.4). Z-average size
of AgNP-PVP, which was 52+6.4 nm over 1 week (Feg®4), was very similar to the

expected result for water media containing 0.7 myfM



1000

900 -

~ (0]

o o

o o
1

(o2}

o

o
1

Z- Average Size (nm)
iy ul
o o
o o

w

o

o
1

200 -

100 -

AgNP-Cit AgNP-PVP TiO2
1 Hour m1 Day m1 Week

Figure 3. 4: Z Average Size of ENPs in Chriesbach river wastengle for the time points 1
hour, 1 day and 1 week.

Concentration of Cdin Chriesbach (2.8 mM) was high enough to leadggl@neration of
AgNP-Cit over 1 hour, in a similar way as in a madiwith 3.3 mM CaGl(Figure 3.1.a).
However, AgNP-Cit only agglomerated up to 500 nnero¥ day (Figure 3.4), in contrast to
the CaCl medium which led within one day to agglomerate sz800 nm (Figure 3.1.a), and
this size was stable over 1 week. Therefore, stalmf AgNP-Cit after 1 day could also be
attributed to the effect of alkalinity (G®) or NOM present in water, as in freshwater

simulated media.

Z-average size of TiDwas 344+19 nm over 1 day and agglomerated up 1&a&® nm over

1 week (Figure 3.4). For this surface water santplgh concentration of Gapromoted rapid
agglomeration of AgNP-Cit and TpOHowever, presence of NOM or surfactants (around 2
mg/L) might play a stabilizing effect and keep anstant size after 1 day over 1 week for
AgNP-Cit. On the other hand, stabilization of FiQver 1 week could not be sustained which
was also observed in freshwater simulated medinowttFA. In conclusion, similar trends
were observed for all ENPs in Chriesbach water $arap in freshwater simulated media
(including ions, NOMs and surfactants). Nevertheles significant number of natural water
samples, which have different concentration lew#l<C&*, Mg®*, DOC, pHand alkalinity,
should be studied since they are dominant factoggedict the behavior of ENPs over long



time in the aquatic systems. Moreover, agglomematio stabilization of the NPs might be
promoted depending on the type of organic mattdérerdfore, agglomeration of ENPs
depending on the structure of organic matter shdadnvestigated with fractionation of
water samples, such as in terms of molecular waghydrophobicity.

3.4 Conclusion

Comparison of size distribution profiles given by ®and NTA helped in the interpretation

about the potential changes in size distribution.

Freshwater simulated media suggested in this swbich include major components (ions,
NOM and surfactants) and give similar results ttura freshwater, might be useful for the
prediction of behavior of ENPs in freshwater basadhe selected components. In addition,
various combinations of the freshwater simulatedimevaluated in this study can be used in
future experimental studies investigating the fatd toxicity of ENPs and/or provide insight
for the composition of media, which both simuladte freshwater media and are compatible
with studies of ENP effects. Evaluation of aggloatien over time course of 1 week in
freshwater simulated media provided valuable datafdte models dealing with ENPs and
ERA studies. If agglomeration of AgQNP-Cit and }i®was only monitored for hours in a very
simple medium including ions and/or only one typ&®M, results may be misleading with

a possible over- or underestimation of agglomematio

From the present results, it seems likely that AghiPand TiQ will rapidly settle down in
natural freshwater media depending on the condeniraf divalent cations and alkalinity,
due to high agglomeration levels. It would be thane of interest to investigate what fraction
of ENPs has the potential to sediment from watduroa and which kinds of benthic
organisms could be exposed to ENPs. Moreover, tha#ecal factors promoting
agglomeration must be considered in the toxicitgists in terms of uptake and accumulation
where size dependency is investigated and ionicianatk used. All of these behavior
predictions in freshwater simulated media couldhgekey points for the hazard and exposure
assessment steps of ERA studies. In addition, mhigit give an idea about the uncertainty
level which are the typical limitations of thesedies and should be considered through the

evaluation procedure for a proper ERA.



APPENDIX A: Chapter 3
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Table A.1: Concentrations of ions in each synthetic media

NaCl KCI CaCh MgCl, NaNO; NaCO; NaSO,
Media (mM) (mM) (mM) (mM) (MM) (MmM) (mM)
Single 10 10 3.3 3.3 10 3.3 3.3
NaCl+KClI 5 5 - - - - -
NaCl+NaNQ 5 - - - 5 - -
NaCl+CaC} 2.5 - 2.5 - - - -
NaCl+MgCL 2.5 - - 2.5 - - -
CaCb+ MgCl, - - 1.7 1.7 - - -
lonic - 0.5 2 0.4 - 0.8 -

Table A.2: Water quality characterization for Chriesbach river

Parameter Chriesbach
pH 8.23
DOC (mg C/L) 2.0
Alkalinity (mM) 6.5
Hardness (mM) 3.86
Na" (mM) 0.97
K* (mM) 0.1
ca™ (mM) 2.9
Mg (mM) 0.8
CI'(mMm) 1
NOs; (mM) 0.1
SOy (mM) 0.27

lonic Strength (mM) 9




Table A.3: Z-Average Size (DLS), Average Size (NTA) and Zetdential of AQNP-Cit in different single synthetiredia

1Hour 1 Day 1Week
Media Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV)
Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev

NaCl 35 0.7 46 19 -15 2.4 41 0.7 48 0.4 -12 2.2 74 0.6 50 2.0 -4 0.9
KCl 45 6.6 60 0.9 -16 23 45 11 52 5.6 - - 162 14.9 49 2.1 -2 0.4
CaCl2 196 22.4 191 10.2 -12 0.7 984 12.7 - - -13 0.2 - - - - - -
MgCl2 192 15.3 207 5.8 -12 0.1 641 140.2 - - -13 1.0 - - - - - -
NaNO3 44 1.2 46 19 -13 1.7 106 0.5 55 3.2 -15 2.0 143 13 69 4.1 -11 0.6
Na2CO3 74 1.2 72 9.2 -23 3.6 62 2.8 65 8.8 -18 14 64 12 105 7.3 -16 2.3
Na2S04 37 1.0 57 3.2 -18 1.3 47 10.5 63 0.5 -13 0.6 150 22.8 86 7.2 -20 1.7
NaCl+KCl 46 2.9 40 2.9 -6 0.1 60 2.3 65 8.2 -7 1.6 79 11.2 151 7.2 -6 2.4
NaCl+NaNO3 54 4.0 67 7.1 -6 0.6 57 4.0 67 4.4 - - 52 0.8 103 3.5 -9 1.7
NaCl+CaCl2 164 4.4 139 10.1 -15 0.8 685 34.9 - - -15 0.3 - - - - - -
NaCl+MgCl2 148 1.3 162 18.0 -14 1.4 693 51.9 - - -15 1.1 - - - - - -
CaCl2+MgCl2 194 5.7 - - -13 0.6 875 59.3 - - -13 0.9 - - - - - -
HA-15mg/L 82 3.7 42 11 -20 2.1 87 2.0 49 3.8 -17 0.5 100 14.7 49 134 -17 0.5
HA-10mg/L 65 5.7 53 5.2 -24 4.8 72 4.3 46 1.3 -18 1.5 53 6.1 78 15.7 -18 1.5
HA-2mg/L 58 3.4 49 4.4 -24 1.8 63 1.5 49 0.5 -28 2.2 59 5.6 47 2.8 -28 2.2
FA-15mg/L 39 0.6 41 14 -23 1.8 53 10.8 49 3.8 -23 4.3 72 11.0 55 8.9 -22 -
FA-10mg/L 41 1.5 44 3.1 -21 2.8 47 3.4 43 1.2 -23 1.8 82 2.0 52 3.4 -24 2.1
FA-2mg/L 49 4.4 43 2.5 -26 1.8 39 1.1 43 1.2 -24 2.1 58 1.0 49 6.4 -23 -
SDS-15mg/L 47 2.0 42 1.1 -20 2.1 44 0.3 49 3.8 -20 3.1 49 0.9 49 13.4 -17 0.5
SDS-10mg/L 56 2.7 53 5.2 -24 4.8 44 0.7 46 1.3 -20 2.9 51 0.7 78 15.7 -18 15
SDS-2mg/L 53 2.8 49 4.4 -24 1.8 41 0.4 49 0.5 -18 1.5 45 0.9 47 2.8 -28 2.2
AEO-15mg/L 45 5.0 68 0.7 -22 0.2 39 1.0 68 4.3 -24 2.0 38 2.3 61 4.2 -24 2.0
AEO-10mg/L 48 2.5 50 3.2 -16 3.6 47 3.4 61 4.8 -17 - 44 1.0 64 3.1 -17 -
AEO-2mg/L 55 0.7 105 3.6 -20 7.2 46 6.7 55 5.1 -22 0.6 53 2.5 48 0.7 -22 0.6

*Std Dev of Z-Average Size and Zeta Potential adewdated with at least 12 sub-measurements ofregbticates. Std Dev of Average size

calculated with 3 video images of one sample. “¢ams no data avaliable

S



Table A.4: Z-Average Size (DLS), Average Size (NTA) and Zetdential of AGNP-Cit in different mixture of symttic media

1Hour 1Day 1Week
Media Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV)
Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev

lonic 91 1.1 95.4 4.3 -14 0.0 116 2.2 144 5.8 -14 1.1 112 4.3 105 2.6 -12 1.0
lonic+HA 60 0.9 93.0 15.6 -14 1.9 74 11 106 12.0 -15 0.3 78 2.5 115 3.9 -16 0.5
lonic+FA 96 1.7 87.7 19.4 -15 4.3 118 2.0 94 4.0 -15 1.5 109 7.1 91 7.1 -10 3.5
lonic+SDS 89 1.5 91.9 47.2 -15 1.4 96 1.1 106 4.2 -12 1.6 103 0.4 84 1.3 -14 0.3
lonic+AEO 166 2.2 119.7 30.0 -14 0.0 270 25.9 - - -14 0.4 370 69.9 - - - -
lonic+HA+FA 99 4.0 103.3 15.1 -13 0.8 80 1.0 86 3.4 -9 1.2 122 6.5 105 2.6 -6 1.6
lonic+HA+SDS 97 2.0 132.5 8.0 -12 0.6 141 2.4 - - -14 0.6 168 2.6 162 2.8 -13 0.7
lonic+HA+SDS+AEO 141 1.9 146.8 20.3 -13 0.4 224 1.5 198 8.1 -14 0.7 338 12.7 237 38.0 -14 0.7
lonic+tHA+AEO 132 5.3 144.9 3.7 -14 0.1 184 2.2 164 33 -14 0.4 230 5.3 206 5.2 -14 0.5
lonic+HA+FA+SDS 107 0.7 107.7 7.3 -14 0.2 175 4.2 174 16.6 - - 218 2.2 153 8.8 -13 0.0
lonic+HA+FA+SDS+AEQ 172 1.2 161.3 4.0 -13 0.4 247 6.5 216 8.2 -14 0.4 321 2.6 275 32.0 -20 0.1

*Std Dev of Z-Average Size and Zeta Potential aewdated with at least 12 sub-measurements ofrepticates. Std Dev of Average size is

calculated with 3 video images of one sample. “éams no data avaliable



Table A.5: Z-Average Size (DLS), Average Size (NTA) and Zetdential of AQNP-PVP in different single synthetiedia

1 Hour 1 Day 1Week
Media Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV)
Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev

NacCl 41 1.3 45 3.0 -23 2.1 44 1.2 44 - -25 1.9 41 0.1 45 4.0 -17 1.0
KCl 55 5.6 54 15 -12 11 59 0.6 60 4.4 -15 3.4 43 0.3 51 3.5 -13 33
CaCl2 53 6.5 93 2.8 -10 19 63 1.8 123 12.4 -10 0.3 108 13 109 10.0 -12 13
MgCl2 227 18.4 166 12.1 -8 0.3 305 13.8 - - -13 0.4 547 5.1 - - 0 0.0
NaNO3 44 0.5 48 3.3 -23 2.0 45 0.2 49 3.4 -24 3.6 45 0.8 54 1.4 -12 1.4
Na2CO3 46 0.5 47 1.6 -33 1.7 49 0.2 41 1.6 -31 0.4 42 0.2 41 1.6 -29 1.8
Na2S04 41 0.2 50 0.5 -33 0.4 42 0.7 45 0.1 -15 0.6 44 0.7 71 7.4 -20 0.6
NaCl+KCl 49 0.8 46 2.0 -12 13 47 0.2 5 0.6 -20 2.2 50 13 49 17 -11 17
NaCl+NaNO3 41 1.1 46 2.1 -15 0.2 47 1.1 11 9.2 -17 0.0 52 1.7 50 1.1 -13 2.2
NaCl+CaCl2 57 3.4 71 4.9 -11 0.3 63 1.8 - - -10 0.3 86 1.8 - - -10 0.9
NaCl+MgCl2 248 9.2 230 6.8 -15 0.2 478 16.5 - - -16 1.3 488 14.6 - - -17 0.6
CaCl2+MgCl2 221 21.5 - - -12 0.0 410 22.0 - - -13 0.9 423 23.9 - - -14 0.1
HA-15mg/L 47 2.0 42 11 -20 2.1 44 0.3 49 3.8 -20 3.1 49 0.9 49 13.4 -17 0.5
HA-10mg/L 56 2.7 53 5.2 -24 4.8 44 0.7 46 1.3 -21 2.4 51 0.7 78 15.7 -18 0.7
HA-2mg/L 53 2.8 49 4.4 -24 1.8 41 0.4 49 0.5 -18 0.7 45 0.9 47 2.8 -28 2.2
FA-15mg/L 51 1.7 41 14 -23 1.8 42 0.3 49 3.8 -23 4.3 52 1.0 55 8.9 -22 14
FA-10mg/L 54 13 44 3.1 -21 2.8 43 0.2 43 12 -23 18 50 11 52 3.4 -24 2.1
FA-2mg/L 54 1.6 43 2.5 -26 1.8 45 0.5 43 12 -24 2.1 45 0.7 49 6.4 -23 4.2
SDS-15mg/L 46 0.9 45 1.0 -34 1.7 43 0.5 44 2.3 -32 2.8 48 0.7 52 3.3 -32 2.4
SDS-10mg/L 49 0.1 49 2.5 -27 2.4 46 0.8 46 2.5 -26 1.9 52 0.3 47 2.6 -35 1.8
SDS-2mg/L 45 1.8 42 4.8 -25 2.0 43 0.4 44 2.3 -35 1.8 51 12 48 2.4 -29 3.9
AEO-15mg/L 45 0.4 45 3.2 -25 0.7 42 0.4 46 17 -25 2.8 49 12 45 14 -29 2.6
AEO-10mg/L 46 1.8 49 4.3 -28 3.9 45 1.1 42 0.9 -23 0.8 50 0.3 48 3.6 -34 3.2
AEO-2mg/L 46 0.4 48 5.3 -31 0.8 49 0.7 43 2.7 -34 1.0 56 1.3 44 0.9 -38 3.1

*Std Dev of Z-Average Size and Zeta Potential aiewdated with at least 12 sub-measurements ofrepbticates. Std Dev of Average size is

calculated with 3 video images of one sample. “¢'ams no data avaliable



Table A.6: Z-Average Size (DLS), Average Size (NTA) and ZetéelRtial of AQNP-PVP in different mixture of syntleemedia

1 Hour 1 Day 1Week
Media Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV)
Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev

lonic 51 0.9 63 3.2 -9 0.1 53 0.8 62 1.5 -11 0.5 63 1.0 63 1.3 -10 0.3
lonic+HA 67 1.0 110 2.2 =12 1.6 70 0.4 75 15 -11 0.5 77 0.6 75 2.3 -13 1.0
lonic+FA 53 0.4 56 16.6 -9 0.0 56 0.2 61 2.6 -9 0.1 70 17 72 0.8 -11 0.5
lonic+SDS 60 0.8 71 4.2 -11 1.7 66 0.4 75 2.6 -12 0.7 71 0.4 72 1.2 -9 1.4
lonic+AEO 51 0.6 57 7.0 -9 0.5 49 0.8 62 7.7 -11 0.6 53 0.5 55 1.2 -11 0.3
lonic+HA+FA 72 1.7 68 5.1 -13 0.4 84 5.2 82 17.7 -14 0.4 93 3.5 91 6.7 -14 0.7
lonic+HA+SDS 71 1.6 68 1.6 -14 0.5 79 1.6 70 5.4 -14 0.1 84 12 81 14 -14 0.3
lonic+HA+SDS+AEQ 64 0.2 65 3.0 -13 0.3 66 1.4 59 2.7 -13 2.0 78 3.9 78 3.0 -14 0.6
lonic+tHA+AEO 69 0.5 68 1.9 -12 1.4 76 3.8 66 0.7 -13 0.2 82 0.5 76 1.0 -14 0.2
lonic+HA+FA+SDS 79 2.8 74 3.6 -13 0.2 64 1.0 68 0.0 -11 0.3 105 3.8 95 15.3 -13 -
lonictHA+FA+SDS+AEQ 59 0.9 63 0.6 -13 0.5 49 0.1 51 0.2 -12 13 70 1.0 69 2.3 -11 12

*Std Dev of Z-Average Size and Zeta Potential alewdated with at least 12 sub-measurements ofregbicates. Std Dev of Average size is

calculated with 3 video images of one sample. “éams no data avaliable




Table A.7: Z-Average Size (DLS), Average Size (NTA) and Zetdential of TiQ in different single synthetic media

1 Hour 1Day 1 Week
Media Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV)
Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev

NaCl 236 23.1 210 18.8 -30 7.6 324 1.4 - - -28 1.2 499 28.5 - - -20 1.7
KCl 344 55.4 243 31.7 -17 5.6 454 39.3 - - -20 1.6 522 50.3 - - -17 1.2
CaCl2 454 22.0 259 35.0 -6 219] 812 28.8 - - -4 0.5 1825 - - - - -
MgCl2 440 13.2 274 66.7 -7 0.1 802 65.2 - - -4 1.4 - - - - - -
NaNO3 408 15.7 226 40.4 -20 3.9 258 19.0 - - -23 1.0 965 137.1 - - -7 1.3
Na2CO3 416 15.7 221 6.7 -26 8.4 815 101.4 - - -24 2.5 303 1.9 - - -42 0.8
Na2S04 416 0.2 261 39.8 -17 1.6 843 47.6 - - -10 0.6 1064 34.6 - - -2 1.5
NaCl+KCl 339 2.3 - - -29 6.6 331 8.6 - - -29 2.3 1327 4.9 - - -4 1.9
NaCl+NaNO3 374 7.8 - - -24 5.2 490 30.6 - - -28 2.1 2581 202.2 - - -1 0.4
NaCl+CaCl2 403 35.9 - - -9 0.9 601 58.3 - - -7 0.9 1296 115.3 - - -2 0.8
NaCl+MgCl2 429 6.7 - - -13 3.6 606 41.8 - - -7 3.8 1706 467.2 - - -1 0.6
CaCl2+MgCl2 412 67.1 - - -8 0.1 541 27.8 - - -7 1.8 1280 108.3 - - -6 1.1
HA-15mg/L 325 1.9 221 41.2 -31 - 466 27.3 244 41.7 -28 2.3 427 21.5 167 7.5 -19 3.9
HA-10mg/L 469 14.1 228 15.6 -29 - 607 29.0 172 12.3 -32 2.6 573 40.0 174 7.6 -24 2.3
HA-2mg/L 353 25.2 208 11.1 -34 - 546 4.3 243 8.6 -37 0.0 454 15.2 192 18.2 -11 34.5
FA-15mg/L 305 13.5 185 14.3 -33 - 445 39.8 260 35.8 -32 4.2 383 18.1 149 16.1 -34 0.7
FA-10mg/L 474 12.5 225 13.1 -33 - 491 21.8 204 5.0 -36 0.7 479 8.2 165 6.2 -34 2.3
FA-2mg/L 348 15.0 209 14.1 -33 - 467 19.0 - - -37 - 467 7.3 157 44.0 -30 1.7
SDS-15mg/L 370 41.9 222 22.7 -26 1.6 540 34.9 218 6.5 - - 503 23.7 327 4.5 -15 2.8
SDS-10mg/L 345 18.5 196 42.3 -9 3.0 493 9.0 216 30.9 -19 1.8 484 12.0 210 12.2 -9 3.0
SDS-2mg/L 394 39.4 215 45.9 -6 2.1 476 17.9 212 12.8 -16 1.7 513 59.5 221 7.0 -6 2.1
AEO-15mg/L 408 14.3 240 20.2 -21 1.8 438 14.1 237 13.3 - - 382 10.4 215 10.5 -19 0.9
AEO-10mg/L 460 41.1 189 10.2 -21 3.5 379 8.0 239 10.3 -22 0.9 556 13.1 207 34.9 -19 2.5
AEO-2mg/L 456 8.6 249 15.7 -19 6.0 418 20.1 248 8.2 -19 0.1 375 13.1 175 4.5 -20 0.4

*Std Dev of Z-Average Size and Zeta Potential alewated with at least 12 sub-measurements ofrgpbcates. Std Dev of Average size is

calculated with 3 video images of one sample. “¢'ams no data avaliable



Table A.8: Z-Average Size (DLS), Average Size (NTA) and Zetdential of TiQin different mixture of synthetic media

1Hour 1 Day 1 Week
Media Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV) Z-Average Size (nm) Average Size (nm) Zeta Potential (mV)
Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev Average Std Dev

lonic 507 56.9 188 16.1 -11 0.1 1087 85.0 0 - -11 1.1 1038 109.3 - - -17 0.8
lonic+tHA 297 33.6 213 - -14 4.2 648 9.9 241 75.5 -15 0.2 1060 59.4 - - -14 1.4
lonic+FA 334 2.9 185 317 -13 2.0 501 39.3 192 68.6 -13 0.7 988 69.4 - - -18 0.8
lonic+SDS 349 7.5 197 21.1 -14 - 706 61.0 261 36.1 -7 1.2 1218 196.8 - - -1 0.5
lonic+AEO 381 40.4 212 - -9 2.6 658 34.7 - - -10 0.4 1176 106.0 - - -8 3.1
lonic+HA+FA 313 22.8 200 14.0 -13 0.8 525 8.4 139 18.8 -15 0.2 608 45.5 - - -10 1.3
lonic+HA+SDS 323 50.1 228 12.5 -13 1.3 574 0.5 193 46.0 -13 1.4 2247 281.4 - - -11 1.5
lonic+HA+SDS+AEO 292 8.0 232 17.7 =13 1.1 539 25.1 - - -13 0.5 872 27.2 - - -13 0.7
lonic+tHA+AEO 324 59.1 241 2.2 -13 0.3 667 26.0 - - -13 1.4 1565 9.0 - - -10 0.7
lonic+HA+FA+SDS 360 26.4 200 14.9 -14 0.4 - - 190 8.0 - - 653 26.0 - - -12 1.1
lonic+HA+FA+SDS+AEQ 406 138.0 238 26.1 -12 0.9 613 32.4 160 19.6 -13 1.1 751 155.1 - - -17 1.0

*Std Dev of Z-Average Size and Zeta Potential aewdated with at least 12 sub-measurements ofrepticates. Std Dev of Average size is

calculated with 3 video images of one sample.



CHAPTER 4

AGGLOMERATION OF AG AND TIO2 NANOPARTICLES IN SURFA CE AND
WASTE WATER: ROLE OF CALCIUM IONS AND OF ORGANIC CA RBON
FRACTIONS

ABSTRACT

This study aims to investigate factors leadinggglameration of citrate coated silver (AgNP-
Cit), polyvinylpyrrolidone coated AgNPPVP and titamm dioxide (TiQ) nanoparticles in
surface waters and wastewater. ENPs (1 mg/L) weked to unfiltered, filtered, ultrafiltered
(<10 kDa and <1 kDa) samples. Z-average partidessivere measured after 1 hour, 1 day
and 1 week. AgNP-PVP was stable in all fractionshef samples and kept their original size
around 60 nm over 1 week. Agglomeration of AgNP-&itl TiQ was positively correlated
with C&* concentration, but dissolved organic carbon comagans > 2mg/L contributed to
stabilizing these NP. Moreover, agglomeration ofNRgCit in the various organic matter
fractions showed that high molecular weight orgax@mpounds such as biopolymers provide
stabilization in natural water. A generalized schdor the agglomeration behavior of AgNP-
Cit, AQNP-PVP and Ti@in natural waters was proposed based on theitioelavith C&*,

Mg?* and DOC concentration.

Emel TopuzJacqueline Traber, Laura Sigg, Ilhan Talinhgglomeration of Ag and TiO
nanoparticles in surface and waste water: role ofatent ions and of organic carbon
fractions, 2015, Environmental Pollution, 204, 3333.



4.1 Introduction

Nowadays, an increasing number of companies ai@ctttg the customer's interest with the
consumer products that are consisting of engine@@dbparticles (ENPs) for a better
functionality or quality. Silver and TiODare among the most commonly encountered
nanoparticles applied in consumer products in regsars (www.nanotechproject.org).
However, their prevalent usage is of concern beranfstheir possible release to the
environment (Al-Kattan et al. 2014; Gondikas et aD14; Gottschalk and Nowack, 2011,
Hedberg et al., 2014; Kaegi et al., 2013; Lomkalet2014), which may result in exposure of
the ecosystem components and lead to adversese{fsictet al., 2014). Agglomeration and
dissolution studies are providing valuable contiims for the speciation of the nanoparticles
in the environment which are essential to developuaderstanding of the mobility and
transformation of ENPs. It is known that divaleations can screen the surface charge of the
ENPs and lead to agglomeration because of the alssnleenergy barrier for stability based on
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Dogos et al., 2010). Presence of
natural organic matter (NOM) may lead to sterid#ization due to their higher affinity to
bind on the surfaces (Akaighe et al., 2011), beytmay also cause agglomeration because of
bridging effects between ENPs (Gao et al., 2012).

According to our previous study in synthetic mefliapuz et al. 2014), the agglomeration
behaviour of citrate coated Ag nanoparticles (AgBIB- and TiQ depends on the
concentration of CAand the presence of NOM, which can provide stembikzation of
particle size over 1 week. In contrast, polyvinyhpyidone AgNP (AgNP-PVP) were stable
over 1 week in the presence of various ions exiglegt at high concentrations. Complexation
of C&* with citrate (El-Badawy et al., 2010) and Mgith PVP coating (Topuz et al., 2014)
can lead to agglomeration of AgNP-Cit and AgNP-PY#3pectively. Therefore, a surface
water simulated medium was proposed for the aggtation studies. However, the behavior
of these ENPs could differ in natural waters whigte more complex with various
components, so that our motivation for this studdswio conduct agglomeration studies in
natural water media to establish more realistiati@hs between agglomeration and water
chemistry (Behra et al. 2013; Chambers et al., 2¥ldet al., 2014). Although there are some
studies conducted with natural water samples, #ineyacking in different aspects to make an
overall evaluation for the agglomeration behavibAg and TiQ nanoparticles. Stabilization
effect of dissolved organic carbon (DOC) in natuwvater samples was shown in some studies
for AgNPs (Chinnapongse et al., 2011; Delay et24l1,1; Gao et al., 2009; Thio et al., 2012).



Keller et al. (2010) concluded that the electrogtior mobility of TiG, ZnO and Ce®
depends on ionic strength and DOC by comparing thehavior in seawater, lagoon, river
and groundwater. Ottofuelling et al. (2011) prombaeest scheme to predict the behavior of
TiO, in natural water (verified with natural water sasg)l and suggested to apply similar
approaches to different kinds of ENPs and to stheyeffect of different types of NOM for
further studies. Therefore, a detailed study fa pinediction of agglomeration behavior of
AgNPs is lacking in the literature, as well as tireeolution data for the stability of ENPs in
natural water media (Reidy et al. 2013). Hammesletf(2013) also classified European
surface waters according to the colloid stabilighévior, which was based on theoretical

calculations of Debye length, however without direemparison to experimental data.

Furthermore, it is of interest to evaluate the EdgBlomeration behavior in different fractions
of natural water such as unfiltered, filtered, afittered (< 10 kDa and < 1 kDa cut-off) to
understand which NOM fraction may have a domindifece for stabilization of ENPs.
Analyzing both unfiltered and filtered water is @sal to critically evaluate the experiments
with synthetic water media in terms of their reles@ for the real environment. Louie et al.
(2013) studied the agglomeration of gold nanopadin 2 different Suwannee River NOM
media with an average molecular weight of 691 &8 kDa, respectively. They showed that
low amounts of the media with higher molecular aéiyere more effective for nanopatrticle
stabilization than high amounts of the media watvér molecular weight due to the steric
effects.

This study has two major aims, namely first to exsrthe possible correlations of the size
levels of AgNP-Cit, AgNP-PVP and TiO after 1 hour, 1 day and 1 week with the
concentration of Ga and DOC in natural waters of different compositi®he second aim is
to evaluate which fractions of the NOM are playsmgnajor role for ENP stabilization or
agglomeration by fractionating natural water sampley filtration and ultrafiltration.
Therefore, this study provides novelty to the &tere with its results for the long term
agglomeration (1 week) in different fractions otural water samples based on filtration and
fractionation of organic matter by molecular weighte obtained results can then be applied
for ENP risk assessment to predict their size ael ih natural water, and so their hazard and
exposure, and they can be used as a guide fordpanation of exposure media for toxicity

experiments.



4.2 Materials and Methods

4.2.1 Chemicals

TiO, P25 were obtained from Evonik Industries in powfem and and AgNPs from
NanoSys GmBH (Switzerland) as suspensions at lgficentration. The manufacturers
reported the nominal size of AQNPs (1 g/L ) and ;i1 mg/L) as 25 nm. TiOin powder
form was suspended in nanopure water (NW) to peepastock solution (100 mg/L), and
sonication in a bath sonicator was applied to Isttick and working suspensions of Fifor

2 hours. Agglomeration experiments were conducteidh wlaily prepared working
suspensions of AgNP-Cit, AQNP-PVP and Ti® mg/L) in NW. The Z-average sizes of
AgNP-Cit, AQNP-PVP and TigX1 mg/L) in NW were 61 = 0.6 nm, 42 + 0.4 nm and 3
85 nm, respectively.

4.2.2 Sample Site Selection

Samples were taken from six surface water sourndstlree wastewater treatment plants.
The critical parameters for the agglomeration oPENCA" , Mg®*, DOC and alkalinity), at
their respective concentrations (Topuz et al., 204dre employed to make a preliminary
classification for the sample site selection, basedhe rivers in the NADUF (National long-

term surveillance of Swiss rivers)project database _ (http://www.bafu.admin.ch/).

Concentration ranges were assigned for each pasar(iEable B1 in Appendix B) and 8
classes were developed not to miss out a criticatentration level. The sample numbers
were optimized to have one representative sampledoh class. Finally, five river sampling
sites (Glatt-Rheinsfelden, Thur-Andelfingen, Aareud@y, Rhein- Rheinsfelden, Rhein-
Diepoldsau) were selected. The peat bog lake Etarlg Gruere with a very high (13.1 mg/L)
concentration of DOC compared to river water samglas also included in the samples to
observe a marginal class. Wastewater treatmentsp(@WTPs) were selected considering
the population they serve and their configuratidmcl likely cause differences in terms of
wastewater characteristics. All of the units in afighe selected WWTPs were sampled to
investigate the possible differences in agglomenakiehavior of ENPs at different stages of
WWTP. Duebendorf WWTP (Duebendorf, Switzerlandsvsalected for sampling unit by
unit since it has advanced biological wastewateatinent technology for the removal of
nutrients (nitrogen and phosphorus). In additioneendorf WWTP serves more than 50,000
Population Equivalency (PE) which means that higlanic matter load is expected in the

effluent sample. Effluent and influent samples weten from two other WWTPs to examine



the possible effect of different treatment confagions for biological wastewater treatment.
Kuesnacht and Zumikon were selected to represktivedy lower PE and different treatment
technologies (Table B2). Samples were taken insgbadtles, which were muffled at 550 °C
for 24 hours in order to prevent organic mattertaonnation. All samples were filtered as
soon as they were brought to laboratory and kep# &tC for the experiments and

ultrafiltration.

4.2.3 Characterization of Nanoparticle Suspensiorend Water Quality

Major ions were analyzed by ion chromatography aling to standard methods at the
analytical laboratory of Eawag. Each molecular \weifyaction of the water samples was
analyzed with Liquid Chromatography-Organic Carbd@etection-Organic Nitrogen
Detection (LC-OCD-OND) which is based on the theoiybsize Exclusion Chromatography-
OCD technique (Huber et al., 2011) to identify #wncentrations of biopolymers, humic
substances, building blocks, low molecular weighinits and acids, neutrals. Zetasizer
(Nano ZS, Malvern Instruments) equipped with a laser (633 nm) was used for DLS
measurements. Z-average size (based on intensiégywas measured in triplicate with at
least 12 sub-measurements and zeta potential (Z8) ealculated from electrophoretic
mobility using the Henry equation. ENPs were imameselected samples with NTA using a
NanoSight LM10 equipped with a LM14 temperaturetaaler (NanoSight Ltd.). NanoSight
NTA 2.2 Software was used to get mode and mean fizee ENPs in suspension with
analyzing at least 3 different videos of ENPs. UQIK 930 (Kontron Instruments) was used
to measure UV-vis absorbance of AgNP suspensiorselected samples between 200 and
800 nm.

4.2.4 Experimental set up

Samples were fractionated as shown in Figure Bls Tactionation scheme is based on
preliminary experiments performed with water frdme small stream Chriesbach (Duebendorf,
Switzerland). These preliminary experiments shotinad AgNP-Cit were better stabilized in
unfiltered samples than in filtered samples antl sheples filtered over 0.2 um and 0.45 pum
resulted in very similar Z-Average sizes. The seécuials showed that Minimate Tangential
Flow Filtration (TFF) Capsule (Pall Coop.) capsulesre effective for molecular weight
fractionation of organic matters under 10 kDa arkiD4 cut off and that agglomeration levels
were different for these fractions (Figure B2). fidfere, unfiltered, 0.2 um filtered, < 10 kDa

and < 1 kDa cut off fractions were included in &xperiments. After an aliquot was put aside



as unfiltered water, remaining samples were fitteoger 0.2 um filters (Cellulose acetate
filters, Millipore) under vacuum. For the < 10 kBad < 1 kDa cut off, filtered samples were
passed through TFF of 10 kDa and 1 kDa, respegtivelwater sample was fed from a
stirring cell inlet to the TFF capsule with a vaoupump, and the filtrate was collected in
muffled glass bottles. Before filtering each sampl@psules were backwashed and flushed
with NW until DOC was under limit of detection. Wéa quality parameters were measured
only in the 0.2um filtered fraction, whereas organic matter chaazation was performed
for the < 0.2um and the < 10 kDa and < 1 kDa ultrafiltered fracs. Agglomeration
experiments for unfiltered and filtered samplesevasnducted within 5 hours as soon as they
were brought to laboratory. Molecular weight fraottions of filtered samples were

completed within 24 hours.

Three replicates of the samples were spiked withglL of ENPs, shaken at 100 rpm for 1
hour and time series measurements were done wighddler 1 hour, 1 day and 1 week. The
concentration of ENPs, spiking procedure and aggtation experiments were as defined
previously in Topuz et al. (2014) which are alsotgd in Appendices E Information of this

study.

4.3 Results

4.3.1 Characterization of Sample Sites

NADUF project database provided a precise seleatibthe most representative surface
waters for the corresponding classes in Table Bitesthe water quality characterization of
the samples (Table 4.1 and 4.2) were similar toa¥erage concentrations in the NADUF

database. All filtered samples were analyzed wittSand the Z-average sizes and zeta



Table 4. 1:Characterization of water quality for surface wa@mples.

Parameter Glatt Thur- Aare Rhein- Rhein- Etalr;g de
(mM) Andelfingen Brugg Rheinsfelden Diepoldsau Gruere

pH 8.26 8.20 8.16 8.27 7.98 6.56
Alkalinity 4.83 4.05 3.08 2.86 1.89 0.69
Hardness 2.67 2.20 1.82 1.74 1.18 0.40
Na' 1 0.6 0.3 0.28 <MQL 0.49
K* 0.2 0.2 0.1 0.04 <MQL <MQL
ca’ 2 1.7 1.6 1.3 0.9 0.3
Mg*™* 0.7 0.5 0.3 0.38 0.2 <MQL
Ccr 1 0.5 0.2 0.26 0.14 0.54
NO3 0.1 0.04 0.03 0.02 0.01 <MQL
SO~ 0.2 0.12 2.3 0.32 0.27 <MQL
lonic Strength 6.9 5.3 4.6 4.3 2.8 1.1
DOC (mg/L)
filtered 1.55 1.99 3.82 1.36 0.929 13.1
(<0.2 um)
DOC (mg/L)
ultrafiltered(< 10 1.50 1.76 2.14 1.29 0.645 4.67
kDa)
DOC (mg/L)
ultrafiltered(< 1 1.25 1.49 1.58 1.16 0.624 3.26

kDa)




Table 4.2: Characterization of water quality for wastewatngples.

Parameter (mM) Duerk;endo Aerate Ana}erob Blo;cl)glc Clarlfrllcatlo F|Itrr(:1t|o Kuehstnac Kuehstnac Zumikon  Zumikon
Influent d Ic Effluent Effluent Effluent Influent Effluent Influent Effluent
pH 8.0 7.91 7.81 7.99 7.81 7.96 8.22 7.67 8.00 6.70
Alkalinity 9.09 6.91 8.46 6.29 6.91 6.93 5.84 3.29 5.2 1.35
Hardness 3.47 3.47 3.40 3.30 3.31 3.32 2.42 246 .42 2 2.43
Na 5.25 5.29 5.17 3.96 5.35 5.41 3.74 2.49 2.58 2.93
K* 0.70 1.04 0.89 0.62 0.83 0.84 0.57 0.59 0.67 0.73
ca” 2.52 2.59 2.52 2.43 2.46 2.49 1.79 1.74 1.57 1.72
Mg*™* 0.85 0.79 0.83 0.77 0.76 0.77 0.69 0.64 0.57 0.59
Cr 3.87 4.3 4.04 3.13 3.96 3.83 2.95 2.18 2.08 2.85
NOs <0.05 0.18 <0.05 0.13 0.18 0.18 <0.05 0.23 0.1 704
SO~ 0.53 0.56 0.55 0.54 0.58 0.59 0.44 0.59 0.69 1.10
lonic Strength 254 26.6 25.7 22.8 255 25.7 9.44 8.70 8.38 10.33
DOC (mg/L) filtered 4, 7 6.8 9 5 7.3 6.5 24.3 3.5 16.1 3.1
(<0.2 um)
DOC (mg/L)
ultrafiltered(< 10 53.8 5.7 6.8 4 5.7 5.5 17.8 3.0 11 2.9
kDa)
DOC (mg/L) 49.2 4.9 6.3 1.6 5.1 48 11.7 25 9.7 2.7

ultrafiltered(< 1 kDa)




Table 4.3: Concentration of organic matter compounds in thetions of surface water and wastewater effluant@es (ug/L).

Dissolved g, Humic  Building Low Low
Samples Organic MolecularWeight MolecularWeight Neutrals

Carbon polymers Substances Blocks HuMics Acids
Rhein-Rheinsfelden-< 0 &m 1357 41 836 203 53 0 184
Rhein-Rheinsfelden -<10 kDa 1289 6 817 166 56 0 159
Rhein-Rheinsfelden -<1 kDa 1155 1 637 166 64 0 183
Etang de la Gruere - < Qun 13058 82 9370 1182 333 0 1595
Etang de la Gruere -<10 kDa 4670 14 2791 770 219 0 461
Etang de la Gruere - <1 kDa 3257 6 1582 566 179 59 514
Thur Andelfingen - < 0.2m 1994 68 943 319 89 0 394
Thur Andelfingen - <10 kDa 1756 5 957 239 112 0 277
Thur Andelfingen - <1 kDa 1488 1 663 275 99 14 300
Glatt — Rheinsfelden- < 0y 1552 63 770 202 79 0 235
Glatt — Rheinsfelden -<10 kDa 1504 4 874 273 67 0 183
Glatt - Rheinsfelden -<1 kDa 1248 1 630 228 66 17 219
Aare Brugg - < 0.2um 3821 63 848 471 140 944 1184
Aare Brugg - <10 kDa 2139 21 888 417 140 35 445
Aare Brugg - <1 kDa 1584 3 926 252 74 0 219
Rhein-Diepoldsau - < 0.2m 929 44 543 106 51 0 148
Rhein-Diepoldsau - <10 kDa 645 8 318 74 46 13 134
Rhein-Diepoldsau - <1 kDa 624 0 311 70 48 12 148
Zumikon Effluent - < 0.2um 3088 161 900 691 105 56 700
Zumikon Effluent- <10 kDa 2884 24 813 643 101 98 671
Zumikon Effluent- <1 kDa 2674 16 716 622 89 92 633
Kuesnacht Effluent- < 0.2m 3515 195 1059 687 123 38 722
Kuesnacht Effluent- <10 kDa 2974 9 929 617 106 45 659
Kuesnacht Effluent- <1 kDa 2475 4 720 538 93 59 593




potentials were between 100-200 nm and -10: -20 meSpectively (Table B3). LC-OCD-
OND results for organic matter characterization greesented in Table 3.3 and
chromatograms are provided in Figure B3-4. Avenagdecular weights of biopolymers and
humic substances were much higher than 10 kDa enthd 1 kDa, respectively. Organic
matter compounds with average molecular weighteidivan 1 kDa include building blocks,
low molecular weight humics, acids and neutrals. all natural waters, the most abundant
fraction consisted of humic substances, whereapohimers and lower molecular weight

acids were present at lower concentrations.

4.3.2 Agglomeration behavior of ENPs in surface wat and wastewater

Agglomerations of ENPs were characterized withdi@nge in size measured with DLS. The
data quality was checked with polydispersity indexehich were lower than 0.5 if not

otherwise specified. The sizes of AgQNPs for 1 hexperiments were also checked with NTA
measurements (Table B4) and they were comparabhadst of the samples in which AgNPs
had mean size up to 200 nm. Rhein-Rheinsfelden Isathpving an average DOC and*Ca

concentration) were tested with UV-Vis Spectromgfeigure B5). AgNP-Cit in Rhein-

Rheinsfelden has a broader peak and smaller abvsmmltaan in NW showing that it was
agglomerated after 1 hour. AQNP-PVP resulted inoginthe same peak in NW and in Rhein-
Rheinsfelden showing its stability in natural wat€he results were comparable with the
results of DLS and NTA. Therefore, evaluations & samples were made with DLS
measurements. Zeta potentials were in the rangéo-120 mV for all samples (Figures B6-

16), and no clear trend was observed.

Z-average sizes of AgNPs and Fid Rhein- Diepoldsau and Etang de la Gruere sample
followed a different trend from other samples. Higlsizes were measured in the unfiltered
fractions than in the filtered ones, but their pldpersity indexes were around 0.7 which is
not acceptable for good quality measurements. Ttrereunfiltered fractions of these samples
were not reported in the results. After 1 hour, A&gNit (65+5 nm) was agglomerated (in the
range of 150-300 nm) in all fractions of all sudagater samples (Figure 4.1 and Table B4)
except for Etang de la Gruere where no agglomeraticurred. Agglomeration of AQNP-Cit

in unfiltered fractions gradually increased afteddy and 1 week (200-700 nm) except for
Aare-Brugg. However, unfiltered samples resultebbwer Z-average sizes of AQNP-Cit than

other fractions after 1 day and 1 week.



AgNP-PVP was stable with average sizes around 30 fm in all fractions of all surface
water samples (Figure 4.2 and Table B4). Agglonmmadf AQNP-PVP did not occur over 1
week under various water quality conditions sucthasconcentration of Gaand DOC in the

range of 0.3 - 2 mM and 0.9 - 13 mg/L, respectivéiyD, agglomerated (around 500 nm) in
all samples except Etang de la Gruere after 1 {feigure 4.3). While the Z- average size did
not change in 1 day for unfiltered and filteed sk®jit increased in ultrafiltered samples.

TiO, agglomerated up to micro meter scale in all samples one week.

Since the WWTP influent and unit samples contagilsuspended matters relative to effluent
and surface water samples, particle sizes wereendiuated with filtered samples. AgNP-Cit
agglomerated to average sizes in the range of ZWD-Am in unfiltered and filtered fractions

of the WWTP samples and to around 400 nm in ulteaéid samples after 1 hour (Figure 4.4).

AgNP-PVP were stable (<100 nm) in all of the WWTdmples after 1 day except in the
Duebendorf influent sample (Figure B17). Fi@anoparticles agglomerated in all of the
WWTP samples after 1 hour (Figure 4.4); howevegl@geration levels were higher in

Duebendorf WWTP samples (more than 450 nm). Faeyl agglomeration increased for all
samples, again especially in Duebendorf WWTP uaih@es and increase of Z-averages

sizes after 1 day were more pronounced for ultea®d fractions of all samples.
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4 .4 Discussion

4.4.1 Role of C&" and dissolved organic matter concentration in sudce and wastewater
for the agglomeration of ENPs

Unfiltered fractions of Rhein- Diepoldsau and Etalegla Gruere samples reveal that surface
waters with high natural suspended matters maytresunexpected agglomeration behavior
for ENPs due to the possibility of heteroaggregatis misleading results of DLS due to
overestimation. Z-Average sizes of ENPs were siganittly higher in unfiltered fractions than
in filtered ones for only these 2 samples (10 saspi total). Although it is known that DLS
is not sensitive for the samples with high collbidaatter and polydispersity index (>0.7)
were the highest for these samples, heteroaggoegailiso seems to be critical for the
regulation of the agglomeration behavior in natuwaiter samples with higher suspended
matter (Quik et al., 2014). In such cases, therbatgregation process may be predominant

and lead to higher Z-Average size levels of ENREm@ndently from the concentration of
15



C&* and DOC in natural water. Therefore, heteroagdieyaf ENPs in natural water, which
was not in the scope of this study, should be &rrdtudied in the future to make its role clear

for the agglomeration of ENPs in natural water.

For the agglomeration of AgNP-Cit in 1 hour, coatgins between Z-average size of ENPs
and C&" concentrations were examined in filtered fractidasbe able to include Rhein
Diepoldsau and Etang de la Gruere samples, sinee twere no significant differences
between average sizes in unfiltered and |h? filtered fractions of the other samples. Z-
average sizes of AgNP-Cit in filtered surface wated wastewater samples (n=16) after 1
hour were highly correlated with taencentration of Ca(R%0.741), as shown in Figure 4.5a.
It was clear that the effect of divalent cationslactronic double layer suppression was the
predominant factor resulting in higher Z-average devels and the effect of €avas more
pronounced than of M due to its affinity for complexation with the rite coating (El-
Badawy et al., 2010). Moreover, most of the datantsp which slightly deviate from the
regression line, were attributed to the DOC conegiion in the corresponding samples, which
was thus the secondary parameter affecting theoagghtion of AgQNP-Cit. It is known that
NOM can improve the stability of AQNP-Cit which mag due to the replacement of citrate
coatings with the natural organic matter and mayl v both steric and charge stabilization
(Cumberland and Lead, 2009). The samples with HWgWC concentration (>3.8 mg/L)
(except for Kuesnacht, Zumikon effluent and Duelsehdnaerobic tank sample) resulted in
lower Z-average sizes of AgNP-Cit than expectethftbe correlation in Figure 4.5a, whereas
lower DOC concentration (< 2 mg/L) led to higherglmgneration than expected from
correlation especially when the Laoncentration was also higher than 1.5 mM (Glatt-
Rheinsfelden and Thur-Andelfingen).
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Figure 4.5(a): Correlation of Z-Average size of AgNP-Cit and’Ceoncentration in filtered

samples after 1 hour.
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Figure 4.5(b): Correlation of Z-Average size of AgNP-Cit and *Caoncentration in
unfiltered samples after 1 day (Error bars reprisséime standard deviation of triplicates.
Green data points represent surface water sampldsred data points represent the
wastewater samples. Blue data points show Z-avesmge of AgNP-Cit in freshwater
simulated medium which was reported in Topuz &0d4).
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King and Jarvie et al. (2012) hypothesized thahHIOC can suppress the cation effect.
Based on the data in Figure 4.5a, DOC higher thargZ appears to be effective. However,
AgNP-Cit agglomeration in WWTP influent samples velightly stronger than expected in

spite of their high DOC concentration which couddue to their more complex composition.

Z-average sizes of AgNP-Cit in surface water sitedanedia (Ca: 2 mM, DOC: 5 mg/L) in

our previous study (Topuz et al., 2014) were atswelr than expected from correlations as
shown in Figure 4.5 (blue data point) because @high DOC concentration (> 2 mg/L). Gao
et al. (2009) and Thio et al. (2012) also demotetrahat Z-average sizes of AgQNP-Cit in
filtered freshwater samples were lower than 100(@a<0.5 mM) and around 150 nm (Ca:1

mM), respectively, which were fitting with our celation.

For the agglomeration of AgNP-Cit in 1 day, theretation between Z-Average size levels
and C&" concentration were made for unfiltered water torémlistic since filtered fractions
lead to much higher Z-average size levels. Theetation (Figure 4.5b; 0.54) was lower
than for 1 hour showing the less pronounced efé@&" in 1 day than in 1 hour. After 1
week, the agglomeration trend and the role of patara were similar to the results of after 1
day. Stabilization of AgQNP-Cit after 1 day up taviek could be attributed to replacement of
citrate coating of AgNP with DOC after 1 day. Ind&tbn to the similarity of Z-average sizes
of AgNP-Cit afterl hour, the time resolution resultere also consistent with our previous
study in which surface water simulated media wesedu(Topuz et al., 2014). With synthetic
media including only ions, agglomeration of AgNR-®ere very high (up to 1000 nm after 1
day) in the cases of &aconcentration between 1.7 and 3.3 mM. On the otfaed, the
agglomeration (350 nm after 1 week) of AgNP-Cittive surface water simulated media
including ions, NOM and surfactants (Ca: 2mM and@®®mg/L) was very slight due to the
stabilization effect of DOC.

Owing to the steric hindrance of PVP with its bulkgutral structure (Thio et al., 2012) and
strong bonds with N atoms (Kvitek et al., 2008),N&gPVP were stable in all of the
unfiltered water samples and kept their originalesbver 1 week in the presence ofCa
concentration up to 2.5 mM and Rgconcentration up to 0.8 mM (Figure 4.2). El Baglaw

al. (2010) also stated that AgQNP-PVP was stabl@itee®f high ionic strength. However,
agglomeration of AgNP-PVP only occurred in theefiid fraction of Duebendorf influent
sample after 1 day which had the highest*Mgpncentration (0.85 mM). In our previous

study, presence of M§(>2.5 mM) also led to agglomeration of AgNP-PVP e¥htould be
18



due to the specific interactions between PVP and*Mupwever, surface water simulated
media (Mg*: 0.5 mM) provided stability over 1 week (Topuz&t2014). Apparently, AgNP-
PVP has potential to be affected by the presendsghf M¢f* concentrations which are not

commonly detected in surface or wastewater media.

Although Z-average size levels of TOn unfiltered samples after 1 hour were slightly
increasing with increasing concentration offCahere was no clear correlation with*a
concentrations (R= 0.274) (Figure 4.6). However, Tith Kuesnacht and Zumikon WWTP
samples and Thur-Andelfingen were stabilized arcinedt original size which might be due
to the high DOC concentration in the samples. Irsimilar way as for AgNP-Cit,
agglomeration effect of Gawas suppressed by high DOC concentration (DOC >fA.)ng
whereas it did not happen in the case of high* @ancentration (>2.5 mM). When the
correlation was applied again by omitting the saspkith DOC >2 mg/L, it was improved
significantly (R : 0.569). Therefore, TiQagglomerates up to the same levels (350-550 nm)
for a wide range of G4 concentration (0.3-2.5 mM) and is only stabilizedhe case of low
Cd* (<1.8 mM) and high DOC concentration. MoreoverQFagglomerated to the same
levels in surface water simulated media includingi of C&£* and 5 mg/L of NOM (Topuz

et al., 2014), which was similar to the correlatas shown in Figure 4.6 (blue data point).

Shih et al. (2012) and Mukherjee et al. (2010) alsowed that Z-average size levels of 7iO
in synthetic media became around 600 nm (Ca: 1-M) @nd 450 nm (Ca: 3-5 mM),
respectively. Although there was a slight increasé-average levels of Tigafter 1 day, they
were not significantly different from the levelgef1 hour which shows that agglomeration
of TiO, nanoparticles mostly occur within 1 hour. Howeagglomeration of Ti@in surface
water was nearly up to micrometer scales over 1wigekonclusion, TiQwas only slightly

affected by C& and DOC concentration after 1 day or 1 week.
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Figure 4. 6: Correlation of Z-Average size of TiCand CA&' concentration in the filtered
samples after 1 hour (Error bars represents thelatd deviation of triplicates. Green data
points represent surface water samples and redpdaits represent the wastewater samples.
Blue data point shows Z-average size of Ji®a freshwater simulated medium (Topuz et al.
2014).

4.4.2 Role of dissolved organic matter fractions faagglomeration of ENPs

The biopolymer fraction which comprises mostly galycharides and proteins (Stewart et al.
2013) decreased dramatically for 10 kDa cut offe Humic acid fractions were lower in 10

kDa cut off than in filtered sample only in the ead Etang de la Gruére, where humic acids
of terrestrial origin may be predominant. Z-averages of ENPs in unfiltered water, 0.2 um

filtered, < 10 kDa and < 1 kDa cut off fractionsr@eompared over 1 week.

As it is expected due to the strong steric stzdilon of PVP for AgNP particles, AQNP-PVP
were stable in all fractions over 1 week (Figurg)4After 1 day, Z-average sizes of AgNP-
Cit in unfiltered, filtered and 10 kDa cut off fitamns became different for all samples (Figure
4.1) except Gruere with low &aconcentration and very high content of humic sarrsts.
Unfiltered water samples, except Rhein-Diepoldsasullted in the lowest Z-average sizes of
AgNP-Cit and Z-average sizes in filtered sampleseveggnificantly higher than in unfiltered
water (Figure 4.1). Moreover, 10 kDa cut off lechigh agglomeration of ANP-Cit in Thur-

Andelfingen, Rhein-Rheinsfelden and Rhein-Diepaldg&igure 4.1) samples like the
20



synthetic media including only ions (Topuz et 2014). It was likely due to the fact that high
molecular weight organic compounds (>10 kDa) pre\sthbilization after 1 day up to 1 week
and that those compounds were removed by ulti@ifitin. Aare Brugg sample has the highest
concentration of biopolymers in < 10 kDa cut offiish might be the reason for similar Z-
average sizes of AgNP-Cit in all fractions. Althbuthe concentration of biopolymers were
relatively low in filtered samples (>10 kDa), thels®epolymers may be more effective in
stabilizing NPs, as also mentioned by Louie et (28D013) for the stabilization of Au
nanoparticles by high molecular weight compoundgeay low concentration levels. Joshi et
al. (2012) and Dimpka et al. (2011) figured out geracellular polymeric substances, which
are a kind of biopolymers, caused induction of aggtion of AQNPs. Humic acids were also
proved to provide more electrostatic stabilization AQNP-PVP under high ionic strength

conditions due to their high molecular weight (Yatal., 2014).

TiO, had the same Z-average size levels in all frastafrthe samples after 1 hour (Figure 4.3)
which might prove the previous argument in Sec#b® that TiQ was not significantly
affected by C& or DOC concentration in short term. However, Tias usually more stable
in filtered samples than in unfiltered fractiongeafl day for most of the samples (Figure 4.3).
This could be due to the fact that its higher ordjisize and low zeta potential at pH 7 — 8
make it more vulnerable to heteroaggregation thgNRACit. Within 1 day, TiQwas more
stable in filtered samples (> 10 kDa) (Figure 3wijch also seems to be due to the presence
of high molecular weight organic compounds. Jwas more stabilized in Etang de la Gruere
filtered and ultrafiltered samples with high amaunt humic substances. Thio et al. (2011)
also showed that deposition of Ti@anoparticles were decreased in the presencemichu
acid with high molecular weight organic fraction&ondikas et al. (2012) mentioned the
importance of molecular weight and aromaticity ajamic carbon for the aggregation process
of TiO, and accelerating effect of low molecular weight pomnds on aggregation.
Nevertheless, Tipagglomerated up to micrometer scale after 1 weellifractions of most
samples (Figure 4.3). According to our study wigtunal water samples, significantly higher
Z-average sizes of AgNP-Cit and TiQn filtered fractions than in unfiltered ones also
indicate the role of higher molecular weight orgamatter fractions, such as biopolymers for

stabilization over time.
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4.5Conclusion

A generalized scheme for the agglomeration behafigkgNP-Cit, AQNP-PVP and Ti©in
natural waters might be proposed based on theatival with C&", Mg and DOC
concentration (Figure 4.7). Since AgNP-Cit was meessitive to various natural water
conditions, a more detailed classification approigcterms of agglomeration is proposed in
Figure B18. If the C& concentration is lower than 0.5 mM, the agglomenapotential is
not considered, whereas, for higher concentratidndasses with different size levels were
developed for different Gaconcentrations. However, heteroaggregation pateatid the pH
of surface water which are not tested in this sty of 6.26-8.27) should be considered for
the possible deviations from Figure 4.7 and Fidg(8.
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Figure 4. 7: A generalized scheme for the agglomeration behafiagNP-Cit, AQNP-PVP and Ti@in surface and wastewater.



Furthermore, it is suggested to decrease the nuaftsamples considering the results of this
study and develop a scheme (if it would be différéor lower concentrations of these ENPs
(more environmentally relevant) with advanced silzaracterization techniques. Correlations
suggested in this study can be applicable for tivr@nmental risk assessment studies. Firstly,
they could give an idea in which compartment thewld partition in surface water or
wastewater treatment plants such as water colunsedsnent or effluent water vs sewage
sludge, respectively. Especially for surface wdiedies, they can easily be used in fate
models or water quality models since they provistngations over time which makes spatial
distribution analysis possible. In addition, thedictions for the partition provide foresights
about their bioavailability to the organisms whititie respective compartments of the

medium.

Agglomeration of ENPs in natural water is also et#e by the molecular weight based
fractions of organic matter. The high molecular gitiorganic carbon fraction (> 10 kDa),
mostly comprising biopolymers, provides stabilieatiof ENPs in even at very low
concentrations and this effect becomes more prarexuin 1 day. Therefore, the studies
conducted with filtered water or the studies whoohit the presence of high molecular weight
organic carbon could lead to overestimated sizglteesf ENPs especially for the long term (1
day-week). Our results showing the higher stabikitynfiltered samples compared to filtered
ones highlight the importance of studying with nmezsons for both fate and toxicity
evaluations for more realistic approaches. Howenene studies should be conducted with
applying molecular weight fractionation to the matuvater samples to better understand the
mechanism of this effect. Further studies are ssitggeto investigate the kinetics of the
stabilization depending on the concentration leagld different structures of organic matter

present in surface and wastewater media.
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Table B.1: Classification of surface water based on conctatrdevels

Ca Mg Alkalinity DOC

Class (mM) (mM) (mM) (mg/L)
Low (L) <0.5 <0.2 <15 <0.5
Low-Medium (LM) 0.5-1 0.2-0.3 1.5-2 0.5-1
Medium-Low (ML) 1-1.2 0.3-0.5 2-2.5 1-1.5
Medium (M) 1.2-1.5 0.5-0.6 2.5-3 1.5-2
Medium-High (MH) 1.5-1.7 0.6-0.7 3-35 2-2.5
High-Medium (HM) 1.7-2 0.7-0.9 3.5-4 2.5-4.0
High (H) 2-2.5 0.9-1 4-5 4.0-5.0
Very High (VH) >2.5 >1 >5 >5.0

Table B.2: Wastewater sampling points

Sampling plant Process Population
EqQ.
Duebendorf Bio. Nut.+Flocculation >50000
Kuesnacht No nitrification/denitrification 1000000
Zumikon Only nitrification 2000-10000

Table B.3: Z-average size and Zeta potentials of blank sam(@les um filtered) (= gives

standard deviations for triplicates)

Z-Average Zeta Sample Z-Average Zeta
Sample Size (nm) Potential Size (nm) Potential
(mV) (mV)
Glatt — 128+3.85 -17.1+2.91 Zumikon 156+14.7 -10.3+2.76
Rheinsfelden Influent
Thur — 149+14.6 -7.52+2.60 Zumikon 142+5.1 -12.2+3.69
Andelfingen Effluent
Aare-Brugg  177+10.6 -13.4+£3.69 Duebendorf161+9.5 -13.5+5.45
Influent
Rhein- 129+2.79 -16.9+1.89 Duebendorf 135+9.7 -12.7+0.33
Rheinsfelden Aerobic
Rhein- 188+4.51 -15.6+2.87 Duebendorf 173+4.8 -11.7+1.36
Diepoldsau Anaerobic
Etang de la 192+11.1 -11.4+5.54 Duebendorf 160+6.3 -15.9+2.95
Gruere Clarification
Kuesnacht  13319.8 -11.9+£1.22 Duebendorf 137+4.4 -16.6+1.75
Influent Filtration
Kuesnacht 128+5.3 -13.8+3.51 Duebendorf 189+10.6 -12.4+£3.95
Effluent Effluent




Table B.4: Z-average size and Mean size of ENPsurface water samples measured with DLS and NT3peetively, after 1 hour

AgNP-Cit AgNP-PVP
Samples Z-Average Size Mean (nm) Z-Average  SizeMean (nm)
(hm) (hm)

Glatt —Rheinsfelden <0.2 ym 364+34.6 190+28.6 51.8% 60.4+0.97
Glatt —Rheinsfelden <10 kDa 339+13.3 180+24.8 52@6 60.9+3.42
Glatt —Rheinsfelden <1 kDa 326+14.4 161.4+4.80.9+5.91 60.3+5.24
Thur —Andelfingen <0.2 um  274+30 191+31.5 45.6%1.31 52+2.31
Thur —Andelfingen <10 kDa  335%18.1 168+13.6  52.437. 50.2+0.45
Thur —Andelfingen <1 kDa  361+29.5 162+10.6  48.G¥2. 54+0.29
Aare-Brugg <0.2 um 170+12.1 114+4.29  52+5.74 5331.
Aare-Brugg <10 kDa 154+16.7 124+456  43.6%3.67 $0.06
Aare-Brugg < 1 kDa 144+6.3 111+5.64 51.4+8.64 540004
Rhein-Rheinsfelden <0.2 um  185%10.7 151+4.73 50447 52.3+3.86
Rhein-Rheinsfelden <10 kDa 291+13.4 166+5.22 54234 52.3+£3.86
Rhein-Rheinsfelden <1 kDa 323+11.4 157+2.47 65398 54.3+1.29
Rhein-Diepoldsau <0.2 um 153+6.22 111.1+0.%B.55+8.01 54.2+0.40
Rhein-Diepoldsau <10 kDa 140+11.9 116+1.0 56.3£10.8 52.5+0.77
Rhein-Diepoldsau < 1 kDa 150+8.06 116+3.04 64.4%4.6 52+0.77
Lake de la Gruere <0.2 um 67.414.94 64.5+4.32 5B&F 44.7+1.22
Lake de la Gruere <10 kDa 62.2+10.4 69.8+4.0 65544 50.4+3.85
Lake de la Gruere < 1 kDa 62.4+3.85 54.7+1.54 /9 Bk 52.8+4.27
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Figure B.1: Fractionation of surface water and WWTP samples
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Figure B.3: LC-OCD-OND chromatograms for the filtered (0.2 psunjface water samples
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CHAPTER 5

TOXICOKINETICS AND TOXICODYNAMICS OF DIFFERENTLY CO ATED
SILVER NANOPARTICLES AND SILVER NITRATE IN ENCHYTRA EUS
CRYPTICUS UPON AQUEOUS EXPOSURE IN AN INERT SAND MEDIUM

Abstract

The aim of this study is to evaluate the effecAgNPs onEnchytraeus crypticysapplying a
combined toxicokinetics and toxicodynamics apprdachnderstand the relationship between
survival and the development of internal Ag concaidgns in the animals over time. Toxicity
tests were conducted in medium composed of welikddfaqueous solutions added to inert
quartz sand to avoid the complexity of soil comid. Citrate (AgNP-Cit) and
polyvinylpyrrolidone coated AgNPs (AgNP-PVP) weested and compared with AghO
which was used as positive control for Ag ion effecLC50 values based on Ag
concentrations in the solution phase of the testlinme decreased over time and reached
steady state after 7 days, with Agh@nd AgNP-PVP being more toxic than AgNP-Cit. Slow
dissolution may explain the low uptake kinetics &maer toxicity of AQNP-Cit compared to
the other two Ag forms. LC50s based on internal degcentrations in the animals were
almost stable over time, highlighting the impor&nof integrating toxicokinetics and
toxicodynamics and relating survival with interrfad) concentrations. Both survival based
elimination rates and internal LC50s in the orgarsiglid not show any significant evidence
of nano-specific effects for both AgNPs althougkuggested some uptake of particulate Ag
for AgNP-Cit. It is concluded that toxicity of botAgNPs probably is mainly due to the

release of Ag ions.

Emel Topuz and Cornelis A.M. van Gestel, Toxicdkiseand toxicodynamics of differently
coated silver nanoparticles and silver nitrate imdBytraeus crypticus upon aqueous
exposure in an inert sand medium, 2015, Environatefbxicology and Chemistry, doi:
10.1002/etc.3123



51 Introduction

Silver nanoparticles (AgNPs) have been used imareasing number of consumer products
(Nanotech Project, 2013), and ecosystems mightxpesed to AgNPs due to their possible
release from these products into the environmelgv@land et al., 2012). The release of the
AgNPs from textiles has already been proved byartrent studies (Hedberg et al., 2014;
Lombi et al., 2014; von Goetz et al., 2012). Iltikely that they will end up in waste water
treatment systems and ultimately in receiving emvimental media like surface waters and
soils (Nowack, et al., 2012). Several studies aadidg with the possible consequences of the
presence of AgNPs in the aquatic environment. Thasdies conclude that AQNPs may cause
substantial harm at very low concentration levalg/l) to various species of aquatic
organisms such as the algaseudokirchneriella subcapitatar Chlamydomonas reinhardtii
(Ribeiro et al., 2014; Navarro et al., 200Bgphnia magnaRibeiro et al., 2014; Zhao and
Wang, 2011), and the fidbanio rerio (Ribeiro et al., 2014; Zhao and Wang, 2011; Poweérs
al., 2010).

Soil organisms are also likely exposed to AQNPsSNRg may partition to sediments or soil
media due to the agglomeration over time dependmdghe water chemistry (Topuz et al.,
2014). In addition, AgNPs that enter wastewateatinent plants mostly partition to the

sewage sludge fraction during treatment (Kaegi.,t 2013) and soil organisms might be
exposed to AgNPs through the land application efagge sludge (Navarro et al., 2014).
Therefore, it also is essential to investigate gbssible interactions of AgNPs for a diverse
range of soil organisms. However, the fate of AghPsoil is even more complicated than in
water due to their interaction with both the soilusion and the soil stationary phase (Klitzke
et al., 2014). Complexity of the behavior of AgNIRsaquatic media is usually due to their
agglomeration/aggregation and/or dissolution ratgbjch may vary depending on the

presence of various dissolved inorganic/organic pmmmds and/or colloids (Behra et al.,
2013). Similar processes also play an importarg mlsoil (Tourinho et al., 2012). So, it

would be better to first figure out the exposuresaf organisms to AQNPs at the soil-solution
interface and its consequent effects. This relatiy be more accurately investigated by
integrating toxicokinetics (uptake and eliminatimf the compound over time) and

toxicodynamics (effects on the organism over tiagg)roaches (He and van Gestel, 2013).

In addition to the environmental factors, the prtips of ANPs, which are mainly dependent

on their capping agents, are also determining wransa in their environmental fate and effects



(Hyunh and Chen, 2011). Therefore, such studies afsy provide substantial knowledge on
the difference in toxicity of AQNPs with differenapping agents.

Hence, the aim of this study is to investigatetthecokinetics and toxicodynamics of AgNPs
with different coatings in a model soil organismdamderstand the relationship between
survival and the development of internal Ag concaitns in the animals over time. AgNPs
with citrate (AgNP-Cit) and polyvinylpyrrolidone ¢NP-PVP) coating, which are among the
most widely used in products, were tested and cosdpavhile also ionic Ag (AgNg)
exposures were included for comparis&mchytraeus crypticusvas chosen since they are
ecologically relevant soil organisms playing a @lcole in decomposition and bioturbation
in soils (Castro-Ferreira et al., 2012). Enchyttaeire commonly used for toxicity testing due
to their sensitivity to the wide range of stress@sdden and Rombke, 2001). To avoid
disturbance by complex environmental conditionsallguaffecting the fate of NPs and
released metal ions in solil, the uptake, elimimatad toxicity of ionic Ag and AgNPs were
determined in a medium composed of well-definedeaqs solutions added to inert quartz
sand. This medium was shown to provide a converidng medium for the test organisms
(He and van Gestel, 2013).

5.2 Materials and Methods

5.2.1 Test organisms

Enchytraeus crypticugEnchytraeidae; Oligochaeta; Annelida) has bedturad for over 10
years in the laboratory of the Department of EcimlagScience, VU University, Amsterdam,
The Netherlands. Details about culturing the teghnisms have been explained in Castro-
Ferreira et al. (2012). Brieflyg. crypticuswere cultured in agar media prepared with soil
extract and kept in the dark in a climate room atstant temperature (16 °C) and relative
humidity (75%). The culture was fed twice a weekwva mixture of oatmeal, dried yeast, egg
yolk powder, and fish oil. For the experiments, ladti crypticuswith white spots in the

clitellum region were selected.

5.2.2 Test compounds and test medium

AgNPs, AgNP-PVP and AgNP-Cit, and ionic silver lre tform of AQNQ were tested in this
study. AgNQ also served as a positive control to distinguissspae effects originating from
nanoparticles from those of the released ibgs. AgNP-Cit and AgNP-PVP were purchased

from NanoSys GmBH (Switzerland) and obtained apausions in water at concentrations of



1 g/L and 10 g/L AgNPs, respectively. Aghl@igma-Aldrich, >99%) was dissolved in

deionized water. Nominal size of AgNP-Cit and AgRWP provided by the manufacturer

was around 25 nm; detailed characterization of BgNPs has been reported in Topuz et al.
(2014).

The experiments were conducted in quartz sand whashpretreated to obtain an inert matrix
free of residuals such as organic carbon etc. éaetrent of quartz sand and its characteristics
has been explained in detail by (He and van Ge2®&l3). In brief, after combustion at
600 °C for 2 hours, the quartz sand was rinsed @ithM HNG; (Sigma-Aldrich, 65%), tap

water and deionized water, and finally air dried.

The test medium was prepared by dissolving CajplMgSQ, 7H,O, NaNQ, and KNQ
(Sigma-Aldrich, >99%])n deionized water. The test medium was dilutedspiking with
AgNO; or AgNP stock solution to prepare the test soliamth the desired Ag test
concentrations, and having ionic concentration8.BfmM C&*, 0.05 mM Md", 2.0 mM N4,
and 0.078 mM K Because of its known influence on the speciatibrsilver, the use of
chloride was avoided in the test medium. The pkheftest solutions was adjusted to approx.
6.0 using 0.75 g/L MOPS (3-[N morpholino] propandfenic acid) (AppliChem, >99%),
0.75 mg/L MES (2-[N-morpholino] ethane sulfonic dc(Sigma-Aldrich, >99%) or 1 mM
NaOH (Sigma-Aldrich, >99%), if needed.

5.2.3 Toxicity tests

Toxicity tests were designed according to the tesufl preliminary experiments in whidh
crypticuswere exposed to 10 mg/L of Aapd AgNPs for 7 days in triplicates. All the animal
died in the presence of AgNQwhile the survival was 90+0% and 43+40% for AgRR-and
AgNP-PVP, respectively. Based on these resultsjmadraxternal test concentrations selected
were 1.5625, 3.125, 6.25, 12.5, 25 and 50 mg AgrfLAigNP-Cit and AgNP-PVP to be able
to obtain a full dose-response curve and to comiteadoxicity of the AgNPs. For AgNQ
concentrations tested were 0.5, 1, 2, 4, 8, anch@6Ag/L. Controls without Ag were also
included. Five different time points (2, 3, 5, hdalO days) were selected to determine the
effect of exposure time on Ag bioaccumulation andsorvival as the toxicity endpoint. Three

replicates were prepared for each test concemntratio time point.

After placing 20 g of pretreated quartz sand irsglgrs (100 mL), 6 mL of test solution was
added and the sand-solution mixture was conditiavednight. The experiments were started

by the introduction of 10 adulE. crypticusinto each jar. The jars were covered with



perforated aluminum foil to limit water loss andpken a climate room at 20+1 °C and
12h:12h light:dark. Water evaporation was checkeidet a week and deionized water was
added if necessary. At each time poikt, crypticuswas collected from three jars per
treatment after the addition of 5 mL deionized wateunted to determine survival and frozen
at -18 °C for Ag analysis. Test solutions weredtkd through 0.45 pm membrane filters (Pall
Inc.) which had been conditioned with 0.1 M Cu@Alfa Aesar, purity >98%) to prevent
Ag loss by sorption to the filters (Cornelis et 2010). Filtered samples were stored at +4 °C
for Ag analysis after adding 0.625 mL concentrd#€ (Sigma Aldrich, 37%) and 0.275 mL
H,O, (Sigma Aldrich, 35%). The glass jars with sandrirawere opened and stored under

the fume hood to evaporate until dryness beforeaetion for Ag analysis.

5.2.4 Ag analysis

E. crypticus filtered test solutions and sand matrix were yred for total Ag at the end of
the toxicity tests.E. crypticuswere freeze dried overnight, weighted using anlysioal
balance and transferred into thoroughly cleane@¥gtass tubes. After placing the tubes on a
hotplate, 300 pL of a mixture of concentrated HNMallbaker Ultrex Ultra Pure, 65%) and
HCIO, (Mallbaker Ultrex Ultra Pure, 70%) (7:1) was addétie animalsvere digested in
different heating steps, at 85, 120 and 165 °C3fyr30 and 45 minutes, respectively, after
which the digestion mixture was completely evapetat 180 °C. Residues were taken up in

1 M HCI for Ag measurements.

Test solutions and sand were digested followingntle¢hod described in Riberio et al. (2014)
for total Ag measurements. Filtered test solutiese shaken at 100 rpm for 24 hours and
evaporated to around 1 mL in a water bath at 50rt@n, 3 mL of concentrated HCI (Sigma
Aldrich, 35%) and 1 mL of concentrated HBI(Sigma Aldrich, 65%}vere added to digest
the samples for 1 hour in the same water bath.dbegesamples were made up to 50 mL with
1 M HCI in polyprolydine falcon tubes for the meemments. Completely dried sand samples
were extracted by adding 10 mL of deionized wade825 mL concentrated HCI and 0.275
mL H,O, and shaking the mixture at 100 rpm for 24 hourgeBnatants were filtered over
0.45 um membrane filters conditioned with 0.1 M I0§).. Analyses were conducted by
graphite furnace atomic absorption spectrophotom@AS; Perkin Elmer 5100ZL and
Analytic-Jena contrAA 700).



5.2.5 Kinetic calculations

Internal Ag concentrations . crypticus(C,, mg/kg dry body weight) as a function of time (t)
were calculated with a 1-compartment model, assgriiat exposure concentration,(Gng
Ag/L) was constant over time (Equation 5.1).

KyXCuy
Ke1

Co(t) = X (1 — e~Kerxt) (5.1)

where K, is uptake rate constant (L/kg dry body weight/dagy K. is elimination rate

constant (1/day).

To link Ag concentrations ii. crypticus(C, in mg Ag/kg dry body weight) after 7 days with
exposure concentrations in the water fraction eftést medium (¢in mg Ag/L), a Langmuir

equation was applied:

KpxCmax*C
C, = “Lema¥ tw (5.2)
1+Kp*Cy

where Guax(mg/kg dry body weight) is the maximum internal Agncentration that can be
accumulated by the enchytraeids andi&the adsorption coefficient (L/kg dry body wetigh
which may indicate affinity of the different Ag fois for uptake by the test animals.

Lethal concentrations killing 50% of the test ongams (LC50) at the different points in time

were calculated with the trimmed Spearman—Karbehate(Hamilton et al., 1997).

Median lethal concentration (LC50, mg Ag/L) carodie expressed as a function of time as:

LCSO(t) _ - LC5000

—e—Ke2xt

(5.3)

Where LC5@ is the ultimate LC50 (mg Ag/L) andcKis the survival-based elimination rate
constant (1/day). Lethal Body Concentration (LBG/kg dry body weight) was related to
LC50x (mg Ag/L) using K, (L/kg dry body weight/day) andd{(1/day).

Kw

LBC = LC50% X (5.4)

el

The relationship between survival (S, %) and timedéy) was determined with a logistic

survival model.

e—uxt
LC50(t)

S(t) = (5.5)

1+4(

where G, (mg Ag/L) is the exposure concentration, u is tia¢ural mortality rate (1/day),
LC50(t) is LC50 determined at time t, and b is $hape factor.



Logistic dose-response equations were also usecdariatyzing the relationship between

survival (S, %) and internal Ag concentrationsha brganisms (§ mg/kg dry body weight)

So
C—O)b
LCs50inter

S =
(1+

(5.6)

Where § is the control survival (%), LC50inter is the madilethal concentration based on

internal Ag concentrations (mg/kg dry body weigimy b is the slope parameter.

5.2.6 Statistical Analysis

IBM SPSS Statistics 21 was used for all kineticcgkdtions and statistical analysis. Non-
linear regression analyses were used to fit coomdipg equations to the data to obtain
overall Ag uptake () and elimination (K;) rate constants, natural mortality rate (u) and
survival-based elimination @) rate constants, ultimate LC50 (LCBD and LC50inter.

Estimated parameters for AgNOAgNP-Cit and AgNP-PVP were compared using

likelihood-ratio tests.

5.3Results

Measured Ag concentrations in the spike solutiarsegally were in agreement with nominal
ones with recoveries higher than 80% (Table Ché&nAppendix C). Ag concentrations in the
sand (Table C2) and solution fractions (Table G3he test medium, measured after 2 and 7
days, did not differ much, which demonstrates camtséxposure conditions during the time
period used in this study. Most of the Ag was piaried to the sand (see Tables C2 and C3).
Recoveries of the spiked Ag, calculated from a masance of sand and solution phase
concentrations, mostly were acceptable at 80-12D8blé C4). Toxicity, toxicokinetics and
toxicodynamics of the different Ag forms are retht® the average Ag concentrations
measured in the solution phase of the test medaported in Table C3.

Survival decreased with increasing time and exmosumcentration (Figure 5.1). At the
highest three concentrations of AghN(®.215-0.595 mg Ag/L) and AgNP-PVP (0.348-1.08
mg Ag/L) survival reached steady state within 7 sdl@§ exposure, while for the lower
concentrations steady state was reached withinai8 df exposure. For AgNP-Cit, steady

state was reached after 7 days at all test coratamnts.

Total Ag concentrations taken up By crypticusare shown in Tables C5-C7 and plotted
against time in Figure 5.2. The uptake of the sifvem AgNG; and both AgNPs was affected

by time and exposure concentration.
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Figure 5. 1: Development with time of the survival &nchytraeus crypticusxposed to a)
AgNOs, b) AgNP-Cit, and c) AgNP-PVP in sand-solution maedxposure concentrations are
measured concentrations in the solution phase efsdnd-solution medium, in mg Ag/L,
obtained after 0.45 um filtration. Data points shewvvival at different sampling times, the
solid lines represent the fit of a logistic dossp@nse model (Equation 3) to the data. Error

bars represent the standard deviations of thevalmi triplicate experiments.
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Figure 5. 2: Development with time of internal total Ag conaaibns in Enchytraeus
crypticusexposed to a) AgN£§) b) AgNP-Cit, and c) AgNP-PVP in a sand-solutioadiim.
Data points show the measured total Ag concentratiloE. crypticusat each sampling time,
the solid lines represent the fit of the one-cortipant model (Equation 1) to the data for the
different measured exposure concentrations indhgisn phase of the sand-solution medium
(in mg Ag/L; obtained after 0.45 um filtration).rr bars represent the standard deviations of
the concentrations measured in triplicate samples.



Body concentrations approached steady state affayd of exposure. No data were obtained
for the highest two concentrations of Agh(®.293 and 0.595 mg Ag/L) and AgNP-PVP
(0.48 and 1.08 mg Ag/L), where all animals diede Thghest total Ag concentrations En
crypticus measured were 28.1, 125 and 77.5 mg Ag/kg for AgNED 0.215 mg Ag/L),
AgNP-Cit (at 9.57 mg Ag/L) and AgNP-PVP (at 0.348 mg/L) after 7, 10 and 5 days of

exposure, respectively.

When all data points for all concentrations andsarg times were fitted to Equation 5.1, the
overall K, (uptake) and k& (elimination) rate constants for AQNOAgNP-Cit and AgNP-
PVP were 49.5, 3.62, 45.8 L/kg dry body weight/cgad 0.259, 0.231 and 0.071 1/day,
respectively (Table 5.1).%Rvalues for the model fit (Figure 5.2) ranged fror818-0.415 for
AgNO3 and AgNP-Cit to 0.876 for AQNP-PVP ywKand K;; values for AgNP-Cit and AgNP-
PVP were significantly differenf = 10.8 and 17.8, respectively; p<0.05), iKcreased with
increasing exposure concentration up to 0.037 mig AQ212 mg Ag/L and 0.072 mg Ag/L
for AgNOs, AgNP-Cit and AgNP-PVP, respectively, and then dasee again with increasing
concentration (see Tables C5-C7). BCFs calculatad the overall K and K; values were
190, 16 and 646, respectively (Table 5.1), but @sfig the BCFs for the AgNPs are flattered
by deviating values at the highest exposure lewdlsre uptake probably was hampered by
high toxicity (see Figure 5.1 and Tables C5-C7).ithng the higher concentrations led to
average BCFs of approx. 150 and 205 L/kg for AgNPa@d AgNP-PVP, respectively.

When all Ag uptake data for all concentrationsraitelays exposure were fitted to Equation
4.2, Langmuir adsorption coefficients ((Kand maximum internal Ag concentrations (g
were estimated at 1.53, 1.80 and 7.47 L/kg dry beeight and 58.7, 44.4 and 84.4 mg Ag/kg
dry body weight for AQN@ AgNP-Cit and AgNP-PVP, respectively (Table 5.igufe C1).
Neither the K and nor the Gax values of AQNQ and the AgNPs were significantly different
(4°<3.84; n.s.)

After 10 days of exposure, lgvalues for the effect of AQNEDAgNP-Cit and AgNP-PVP on
enchytraeid survival based on Ag concentrationthespike solutions were 1.53, 15.9 and
3.37 mg Ag/L, respectively. LC50s based on meascoedentrations in the solution phase of
the test medium for AgNP-Cit and AgNP-PVP decredasenh 7.43 to 0.88 mg Ag/L and
from 0.2 to 0.06 mg Ag/L, respectively, in 10 dalyer AQNG;, LC50 decreased from 0.15 to
0.07 mg Ag/L (Figure 5.3). Rvalues for the fit of LC50 versus time using Edpmat3 ranged
from 0.709 for AgNP-Cit to 0982 for AgNP-PVP (Tabl 5.1).



Table 5. 1:Estimated toxicokinetics and toxicodynamics partanse(xstandard error) for the uptake and toxioftyAg in Enchytraeus crypticus
upon exposure to AgNHAgNP-Cit and AgNP-PVP in quartz sand-solution raedll parameters are estimated by fitting differequations to
the data, using measured Ag concentrations indhgien phase of the test medium (see Table S3) Fsgures 1-4 for the corresponding curves
showing toxicity-time relationships, uptake cunaesl relating toxicity to accumulated Ag concentnasi in the test organisms. See the text for

the Equations used.

_ AgNO; AgNP-Cit AgNP-PVP _
Parameter Symbol Unit Equation
Value R Value R Value =3

Uptake rate K bv”e‘%htz;y body 49 54185 0.318  3.62+1.46 0.415  45.8+8.01 0.876 1)

Elimination rate K, 1/d 0.259+0.190 0.2310.151 0 0.071+0.069 1)

Bioconcentration

factor BCF L/kg 190 16 645 Ko

Mortality rate u 1/d 0.000+0.006 0.939  0.000+0.005 0.895  0.000+0.011 0.800 (5)

Slope b - 2.07+0.302 0.971  0.552+0.064 1.7320.000 (5)

10-day LC50 mg/L 0.07 0.88 0.06 -

Ultimate LC50 LC56  mg Ag/L 0.081+0.019 0.736  0.322+3.54 0.709  0.040%0 0.982 3)

Survival based | 1/d 0.324+0.137 0.018+0.209 0.129+0.038 ©)

elimination rate

LCinternal LCinter M9 Adkg dry 54,164 0567  57.644.04 0851  21.8+3.85 0.611 )
body weight

Slope b - 4.21+1.64 1.51%0.215 0.851  1.45:0.497 (6)

Lethal Body mg Ag/kg dry

Concentration LBC body weight 15.5 5.06 304 (4)

Adsorption coefficient K bv”e‘%htdry body 1 534117 0.943  1.80+0.692 0.863  7.4745.01 0735 ) (2

Maximum Ag ma  Aaka dr

concentration in E. Cmax 9 AgKG AlY 5g 74081 84.4+7.88 0.863  50.8+15.8 @)

crypticius body weight
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Figure 5. 3: Median lethal concentration (LC50) for the effe€ta) AQNG;, b) AgNP-Cit,
and c) AgNP-PVP on the survival &hchytraeus crypticuspon exposure in sand-solution
media for different periods of time. Data pointowhthe LC50 values calculated with the
trimmed Spearman-Karber model (Hamilton et al.,7d9xpressed on the basis of average
measured concentrations in the solution phaseeofetst media (see Table S3); the solid lines
represent the fit of Equation 4 to the data.



AgNP-PVP and AgN® had the lowest ultimate LC&0 (0.047 and 0.081 mg Ag/L,
respectively) while LC56 for AgQNP-Cit (0.322 mg Ag/L) was higher (Table b.Especially
due to the large error for the LGCbOfor AgNP-Cit, there was no significant difference
between the LC50 values. Survival-based elimination ratesjKletermined with Equation
5.3 were 0.324, 0.018 and 0.129 1/day for AgNAgNP-Cit and AgNP-PVP, respectively
(Table 5.1). K, was significantly different for AgN@and AgNP-Cit £°=18.0; p<0.05).
Lethal body concentration (LBC), which was relatediltimate LGowith Equation 5.4, was
15.5, 48.3 and 9.6 mg Ag/kg dry body weight, refipelty when using the overall BCF
estimated from uptake kinetics for Aghl@nd the average BCFs over the lower exposure

concentrations for the AgNPs (Table 5.1).

Natural mortality rate p (calculated with Equatibb) was 0 day for all three Ag forms
(Table 5.1). Although the survival-time data fittedry well to the logistic survival model
with R?>0.8 for all three Ag forms (Figure 5.1), naturabmality rate constants showed quite
high variability (Table 5.1).

LC50inter concentrations calculated with Equatiof #were almost equal for AgNCand
AgNP-PVP at 21.8 mg Ag/kg dry body weight, and mungher for AgNP-Cit (57.7 mg
Ag/kg dry body weight) (Table 5.1). The latter valvas significantly different from those for
AgNO; and AgNP-PVP according to the likelihood ratio ttdg’=12.7 and y°=12.6,
respectively; p<0.05). Rvalues for the fit of all data to Equation 5.6¢ffie 5.4) ranged from
0.57 for AgNQ to 0.85 for AgNP-Cit. When the data for each tipwnt was fitted to
Equation 5.6 individually, LC50inter for each tirpeint did not differ significantly for all Ag

compounds.

5.4Discussion

This study showed that, when related to the diggblxg fraction in the 0.45 um filtered
solution phase of the test medium, AgNP-PVP and @giNere about 10 times more toxic to
E. crypticusthan AgNP-Cit. Uptake and toxicity of all three Agrms reached steady state
after 7-10 days. Internal LC50s did not change mwith time and were about twice as high
for AgQNP-Cit than the values for the other two Agms.
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Figure 5. 4: The relation between the survival Bhchytraeus crypticuand total body Ag
concentrations in animals after different timesgposure to a) AgN§ b) AgNP-Cit, and c)
AgNP-PVP in sand-solution media. Data points stdiod the measured total Ag
concentrations in surviving. crypticusat different sampling times, the solid lines rejer
the fit of a logistic dose-response equation (Equa) to the data.



5.4.1 Ag concentrations in the test medium

Our results showed that also in case of AgN#Dly a fraction of the total dose was present in
the solution phase of the test medium (Table CB)s indicates that, although we expected
the sand medium to be inert, it still did bind asiderable amount of ionic Ag. We found the
similar concentrations of Ag in the solution phaseur test medium for AgN9and AgNP-
PVP. Considering the expected higher sorption diRg, the Ag concentrations for AgQNP-
PVP are in agreement with its dissolution in agsemedia reported by (Odzak et al., 2014)
in which the same AgNP-PVP were used. Thereforggeims that the concentration of ionic
Ag in the solution phase of the test medium waslainfor AQNO; and AgNP-PVP. This
seems, however, not the case for AgNP-Cit, wherthetsame total concentrations as for
AgNP-PVP much higher Ag concentrations were measureghe solution phase of the test
medium. This could on one hand be due to the higfferity of the more lipophilic AQNP-
PVP for binding to the sand, on the other handightnalso suggest a higher release of Ag
ions or that part of the AgNP-Cit did pass the Québfilter.

5.4.2 Toxicity of different Ag forms toE. crypticus

Most studies in the literature reported higher ¢yiof AQNOsto soil organisms compared to
AgNPs. The EC50 for the effects of AgNPs on theradpction of Enchytraeus albidys
Eisenia andreandFolsomia candidavas significantly higher than that for AgNQGomes et
al., 2013; Schlich et al., 2013; Waalewijn-Kookét 2014). Likewise, the survival &isenia
fetida (Heckmann et al., 2010) afd andrei(Kwak et al., 2014) was higher when exposed to
AgNPs than to AgN@while the growth and cocoon productionlafmbricus rubellusvere
more reduced by AgN$xhan by AgNPs (van der Ploeg et al., 2012). lusthde noted that
toxicity in these studies was related to total soiicentrations, not to available concentrations

in the soil solution.

The higher toxicity of AQN@ may indicate that ionic Ag is the major causehef toxicity of
AgNPs (Kittler et al., 2010). This suggests thabur study the dissolved fraction of AgNP-
PVP was mainly present as Agns, as its toxicity was similar to that of Aghl@hen
expressed on the basis of the concentration irstihation phase of our test medium. The
LC50 for AgNP-Cit was a factor of 10 higher thamattlof AQNG;, suggesting that only a
fraction of the Ag measured in the solution phasthe test medium was present as Aans.
As much more Ag from AgNP-Cit was found in soluticompared to AgN@or AgNP-PVP,
this also suggests that part of the AgNP-Cit disispgaie 0.45 um filter and stayed in solution.



The dissolution of AQNP-PVP was reported to beediatitan that of AgQNP-Cit (Hsiao et al.,
2015), which again supports the idea that the iracdf Ag" ions was lower for AgNP-Cit
than for AQNQ and AgNP-PVP and that the toxicity of AQNP-PVP akgNP-NG; was
mainly due to released Agpns.

When expressed on the basis of concentrationseinetfit animals, AgQNP-Cit again was least
toxic with highest LCinter and highest LBC. The gamty of LCinter for AQNG; and AgNP-
PVP suggests that in both cases uptake of the gajferm, probably ionic Ag, occurred.
AgNP-Cit is more prone to agglomeration becausthefelectrostatic stabilization of citrate
and might agglomerate especially in the presend@adf within hours (Topuz et al., 2014).
So, once taken up AgNP-Cit could be aggregatedoiodical fluids with various ingredients
inside the body of the organism and its (intertedavailability might be limited in spite of
being taken up by the organism. Kwak et al. (28 mentioned decreased bioavailability
of AgNP-Cit toE. andreidue to its agglomeration in biological fluids. Thigher LC50 and
higher LCinter for AQNP-Cit suggest on one hand thgtake of nanoparticulate Ag occurred
but on the other hand that the low toxicity of megdized AgNP-Cit might due to internal
agglomeration. A recent study (Hsiao et al., 20dd&)firmed this by imaging Ag speciation
inside cells. In the cells the ratio of AgNPs tdatoAg was much lower than in the
extracellular media due to reactions witkOF(intracellular reactive oxygen species) to form
Ag ions. In cells, most of the Ag ions bind withahgroups of proteins to form complexes
which are known to be less toxic (Lock and Jans2el).

Both types of AgQNPs produced an increasing toxipagtern over time which was similar to
that of AQNQ, with their LC50s decreasing and reaching equuliorafter approximately 10
days. These results emphasize that exposure duraftia (standard) toxicity tests could be
critical since the toxicity is changing over timetiiequilibrium is reached.

5.4.3 Toxicokinetics and toxicodynamics of differenAg forms to E. crypticus

The overall Ag uptake rate constant,jKwas lower for AgNP-Ci(3.62 L/kg dry body
weight/day) than for the other two Ag forms, whelimination rate constant ¢ was lowest
for AQNP-PVP (Table 5.1). The similarity in,Kvalues for AQNQ@ and AgNP-PVP supports
the conclusion that exposure was mainly to ionicil\goth cases. The lower overal|, Kor
AgNP-Cit suggests that its bioavailable fractiorswauch lower. However, it should be noted
that on one hand K calculated for the lower AgNP-Cit exposure concsians were
somewhat higher (Table C6), but not as high avahees for AQNQ and AgNP-PVP. On the



other hand, Ag concentrations measuredEircrypticuswere quite similar for all three Ag

forms at similar exposure concentrations (TablesCZh but at the higher exposure
concentrations of AQNP-Cit they did exceed theddevel (LCinter) determined for the other
two Ag forms. This seems to support the suggedhan at least some of the AgNP-Cit was

taken up in the nano form.

Since fit of the toxicokinetics model was poor AgNO3; and Ag-Cit, K, and K values were
also calculated for each concentration level seplgraindividual K, values increased with
increasing concentration up to a certain conceaontraevel and then they decreased with
increasing concentration (Tables C5-C7). The saem&ltwas also observed in studies with Ni
3.42-30.6 L/kg dry body weight/day (He and van @gs2013) and Cd (0.104-0.214 kg/kg
dry body weight/day) (Lock and Jansen, 2001). Hal.ef2013) explained this trend from the
limited number of metal ion transporters in the rbesne of the organism which could be
occupied at higher concentrations. In additionjdaffects at high exposure concentrations
may reduce metal uptake rate. This might also becttse for Ag. Figure C1 supports these
observations: internal total Ag concentrations @ased with total Ag concentrations in the
water fraction and approached equilibrium at aaterexposure concentration. Fitting the
Langmuir equation enabled quantification of thenatf§ of the different Ag forms for uptake,
which may resemble K while the maximum amount accumulated in the etrakid (Gnay
may provide some idea on the type of Ag accumuld@i@tc or nano form) in the body.
Unfortunately K and G,ax values of ANQ@ and the AgNPs were not significantly different,

so no firm conclusions can be drawn from these.data

The overall K; value for AQNQ and AgNP-Cit was higher than that for AQNP-PVP[[€a
5.1), however, when looking at the individual vader the different test concentrations they
all range between 0.1 and 0.5 d4aifables C5-C7). Since elimination rates basicdépend
on organism characteristics, this suggests thatatme in which Ag was present in the test
organisms may have been the same for all Ag congsuAlthough the survival-based
elimination rates (k) were significantly different for AgN®and AgNP-Cit, they all had the
same order of magnitude. From this, we may not lcolecthat the type of Ag accumulated

was different.

LC50inter was calculated with Equation 5.6, whioklates survival to internal body
concentrations. Where LC50s changed dramaticallgr dime, LC50inter values for the
different Ag compounds were quite similar acrosstiahe points. A similar result was
obtained for Ni by He and van Gestel (2013). LCE&l)irmight be a better parameter than



LC50 to represent the toxicity of the compoundseithe effects of time on toxicity are taken
into account. However, internal concentrations may always be a good representative
parameter since the effective concentration (takyoamic process) that leads to toxicity is
not taken into account. Lethal Body Concentrati@BC) of all Ag forms, calculated using
BCF values for all (AgNG@) or the lower exposure concentrations (AgNPs) vgeriee similar

to the LC50inter value, which indicates that insrconcentration and effective concentration

are almost the same.

5.5Conclusion

This study is the first to determine the bioaccuatioh and effects of AQNPs . crypticus.
The toxicity of AQNP-PVP, expressed on the basidgfoncentrations in the solution phase
of our test media was similar to that of Aghl@vhile AgNP-Cit was less toxic. This shows
that toxicity is strongly coating material depenglewhich may be related to different
adsorption to the sand matrix of the test mediumhil®/ LC50 based on external
concentrations in the test medium decreased witle,tiLC50inter based on internal body
concentrations of Ag did not change significantieotime. LC50inter therefore can be more
representative for toxicity. This emphasizes thecessity for the integration of
toxicodynamics and toxicokinetics studies for AgNR®reover, standard toxicity tests with
duration of shorter than 10 days may cause ovearagbn of LC50s because of non-
equilibrium conditions. Future studies should foonghe long-term exposure of organisms to
AgNPs to assess their potential toxicity underisgalenvironmental conditions and effect of
dissolution rate. Internal Ag concentrations wilaprovide insight into the bioaccumulation
of AgNPs upon exposure to soil pore water, whicphresents the most likely route of
exposure for many organisms in soil. The resulthisfstudy may be helpful for the planning
of the future toxicity studies with environmentatblevant soil media.



APPENDIX C: Chapter 5



Table C.1: Ag concentrations measured in the stock solution&gNOs;, AgNP-Cit and
AgNP-PVP used to spike test systems used for emgoBnchytraeus crypticusAll
concentrations are in mg/L. Standard deviationsaleulated with triplicates.

AgNO; AgNP-Cit AgNP-PVP

Nominal Measured Nominal Measured NomindWeasured
0.5 0.400+0.029 1.56 1.56+0.045 1.56 1.62+0.034
1 0.507+0.415 3.13 2.70+0.074 3.13 2.70+0.053
2 1.01+0.107 6.25 5.53+2.26%.25 6.74+0.207
4 3.06+0.151 12.5 9.86+0.678.2.5 19.74+0.300
8 6.63+1.274 25 22.2+0.20@5 23.2+2.05
16 14.8+0.893 50 43.4+ 50 50.5+2.22




Table C.2: Mean total Ag concentrations (+ standard deviatioe) measured after 2 and 7 days in the sanddraof a quartz sand

- solution medium used for exposiBgchytraeus crypticusd AgNGs, AgNP-Cit and AgNP-PVP. Measured concentratioesiamg
Ag/kg dry sand and nominal spiked concentratioesramg/L.

glomln Measured Nog Measured glomln Measured

3A9NO Day 2 Day 7 éﬁNP' Day 2 Day 7 ﬁ%'gp' Day 2 Day 7

0.50 0.141+0.011 0.133+0.008 1.56 0.270+0.016 0.393+0.006 1.56 0.337+0.024 0.279+0.002
1.0 0.315+0.013 0.202+0.006 3.13 1.31+0.12 0.971+0.159.13 1.24+0.204 0.849+0.003
2.0 0.585+0.03 0.573+0.03 6.25 1.87+0.147 1.73#0.626.25 2.09+0.198 2.14+0.01
4.0 1.23+0.023 1.2240.041 125 2.80+0.273 3.914.1812.5 4,16+ 0.35 4.62+0.015
8.0 2.42+0.141 2.36%+0.35 25.0 6.99+0.16 6.13+0.5025.0 8.17+0.33 9.65+0.216
16.0 4.73+0.283 4.90+0.246 50.0 11.9+0.49 15.940.4250.0 15.3+1.15 13.6+0.111




Table C.3: Mean Ag concentrations (+ standard deviation; rm8psured after 2 and 7 days in the solution fraaifoa quartz sand
solution medium used for exposifinchytraeus crypticuso AgNG;, AgNP-Cit and AgNP-PVP. All test solutions weregt®.um
filtered. All concentrations are in mg/L.

AgNO; AgNP-Cit AgNP-PVP
gllomin Measured Ia\ldomin Measured lNomina Measured

Day 2 Day 7 :verag Day 2 Day 7 :verag Day 2 Day 7 :verag
0.500 85301610.0 8.504010.0 0028 156 8.504710.0 85303910.0 0.043 156 8.403310.0 8302810.0 0.031
1.00 8.2044i0.0 8.101210.0 0028 313 25099450.0 2.508210.0 0091 313 (2.608110.0 2.305810.0 0.070
200 8.3038450.0 8.603510.0 0037 625 (2.8194450.0 2.923010.0 0212 625 8.807810.0 géOGSi0.0 0.072
4.00 26237450.0 2.219210.0 0215 125 2.1654450.0 2.257710.1 0616 125 2537010.0 g.432510.0 0.348
8.00 36317450.0 2.826910.0 0293 250 2.36i0.45 360+1.09 3.48 25 0 (8).640310.0 gé55710.1 0.480
160 oO0t00 50901 o505 500 974117 040:130 957 500 o070 108020 o




Table C.4: Mean recoveries of Ag from the test medium usecdefgrosingenchytraeus crypticuto AgNGs, AgNP-Cit and AgNP-PVP in an
inert sand medium. Recoveries are based on the Ipadasce of Ag concentrations measured in the §aation (Table S2) and the solution
phase (Table S3) of the test medium after 2 analyg dxposure of the enchytraeids.

Nominal Recovery (%) Nominal Recovery (%) Nominal  Recovery (%)
AgNO; Day2 Day7 “INP- payo  pay7 AINP- payo DAY
Cit PVP 7

0.50 96 103 1.56 86 60 1.56 61 74
1.0 68 106 3.13 106 143 3.13 92 135
2.0 98 99 6.25 96 103 6.25 115 113
4.0 106 109 12.5 109 80 12.5 126 126
8.0 102 105 25.0 96 106 25.0 131 111

16.0 98 102 50.0 125 99 50.0 93 104




Table C.5: Development with time of total Ag concentrationsEnchytraeus crypticugpon exposure to AgNCat different concentrations in
the solution phase of a sand-solution medium. Shemerthe average measured concentrations in theé@sophase (see Table S3) and the mean
concentrations in the animals with standard demia{h=3). Also added are the uptake, kand elimination (K;) rate constants and the BCF
(=Kw/Ke1) estimated for each individual exposure conceioinaising equation 1.

Average Ag Ag Concentration (mg/kg dry body weight) Kw
concentration_'Me (days) (Lkg Ke1 BCF
in  solution body (1/4ay) (L/k)
(mg/L) 3 5 7 10 weight/

day)
0.028 <LOD <LOD 1.92+0.250 2.33+1.48 3.04+0.67017.0 0.099 171
0.028 - - 3.49+0.9704.62+0.080 5.50+0.780 33.9 0.12 283
0.037 12.8+4.84 13.9+7.55 15.9+0.230 16.2+1.12 21.4+8.60 233 0.44 526
0.215 15.741.82 22.3£5.91 - 28.7 - 57.9 0.41 140
0.293 21.442.99 - - - - 39.8 0.088 451
0.595 - - - - -

4.0D:0.05 pg/L;
®Only one sample available



Table C.6: Development with time of total Ag concentration€inchytraeus crypticugpon exposure to AgNP-Cit at different concentiragiin

the solution phase of a sand-solution exposure umedshown are the average measured concentratiadhe solution phase (see Table S3) and
the mean concentrations in the animals with stahdaviation (n=3). Also added are the uptakg)(&nhd elimination (K;) rate constants and the
BCF (=K./Ke1) estimated for each individual exposure conceiotmaising equation 1.

Average Ag Ag Concentration (mg/kg dry body weight) Kw
concentration_1'Mme (days) E)L/kg Ke1 BCF
in  solution ody (1/day) (L/kg)
(mg/L) 10 weight/

day)
0.043 <LOD 1.12+0.140 4.17+0.72 2.02+1.06 3.06+0.550 24.1 0.33 74.0
0.091 3.22+0.250 3.33+1.28 5.62+1.682.32+1.53 21.3+5.49 ¢ - -
0.212 13.9+5.27 22.4+4.75 23.145.228.7+1.85 39.3+3.36 37.1 0.18 210
0.616 10.746.35 40.2+11.9 48.5+18.46.8+6.22 73.1+44.35 18.7 0.11 170
3.48 26.% 48.2+8.46 58.2+28.765.0+14.8 99.5’ 431 010 427
9.57 56.2+25.0 66.2+13.2 - 83.4+27.525+60.24 3.17 0.25 12.9

4.0D:0.05 pg/L;
®Only one sample available
°no proper fit possible



Table C.7: Development with time of total Ag concentrationsEinchytraeusrypticusupon exposure to AQNP-PVP at different concerdrati
in the solution phase of a sand-solution exposwrdinm. Shown are the average measured concengatidhe solution phase (see Table S3)
and the mean concentrations in the animals withdstia deviation (n=3). Also added are the uptakg @ad elimination (k;) rate constants
and the BCF (=l§/Ke1) estimated for each individual exposure conceioinaising equationl.

Average Ag Ag Concentration (mg/kg) Kw
concentration_'Me (days) (Lkg Ke1 BCF
in  solution body (1/4ay) (Likg)
(mg/L) 2 10 weight/

day)
0.031 <LOD 0.81+0.09 2.67+0.5003.75+1.15 2.43+1.23 24.9 0.22 115
0.070 8.06+0.990 13.4+0.931.3+2.74 14.8+1.6114.8+2.61 104 0.49 211
0.072 17.1+0.540 16.0+1.57 14.3+0.6603.9 28.8+14.1 155 0.54 286
0.348 22.4+3.19 35.2+7.80 77.5+19.5 - - ¢ - - -
0.480 - - - - -
1.08 - - - - -

4.0D:0.05 pg/L;
®Only one sample available
°no proper fit possible
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Figure C.1: Internal total Ag concentrations Enchytraeus crypticuas a function of
measured Ag concentrations in the solution phasesaind-solution medium after 7 days
exposure to a) AgN§ b) AgNP-Cit, and c) AgNP-PVP. Data points show theasured total
Ag concentrations ik. crypticusat each concentration level at 7 days. Solid Ineesesent
the fit of Langmuir equation (Equation 2) to theéada



CHAPTER 6
EFFECT OF SOIL PROPERTIES ON THE TOXICITY OF SILVER
NANOPARTICLES AND SILVER NITRATE TO ENCHYTRAEUS CRY PTICUS

Abstract

Recent studies showing the possible accumulatiosileér nanoparticles (AgNPs) in soil
increased concerns about their possible toxicityséd organisms. Therefore, this study
determined the toxicity of AgNPs tBnchytraeus crypticusan ecologically relevant soil
organism. Standard natural soils with differentamig matter contents and pH (Lufa 2.2, Lufa
2.3 and Lufa 5M) were spiked with ionic Ag (AghCand AgNPs with different coatings
(polyvinyl pyrrolidone (PVP) and Citrate) to detenm the effects of soil properties and Ag
source.Enchytraeus crypticusvere exposed for 21 days to assess effects ornvauand
reproduction. Soils, pore water and surviving arémaere analyzed for Ag. LC50s were
higher for AgNQ than for AgNP-PVP (111 and 335 mg Ag/kg dry sodspectively),
however, a minor contribution of nano-specific pdjes to toxicity could not be excluded.
No effect of soil properties on enchytraeid suriiwas observed. EC50s for effects of both
AgNO; and AgNP-PVP on reproduction were similar and tiegly correlated with soil
organic matter content, while soil pH seemed ndaiftect toxicity of both Ag forms. AgNP-
Cit had similar toxicity as AQNP-PVP, but causedramatic dose-related increase of soil pH,
hampering proper assessment of EC50s. Ag uptakeeirnchytraeids was higher at higher
organic matter content. NOEC (<30 mg Ag/kg dry soilgeneral) was close to the Ag

concentrations predicted in the sewage sludge dezsar of Ag source and soil types.



6.1 Introduction

The numbers of the consumer products that contamoparticles (NPs) have been increasing
dramatically recently. Silver nanoparticles (AgNRsp among the most widely used NPs in
various products including cosmetics, paints, testietc. (The Project on Emerging
Technologies). There is increasing concern abarit telease from products which may lead
to exposure of the receiving environmental bodied posing harm to ecosystems. While
most previous work focused on effects in aquatarenments, there is increasing concern
about the effects of AgNPs on soil organisms simecent studies showed that the agricultural
application of sewage sludge (Blaster et al., 200&shing of paints with rainwater and
sedimentation (depending on the water chemistryuzcet al., 201Submittedl may lead to
spread and accumulation of AgNPs also in soils.

So far, earthworms are the most commonly used genfor assessing AgNP toxicity in
soil. Bioaccumulation, reproductive toxicity (ShtsdWilson et al., 2011a) and avoidance
response to polyvinyl pyrrolidone coated AgNPs (&gRVP) (Shoults-Wilson et al., 2011b)
were reported. Heckmann et al. (2011) observed ffexteof AQNPs on the survival and
reproduction of the earthworfisenia fetidaat concentrations as high as 1000 mg Ag/kg dry
soil. Hu et al. (2012) evaluated responses of thtexdant system, acid phosphatase and
ATPase oft. fetidafollowing exposure to AgNPs. The reproductive tityi and cytotoxicity

of AgNP onEisenia andrewere determined by Schlich et al. (2013) and Kwia&l.e(2014).
AgNPs did affect the growth and reproduction of ¢élaethwormLumbricusrubellus(Van der
Ploeg et al., 2014). Waalewijn-Kool et al. (2014)served no effects on the survival and
reproduction of the springtafolsomia candidat AgQNP concentrations up to 800 mg Ag/kg
dry soil.

However, knowledge on the toxicity of AgNPs to eyicheids is lacking in the literature.
Enchytraeids are ecologically relevant soil orgarsisowing to their crucial role in
decomposition and bioturbation in soils (Castrorfies et al., 2011) and are commonly
preferred for toxicity testing due to their sensfyi to a wide range of stressors (Didden and
Rombke, 2001). Santorufo et al. (2013) showed iinatial bioaccumulation iEnchytraeus
crypticuswas higher than i&. andreiandF. candida Although Gomes et al. (2013) found no
effect of AgNP-PVP on the survival dEnchytraeus albidusand EC50 for effects on



reproduction was 225 mg/kg, AgNPs should also Istetewith E. crypticuswhich is a
convenient model for soil ecotoxicology (Castro+Een et al., 2012).

The stability of AgNPs is affected by the enviromta conditions in the soil solution
(Klitzke et al. 2015). Therefore evaluation of ttexicity of AgNPs in soil should also
consider their speciation in pore water. Moreodeta on the effect of soil properties on the
toxicity of Ag nanoparticles to soil organisms daeking. Since Ag may complex with
organic matter, altering its speciation and biokamglity (Cornelis et al., 2012), soil organic
matter content may affect the toxicity of AgNPsilS$d1 may also affect the speciation of
silver by its influence on the processes of didgsmi agglomeration and adsorption (Liu and
Hurt, 2010). In addition to the effect of soil pespes, there are still doubts about the form of
Ag causing toxicity. While some studies report #ea of nano-specific properties (Colman
et al., 2013; Eom et al., 2013), others are pajnéiha dominant role of ionic silver in causing
toxicity of AgNPs (Heckmann et al., 2011; Gomealet2013; van der Ploeg et al., 2014).
This study has the following major aims: a) to deiee Ag bioaccumulation and the lethal
and reproductive toxicity of two differently coatédjNPs toE. crypticusin three different
soils, b) to assess the effect of Ag source on ptgke and toxicity by including AgN{as a
ionic Ag form, c) to assess the effect of organatter content and pH on Ag bioaccumulation
and toxicity, d) to relate toxicity and Ag uptake the animals to the speciation of AQNPs in

the soil pore water, and e) to relate toxicity @ Body concentrations in the test animals.

6.2 Materials and Methods

6.2.1 Test Organisms

Enchytraeus crypticus (Enchytraeidae; Oligocha&tanelida)has been cultured for over 10
years in the laboratory of the Department of EcimlagScience, VU University, Amsterdam,
The Netherland<E. crypticuswere cultured in agar media prepared with soilattand kept
in a climate room at constant temperature (16 Y€kative humidity (75%) and dark
conditions. The culture was fed twice a week wittmiature of oatmeal, dried baker’s yeast,
egg yolk powder, and fish oil. For the experimeatItE. crypticuswith white spots in the

clitellum region were selected.

6.2.2 Test Compounds

Polyvinyl pyrrolidone (AgNP-PVP) and Cytrate (AgNBit) coated silver nanoparticles and

ionic silver in the form of AgN@were used in this study. AgNQ@lso served as a positive



control to distinguish possible effects originatitgm the nanoparticles from those of the
released Ay ions. AgNP-Cit and AgNP-PVP were purchased fromnd&ys GmBH
(Switzerland) and obtained as suspensions in wat@oncentrations of 1 g/L and 10 g/L
AgNP, respectively. AgN®(Sigma-Aldrich, >99%) was dissolved in deionizeatev (Milli-

Q). Nominal size of AgNP-Cit and AgNP-PVP (1 g/Lhopided by the manufacturer was
around 25 nm; detailed characterization of the AghNBed has been reported in Topuz et al.
(2014).

6.2.3 Test Soils

The toxicity experiments were conducted in threwunmah standard soils, namely, Lufa 2.2,
Lufa 2.3 and Lufa 5M. Lufa 2.2 is a standard sgplet widely used for toxicity studies. Lufa
2.3 and Lufa 5M were selected because of their lamsxganic carbon content and higher pH,
respectively, compared to Lufa 2.2. The propemiethese soils are summarized in Table D1

in the Appendices. Soils were air dried at 40 °@ieebeing used in the experiments.

6.2.4 Toxicity Experiments

Effects of the three silver forms on the survivaldareproduction ofE. crypticuswere
determined according to 1ISO (2004) and OECD (20064),using an exposure duration of 3
weeks as recommended by Castro-Ferreira et al2j20kest concentrations were selected
based on LC50/EC50 values previously reported dathevorms and enchytraeids (Table D2).
AgNP-PVP was tested at 25.6, 64, 160, 400, 10002&060 mg Ag/kg dry soil. Applying the
same range for AgNP-Cit was not possible as ab6%enig Ag/kg dry soil all animals died,
probably because of the high pH of the stock AgNiPPsGlution (10.5+0.152). The pH of
soils spiked with AgNP-Cit at 400 mg Ag/kg dry saids around 8.50 and all organisms died
in a few hours. Also 160 mg Ag/kg dry soil led togroper conditions especially for Lufa 5M,
which had a higher pci2 (7.14+£0.002) than the other soils. Therefore, AgBlPwas tested
only at concentrations of 25.6 and 64 mg Ag/kg siny}. AgQNG;, which often is more toxic
than AgNPs (Table D2), was tested at 10.6, 25.6164@, 400, 1000 mg Ag/kg dry soil.

The soils were spiked in glass jars with the défgrAg forms dissolved in demineralized
water, at the same time adjusting soil moisturgeranto 50% of the water holding capacity
(WHC). After spiking, the soils were mixed to achgean as homogeneous distribution of the
Ag as possible. For the 2500 mg Ag/kg concentrabbrAgNP-PVP, spiking had to be

performed in steps, in between which the excessuatmaf solution was evaporated. Control

soils received demineralized water only. Four oziBs were prepared for each test



concentration and control. For each replicate, 8@ogst soil was placed in a 100 mL glass jar,
which was equilibrated overnight. Toxicity testargtd with the introduction of 10 adut
crypticus with clearly visible clitella and approximatelycin length, to the jars. A few grains
of oat meal were added as food. The jars were edweith perforated aluminum foil for air
transfer and incubated at 20+1 °C and 12:12 h :ligink. Water content and food were
checked twice a week and adjusted if necessargr &t days, the soil from each test jar was
transferred to a plastic box (250 mL) to colleceé thurviving animals, which werkept
overnight in petri dishes filled with ISO 6341 dikin solution (ISO, 1996) containing 294
mg/L CaC}.2H,0, 123.3 MgSQ@7H,O, 5.8 mg/L KCI, and 64.8 mg/L NaHG{Sigma
Aldrich, >99%), to empty their guts. Then, they eistored at — 18 °C for metal analysis. The
animals remaining in the soil in the glass testjare fixated by adding 10 mL ethanol (VWR
chemicals, 96%). After approximately 2 minutes, $b& was transferred from the glass jar to
the plastic box using an additional 100 mL tap wakdter that, the samples were stained
with 200 puL Bengal rose (Sigma Aldrich, in 1% etbinThe plastic boxes were closed
tightly, agitated and kept overnight at +4 °C tdaib efficient staining of the animals. To
separate solil particles from the juveniles, thenethsamples were washed with tap water and
passed through a 160 um sieve. The stained jugewiee then transferred to a special white

tray (80x50 crf) to be counted under a magnifier glass (x2.5).

Separate soil samples were mixed with 0.01 M g&8igma Aldrich, >99%) solution (5:1,
w/v) and shaken at 200 rpm for 2 hours. After sggtbf the soil particles (overnight) pH was
measured in the overlying solution using a pH m@érw, Inolab pH7110).

6.2.5 Silver Analysis

Spiked soils, pore water and surviving anin@#ected from the test jars were analyzed for
total Ag content. Animals tissues were freeze doedrnight, dry weights determined using
an analytical balance (Mettler Toledo GmbH, 1998)d transferred into pre-cleaned pyrex
tubes. The animals were digested on a hotplat®iid. of a mixture of HN@ (Mallbaker
Ultrex Ultra Pure, 65%) and HCIO(Mallbaker Ultrex Ultra Pure, 70%) (7:1), applying
different heating steps. Afterwards the digestiartare was completely evaporated at 180 °C.
Residues were taken up in 1 M HCI for Ag measurdmefnalyses were conducted by

graphite furnace atomic absorption spectrophoton{@terkin Elmer, PinAAcle 9002).

Soil was digested with the method described in \&@igh-Kool et al. (2014). After drying at
40 °C for 24 hours, about 0.130 g soil samples wegested in teflon bombs with 2 mL of a



mixture of HCI (Sigma Aldrich, 37%) and HN{Sigma Aldrich, %65)(4:1). The bombs
were closed tightly and heated at 140 °C for 7 &onran oven (Binder FD). After cooling
down, 8 mL demineralized water was added and thdiso was analyzed for Ag by flame
AAS (Perkin Elmer Analyst 100). To check for theaacy of the method, reference material
(ISE sample 989 of River Clay from Wageningen, Netherlands) was also digested with
the samples and the recoveries of Ag in the reterenaterial (2.8 mg Ag/kg dry soil) were
88-94%.

For porewater extraction, 30 g dry weight equivalanthe test soil was moistened to 100%
WHC by adding deionized water and equilibrated 3odays. Cellulose nitrate membrane
filters (0.45 pm) (S&S @ 47 mm) were placed in begw 2 round paper filters (S&S 597 &,
47 mm, pore size 11 um) at the bottom of Teflon benAll filters were pre-conditioned with
0.1 M Cu(NQ).to prevent loss of Ag. After introduction of thellsthey were centrifuged at
2000 g at 15 °C for 45 minutes (Centrifuge Falc(806). Approximately 5 mL of pore water
was collected, which was analyzed for total Ag layne AAS (Perkin EImer Analyst 100).

6.2.6 Statistical Analysis

Lethal concentrations killing 50% of the test ongams (LC50) and corresponding 95%
confidence intervals were calculated with the trieshSpearman—Karber method (Hamilton et
al., 1977). Effective concentrations that cause®bo Jdhd 50% reduction in the number of
juveniles (EC10 and EC50, respectively) and thB¥3onfidence intervals were obtained by
fitting a 3- parameter logistic dose-response md@Helanstra et al., 1985). To estimate No-
observed effect concentrations (NOEC), juvenile bers in the different treatments were
compared with the control (without test compoundjhwone way analysis of variance
(ANOVA) followed by Dunnett’'s post-hoc test (p<0)0E&C50s for the toxicity of AQN®
and AgNP-PVP and in the three test soils (Lufa PW#a 2.3 and Lufa 5M) were compared
with a generalized likelihood-ratio test (Sokal aRdhlf, 1995). All analysis were run in
SPSS 21 for Windows.

6.3 Results

6.3.1 Soil pH, total Ag and porewater Ag concentraons

The test soils were loamy (Lufa 2.2 and Lufa 5MYl aiity sand (Lufa 2.3) having different
pH, Organic Carbon (OC) content and Water Holdirap&zity (WHC) (Table C1). Soil
pHcaciz (mean, n=2) measured in this study (5.46, 5.47 7afhd for Lufa 2.2, Lufa 2.3 and



Lufa 5M, respectively, with relative standard déaa (RSD)<1%) were compatible with the
values reported by the provider (Table D1 in Apperd). The highest OC content was
measured in Lufa 2.2 (1.61+0.151 % OC), the lowesufa 2.3.

In the toxicity tests, pH of the spiked soils wdgse to that of the control soil except for
AgNP-Cit (Tables D3-D5). Tables D3-D5 show the nueed Ag concentrations in the test
soils. For all Ag compounds, recoveries of Ag w&del20%. Total Ag concentrations in pore
water strongly depended on Ag form and soil typg,ib all cases increased with increasing
soil concentrations (Tables D3-D5). The lowest Agepvater concentrations were measured

in Lufa 5M, while they were highest in Lufa 2.3.

The total Ag concentrations in soil and pore watere quite well fitted with Freundlich
isotherms (Figure D1-D2), with¥20.96 (Table 6.1).

Table 6. 1: Freundlich model parameters relating total Ag emi@tions with porewater
concentrations in three soils spiked with AgiNshd PVP-coated AgNPs (see Figure D3 and
D4 for the corresponding Freundlich isotherms).tdmst indicate significant differences
between K values for the different soils and Ag compoundsamied with a generalized
likelihood ratio test (p<0.05).

Compound  Soil K n R
Lufa2.2 127A 0.433 0.973
AgNO; Lufa2.3 34.9B 0.677 0.985

Lufa5M 118C 0.552 0.996
Lufa2.2 645D 0.345 0.967
AgNP-PVP Lufa2.3 576D 0.391  0.957
Lufa5M 758D 0.513 0.989

Freundlich adsorption coefficients (Kf) were sigraintly higher for AQNP-PVP than for

AgNO;s in all soils (Table 6.2). Kf values were signiintly different among the three soils

(likelihood ratio test; p<0.05). The lowest Kf valwas obtained for Lufa 2.3, the highest for
Lufa 5M. The Kf values for AQNP-PVP showed the sanead, but the difference between

soils was not significant. In all soils, the shaga@ameter (n) of the Freundlich isotherm was
below 1 for both AgN@and AgNP-PVP.

6.3.2 Toxicity Tests

The control performance of the enchytraeids satistine validity criteria of the test guidelines
(ISO, 2004; OECD, 2004), with adult mortality <5%n average 393-584 juveniles and a

coefficient of variation of juvenile numbers of 318.3%.



Dose-response curves for the toxicity of AgiN&hd AgNPs tcE. crypticusare shown in
Figures 1 and S3 for effects on reproduction amdiai, respectively. Corresponding LC50,
EC50, EC10 and NOEC values are presented in Table 6

LC50 was Ag source dependent (Table 6.2), andhersame Ag compound LC50s did not
significantly differ between the test soils (Tald6). LC50 values based on total soil
concentrations were significantly higher for AgNFHPthan for AgNQin all three soils;(z(l)
=26.2-67.8, p<0.05). LC50 values based on Ag camnagons in pore water (Table 6.1;
Figure D4) did not differ between soils or Ag sauf@able D6). EC50 values for the effect of
AgNO; and EC50 and EC10 for the effect of AgNP-PVP Encrypticusreproduction
differed significantly between different soil typEable 6.2; Figures 6.1 and D5).

For AgNG;, EC50 was significantly higher in Lufa 2.2 (75.2 g/kg dry soil) than in Lufa
2.3 (26.9 mg Ag/kg dry soil) and Lufa 5M (45.8 mg/Rg dry soil), while EC50 in Lufa 5M
also was higher than in Lufa 2.)”92((0 =25.6-37.3 (p<0.05). EC50s for AgN@nd AgNP-PVP
spiked to the same soil type did not significardiffer, but in Lufa 2.3 the EC10 of AgNP-
PVP was significantly lower than that of AghNGEC50 and EC10 values for the toxicity of
AgNO; and EC50 for the toxicity of AQNP-PVP increasedhwincreasing organic carbon
content of the test soils (Figure 6.2). Accordirgg EC50 values based on porewater
concentrations (Table 6.2; Figures 6.3 and D6), BgMas significantly more toxic than
AgNP-PVP in Lufa 2.3 and Lufa 5Nk2ql) =37.8-88.5, p<0.05), but not in Lufa 2.2 soil. In
Lufa 2.3, EC50 values for AgNQwere significantly higher than in Lufa 2.2 and &M
(x*)=16.3-19.1, p<0.05) (Table 6.2).

NOEC values were independent of Ag source andtgods; only exception was NOEC for
AgNO; which was higher in Lufa 2.2 (30.8 mg Ag/kg drylsthan in the other soils (Table
6.2). For AgNP-PVP, NOEC values were lower than ldweest tested concentration in all

three soils.



Table 6. 2:LC50 (concentration killing 50% of the animalsz®) and EC10 (concentrations reducing reprodudtjob0 and 10% compared to

the control) and No-observed Effect Concentratmrtlie toxicity of AQNQ and two differently coated AgNPs Emchytraeus crypticuafter 21

days exposure in three different test soils. LC%3 walculated with the trimmed Spearman—Karber otgetBC50 and EC10 with a logistic

dose-response model; 95% confidence intervalsegrerted in brackets. NOEC was estimated by oneAN®VA and Dunnet’s post hoc test

(p<0.05). Toxicity is related to total soil concexttons in mg Ag/kg dry soil, porewater concentrati in mg Ag/L and body concentrations in

the surviving animals in pg/g dry body weight.

LC50 EC50 EC10 NOEC
Soil Ag type Soil Porewater Soil Porewater Body Soil Soil
type concentration concentration concentration concentration concentration concentration concentrati
on
AgNO3 111  (89.2- 0.132  (0.094- 75.2 (60.8- 0.101 (0.077- >137 18.3 (10.8-30.8
Lufa 139) 0.170) 90.0) 0.125) 25.8)
59 AgNP- 335 (267- 0.217  (0.086- 92.3 (76.9- 0.074 (0.066- 180 (53.5- 25.5 (16.1- <20.3
' PVP 422) 0.348) 108) 0.081) 304) 34.8)
AgNP-Cit >102** >3.41** 51.3-102* >3.41 >191 - -
AgNO;3 112 (87.0- 1.86 (0.077- 26.9 (22.3- 0.139 (0.133- 26.6  (4.38- 8.29 (5.21- 9.90
Lufa 144) 3.64) 31.5) 0.145) 48.8) 11.4)
53 AgNP- 340 (271- 0.498 (0.297- 28.2 (19.5- 0.014 (0-0.042) 13.9 (0-41.8) 2.70 (0.326<28.9
' PVP 428) 0.70) 36.8) 5.07)
AgNP-Cit >58.7** >0.449** 30.5-58.7* 0.13-0.449* 43-104* - -
AgNO;3 92.1 (73.3- 0.348 (0.094- 46.0 (39.0- 0.084 (0.074- 9.76 (3.0- 11.7 (7.64- 9.90
Lufa 116) 0.603) 52.6) 0.095) 16.4) 15.7)
5M AgNP- 425 (361- 0.364  (0.318- 55.3 (50.5- 0.016 (0.01- 6.39 (6.02- 12.8 (10.2- <24.1
PVP 501) 0.411) 60.0) 0.022) 6.76) 15.4)
AgNP-Cit >63.8** >0.037** 27.4-63.8* 0.011-0.037* .84-6.58* - -

*Toxicity test conducted with 3 (Lufa 2.2) and 2ufa 2.3 and Lufa 5M) concentration levels; juvemilenbers were reduced by more than 50% betweenatiges
** |ess than 50% mortality at the highest concemtnatsted.
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Figure 6. 1: Effects of a) AgN@and b) AgNP-PVP on the reproduction Bhchytraeus
crypticusexposed for 21 days in Lufa 2.2, Lufa 2.3 and Laff& soils. Data points show the
number of juveniles produced in the four replicaté®ach concentration. Solid lines show
the fit of a 3-parameter logistic dose-responseehod
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Figure 6. 2: Effect of soil organic carbon content on toxicitfy AQNOs; and AgNP-PVP to
Enchytraeus crypticuafter 21 days exposure in three different soilataDpoints show the
EC50 and EC10 values for the effects on reprodoatadculated with a 3-parameter logistic
dose-response model. Solid lines represent traves lrelating EC50 and EC10 values to
organic carbon content of the soils arfdsRows the goodness of fit. Error bars represent th
95% confidence intervals for EC50 and EC10 values.

Measured Ag concentrations irE. crypticus increased with increasing exposure
concentrations for both AgNCand AgNP-PVP, regardless of the soil expect foNBgin
Lufa 2.2 (Table D7)E. crypticusexposed to AgN@or AgNP-PVP accumulated higher Ag
concentrations in Lufa 2.2 soil than in the othafss with the lowest internal concentrations
found upon exposure in Lufa 5M soil. Ag concentmasi were higher i. crypticusexposed
to AgNP-PVP than to AgN® For E. crypticusexposed to AgNP-Cit in all soil types,
measured body Ag concentrations were similar tgaho animals exposed to similar AgNO

and AgNP-PVP concentrations.

EC50 values relating effects on the reproductioB.afrypticusto body Ag concentrations are
shown in Table 6.2 and corresponding dose-respounses in Figure 4. For AQNGn Lufa
2.2, EC50 could not be calculated. No significaiftecence in internal EC50 values was

observed between both Ag forms and soil types.

Toxicity of AgNP-Cit toE. crypticushad to be evaluated without dose-response curyves a
only few concentrations could be tested. Basedh) it may be concluded that LC50 was
higher than 58.7-102 mg Ag/kg dry soil (survivald$8 in all soils), while no accurate EC50s

could be derived. Table 5.2 reports the concentnatin between which 50% effect must have



occurred; fitting the logistic model to the datatwb concentrations gave EC50 estimates of
53.1, 40.2 and 57.8 mg Ag/kg dry soil for Lufa 2.8fa 2.3 and Lufa 5M, respectively.
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Figure 6. 3: Effects of a) AgN@and b) AgNP-PVP on the reproduction Bhchytraeus
crypticusexposed for 21 days in a) Lufa 2.2, b) Lufa 21&] &) Lufa 5M soils. Effects are
related to Ag concentrations measured in pore waténe end of the exposures. Data points
show the number of juveniles produced in the faplicates of each concentration. Solid
lines show the fit of a 3-parameter logistic dossponse model.
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Figure 6. 4: Effects of a) AgN@and b) AgNP-PVP on the reproduction Bhchytraeus
crypticusexposed for 21 days in a) Lufa 2.2, b) Lufa 21&] &) Lufa 5M soils. Effects are
related to Ag concentrations measured in surviangnals. Data points show the number of
juveniles produced in the four replicates of eaghcentration. Solid lines show the fit of a 3-
parameter log-logistic dose-response model.

6.4 Discussion

AgNO; and AgNPs were toxic to the survival and reproidncof E. crypticusafter 21 days
of exposure in different test soils (Table 6.2)n8tal was less sensitive than reproduction

and toxicity was dependent on the Ag source ratifi@n on soil type. Soll type did affect



reproduction toxicity, and AgN$and AgNP-PVP were equally toxic to the reproductdE.
crypticus.Both Ag sources may cause negative reproductiatesffonE. crypticusat fairly

low concentrations with NOEC mostly <20 mg Ag/kg €oil.

6.4.1 Interactions of AQNPs with the test soils

Soil pH was affected by the concentration and theting material of the AgNPs. Sterically
coated AgNP-PVP, which basically is uncharged, aased soil pH slightly while the
electrostatically stabilized AgNP-Cit, which is ia¢igely charged, caused a strong increase of
soil pH. The latter effect was so strong that iswat possible to test very high concentrations

as the pH increase by itself was already suffidierill the test animals.

Ag concentrations in pore water were highly depeha& the source of Ag. The lower Ag
concentrations in pore water (Tables D3-D5) andidrig-reundlich adsorption coefficient (Kf;
Table 6.1) showed that AQNP-PVP binds strongeh#osoil than AgN@ This confirms the
results of our previous study using an aqueoustisaleémbedded in an inert sand medium,
where we also found higher fractions of Ag in tlggieous phase for AgNQhan for AgNP-
PVP. In addition to the Ag source, coating mateoAgNPs may have an impact on the
speciation of Ag in the soil due to difference idsarption, release of Ag ions or
agglomeration depending on stabilization effectkh@dugh porewater concentrations were
available for only two different soil concentratsoaf AQNP-Cit, the higher percentages of Ag
in pore water (2.0-3.5%) for AgNP-Cit than for AgNF¥P also supports the hypothesis of
the coating material effect. The higher porewatencentration of AgNP-Cit could be
explained with the results of Navarro et al. (20@4hp found a high release of Ag ions in the
presence of citrate in the soil due to the compierareaction between citrate-carboxylate
groups and AgNPs (leaving 2 or 3 negatively chargtss). Porewater Ag concentrations in
Lufa 2.2 soil were also lower for paraffin-coatedMP (Waalewijn-Kool et al., 2014) than for
AgNP-PVP in this study. However, in both studies &g concentrations in pore water were
below 1.5% of the soil concentration which is conapge with Whitley et al. (2013) and
Schilic et al. (2013).

Although less pronounced in this study, soil pH amdanic matter content also have an
impact on Ag concentrations in pore water. Thelsibty of metals is much higher at low pH
(Spurgeon and Hopkin, 1996; Li and Hurt, 2010), réfme the lowest porewater
concentrations would be expected for the soil witd highest pH. This effect was indeed
found for AQNQ and AgNPs in Lufa 5M soil, which had the highelst hufa 5M also had



the highest CEC which indicates a higher availgbitif binding sites. Although organic
matter content of this soil is close to that of & @3 soil, the Ag concentrations in pore water
confirm the dominant effect of high soil pH. A heghorganic matter content generally leads
to lower Ag concentrations in pore water (Liu andrtd12010), which was confirmed by the
difference in porewater concentrations between Rufaand Lufa 2.3, having similar soil pH.
Organic matter can inhibit the oxidation of Ag iomkich may bind to the AgNP surface and
are released to the soil solution (Borm et al.,608lowever, the Kf values for AQNP-PVP
did not differ between the test soils, while forM@; they were significantly lower for Lufa
2.3 (Table 6.2). This suggests that sorption of RgAWP was still dominated by particle
interactions with the soil rather than by sorptadrionic Ag. It can be speculated that organic
matter content of the soil is more effective ineafing the speciation of Ag in pore water
unless the pH is high enough to limit dissolution.

6.4.2 Toxicity of Ag toEnchytraeus crypticus

To the best of our knowledge, this study is thstfin the literature to report on the toxicity of
AgNO; and AgNPs tde. crypticusin soil. Reproduction was more sensitive than satyias
also was observed fdr. rubellus(van der Ploeg et al., 2014) akd albidus(Gomes et al.,
2013). Shoults-Wilson et al. (2011b) found thatidaoce behaviour dE. fetidaexposed to
AgNO; and AgNPs was even more sensitive than mortalitieproduction, with an EC50

<10 mg Ag/kg soil dry weight.

In our study, effects of AgN£and AgNP-PVP on the reproduction Bf crypticusbecame
effective at 20-30 mg Ag/kg dry soil. NOECs obtaingere in line with Schlic et al. (2013)
and van der Ploeg et al. (2014), who reported gabfec15 and 1.5 mg Ag/kg dry soil for
AgNO; and AgNP-PVP, respectively. Total Ag concentragiom sewage sludge are in the
range of 2-195 and 3-14 mg Ag/kg according to USEP®09) and Johnson et al. (2014),
respectively, and Gottschalk et al (2009) prediatedcentrations in sewage sludge in the
range of 1.29-6.24 mg nano-Ag/kg. Comparing our lORvith these concentrations shows
that AQNPs can pose a risk far crypticusin soils repeatedly dosed with sewage sludge. The
use of sewage sludge as fertilizer for agricultlimabls should be studied further to properly

assess the potential risk of exposure of soil asgasito AQNPs and other NPs.

The data on AgN@and AgNPs in soils with different characteristit®w that toxicity may

change depending on the Ag source (ionic or nand)oa soil characteristics.

Effect of Ag source



One of the biggest questions about AgNPs is whettingr toxicity is due to ionic silver
released or caused by nano-specific characteriskios results of our study show that the
source of the toxicity may depend both on the emd@nd on soil characteristics such as pH
and organic matter content. The LC50s for the eftecthe survival ofE. crypticuswere
lower for AQNQ; (source of ionic Ag) than for AQNP-PVP (Table 6.@hile no difference
was found in the EC50 or EC10 values for the eftecteproduction (Table 6.2). Significant
differences between AgNGnd AgNP-PVP in terms of LC50 were observed inlisgionE.
albidus(Gomes et al., 2013) artd fetida(Heckmann et al., 2011). Van der Ploeg et al.(2014

also point at the effect of Ag source on the bidabdity of Ag to earthworms.

The higher Ag concentrations in the pore water giN®; spiked soils (Tables D3-D5)
explain the higher toxicity of ionic Ag on survivallthough ionic Ag also seems to be the
major source of toxicity, it may be speculated tih& nano-specific characteristics of AgNP-
PVP also contributed to its toxicity. Shoults-Witset al. (2011a) came to a similar
conclusion. Since the dissolution of the AgNP-P\$Bdiin our study was reported to be up to
12% by Odzak et al. (2014), the LC50 of AgNP-PVPsvexpected to be 10% of that of
AgNOs; in our study, this was however, around 25%. Im previous study, wher&.
crypticuswere exposed to same AgNP-PVP in an agueous@olethbedded in an inert sand
medium, the LC50 for AQNP-PVP was 50% of that fagNO; (Topuz and Van Gestel,
submitteql, supporting this assumption. The lower LC50 (irof4he one for AgNG@) in this
study compared to our previous study is consisiatfit the literature since the sand medium
is known to cause higher toxicity for AQNPs becaoistheir lower affinity to bind to the sand
(Navarro et al.,, 2014). The LC50s for Aghl@nd AgNP-PVP based on porewater
concentrations (Table 6.2) suggest similar toxiotynano Ag and ionic Ag, which may be
due to the higher availability of AQNPs in pore arabr the presence of ionic Ag resulting
from its dissolution. The latter however, seems lésly since AQNP-PVP was highly stable
in synthetic and natural aquatic media with variaager chemistry characteristics (Topuz et
al., 2014; Topuz et alsubmitted. Ag concentrations measured i crypticuswere also
similar for AQNG; and AgNP-PVP except for Lufa 2.2 soil with the lregt organic matter
content. The latter is in line with the differendastween LC50 values, which were also
higher for Lufa 2.2 soil than for other soils. Tbentradiction for the effect of Ag source
between LC50s based on soil and porewater contientrdoes not provide a consistent
answer to the question which dose is more repraSeatfor toxicity: soil or porewater
concentration? It is beyond the scope of this stadynswer this question.



Dose-response curves for the effects of Agld@d AgNP-PVP on reproduction, based on saoill
concentrations (Figure D5), overlap perfectly ssgjgg that toxicity is similar for ionic and
nano forms in all soil types. Ribeiro et al. (20)d Schlic et al. (2013) also found similar
toxicity of AQNO; and AgNPs td’seudokirchneriella subcapitatndE. andrej respectively.
This may suggest that toxicity is increased dugnéoindirect, nano-specific effects of AQNPs
(Ribeiro et al., 2014). Differences in toxicity niemisms towards survival and reproduction
therefore could be the reason for the finding ofaiapecific effects on reproduction and not
for survival. It is known that reproduction can béected by reactive oxygen species
production, DNA damage and protein denaturatioraZand Wang, 2011). Ahn et al.(2014)
demonstrated ROS damage for the nematGdenorhabditis elegansipon exposure to
AgNP-PVP which is not observed for AQNGDn the other hand, dose-response curves and
EC50s for the effects of AgNOand AgNP-PVP on reproduction based on porewater
concentrations (Figure D6; Tables 6.2 and D6) destnate that AQNP-PVP may be more
toxic than AgNQ in Lufa 2.3 and Lufa 5M soils. This is line withet survival toxicity based

on porewater and total Ag concentrationgircrypticug(Table D7). It seems that AQNP-PVP
can be mobile in all soil types; however, their ittly may be reduced but their
bioaccumulation increased due to the presencegbfehiorganic matter content in the pore

water of Lufa 2.2 soil.

Effect of organic matter and pH

The dose-response curves for the effects of Aghit@ AgNP-PVP (Figure D7) were almost

overlapping and LC50s did not significantly diffeetween soil types (Table 6.2). This

suggests that LC50 is not sensitive to organic enatbntent (0.6-1.6%) and pH (5.5-7.5) at
least in the range used in our study. Also EC50e&lelated to porewater concentrations did
not differ (Figure D8; Table 6.2).

Dose-response curves for the effect of AgN@d AgNP-PVP on reproduction based on soil
concentrations suggest a major effect of organittanéFigure 6.1), corresponding with the
increase of the Kf values with increasing organgttter content of the soils (Table 6.2). Ag
ions are known to have high affinity to organic tea{Gao et al. 2012). In addition to the
clear shifts in the dose-response curves, EC50a8dgbiO; and AgNP-PVP were significantly
different between soils (Table D7). EC50 and ECalues strongly correlated with organic
carbon content of the soils (Figure 6.2), for bathforms. EC50s for the toxicity of AgNO
and AgNP-PVP tde. albidus AgNP-Cit toE. fetidaand AgNQ to L. rubellusreported in
other studies (Gomes et al., 2013; Kwak et al.42@hn der Ploeg et al., 2014) were higher



than the values found in our study, which coulddbe to the higher organic carbon contents
of the soils used by these authors. The EC50s & d6d 80 mg Ag/kg dry soil for AGNO
and AgNP-PVP, respectively found fér fetidain RefSoil (Table D2; Schilic et al., 2013) are
comparable with the values obtained in our studyLtda 5M (Table 6.2) which had the same
organic carbon content (Table D1). Although theedassponse curves of AgNP-PVP based
on porewater concentrations (Figure 6.3) did notwshn as clear pattern as the curves based
on soil concentrations, EC50s showed the simitardrof higher toxicity of AQNP-PVP in the
soil with the lower organic matter content. Thesemce of organic matter, such as low
molecular weight organic thiols in pore water, nigck the active sites of AQNPs, leading to
lower toxicity (Yang et al., 2014). Higher Ag comteations inE. crypticus(Table D7) and
the lower toxicity in Lufa 2.2 soil support this gothesis. Yang et al. (2014) also reported
that organic matter diminished the toxicity of Agngpounds tcC. elegansAccording to the
EC50s based on porewater concentrations, Aghid the lowest toxicity in Lufa 2.3 with the
lowest organic matter content which is difficult éaplain with the scope of this study and
existing studies. Yang et al. (2014) showed thigfoa of fulvic acid decreased toxicity @
elegansupon exposure to AgNQO Therefore, the structure of organic matter rathan its

guantity may be speculated to decrease the toxdejpending on the Ag source.

Dose-response curves for the effects of Ag compswmdenchytraeid reproduction based on
body concentrations (Figure 6.4) also suggest ifgxeas lowest in Lufa 2.2 soil. The higher
organic matter content in the pore water of Lufa 2oil may also bind Ag ions with
complexation reactions and deactivates the toxidégpite of the rather high concentration
taken up into the body. The body Ag concentratmmahimals exposed in Lufa 2.2 soil seems

fairly high compared to the other soils, and remdiard to explain.

It may be speculated that there are different paylswor the bioavailability of ionic Ag and
AgNPs in addition to pore water since the uptake Wwagher in the soil with the lower Ag
concentration in the pore water. However, uptal@nfrpore water could become more
dominant for AgNPs in soils with higher organic teatcontent, which increases their
mobility as a result of stabilization. Neverthelesgganic matter may decrease toxicity by
occupying active sites which leads to bioaccumaitatiTherefore, the effect of organic matter

content on the toxicity may not be as effectiveiémic Ag as for AQNPs.

Most of the significant differences in toxicity lbeien the test soils seem related to the
difference in organic matter content. The Lufa 5d did not show any specific differences
which could be related to its high pH value evesutih Ag speciation in the soil and the pore



water should also be highly affected by the diffiee=in pH. Soil pH also was not as effective
as organic matter content in influencing the avotgabehaviour oE. fetidato AgNPs in the
study of Shoults-Wilson et al. (2011b).

6.5 Conclusions

NOEC values for the reproduction toxicity of AgNfesEnchytraeus crypticugere as low as
the predicted environmental concentrations for ggwsaludge, emphasizing the need for
environmental risk assessment studies. Reproduttdioaity of both AQNQ and AgNP-PVP
negatively correlated with soil organic matter @mf but no such correlation was found for
effects on survival. Soil pH seemed not to affestidity of both Ag forms. Survival seems
especially affected by ionic Ag, although in cagseAgNP-PVP a (minor) contribution of
nano-specific properties to toxicity could not becladed. Reproduction may be as sensitive
to effect of nano-Ag as to ionic Ag. Therefore, ther study on the mechanisms of

reproduction toxicity of nano-Ag is needed.



APPENDIX D: Chapter 6



Table D.1: Characterization of the Lufa soil types used li@r toxicity test with silver
nanoparticles and silver nitrate. Characterizaisgorovided by the supplier (LUFA-Speyer,
Germany, 2009) (for more detailed information, $eg://www.lufa-speyer.de/).

Parameters Lufa 2.2 Lufa 2.3 Lufa 5M
organic carbon in % C 1.61+0.15 0.67 £0.04 0.980G5
pH-value (0.01 M CaG) 55+£0.1 5.8 £0.7 7.310.1
cation exchange capacity ( meq / 1009) 10.0£0.7 31T.0 16.1+£4.2
maximum water holding capacity (g/1009) 43.3 £2.6 563 1.7 39.8+2.1
weight per volume (g/1000ml) 1236 £32 1334 £6 12915

soil type (German DIN) Loamy sand Silty sand Loasand
soil type (USDA) Sandy loam Loamy sand Sandy loam

Table D.2: Reported data for the toxicity of AgN@nd PVP-coated Ag nanopatrticles
(AgNP-PVP) to different soil organisms in differeaast matrices and using different
endpoints.

Compound Organism Endpoint Matrix LC50/EC50 Reference
(mg Ag/
kg dry soil)
AgNO; Eisenia Survival OECD soll 530 Kwak et al.
andrei (2014)
AgNO; Eisenia Reproduction  RefeSol 42 Schlich et al.
fetida 01A" (2013)
AgNO; Enchytraeus Reproduction OECD soil <50 Gomes et al.
albidus (2013)
AgNP-Cit Eisenia Survival OECD soll >2000 Kwak et al.
andrei (2014)
AgNP-PVP Eisenia Survival Askov >1000 Heckmann et
fetida al. (2011)
AgNP-PVP Enchytraeus. Reproduction OECD soil 225 Gomes et al.
albidus (2013)
AgNP-PVP Eisenia Reproduction  RefeSol 146 Schlich et al.
fetida 01A" (2013)
AgNP-PVP Eisenia Avoidance 8.39
(10 nm) fetida Yeagef Shoults-Wilson

AgNP-PVP Eisenia Avoidance Sandy Loam 4.26 et al. (2011b)
(30-50 nm) fetida

7% sphagnum peat, 20% kaolin clay and 73% of sand
Ta loamy, medium-acidic, and lightly humic sand B7; Corg 0.93%, sand 71%, silt 24%, clay 5%)
ta sandy loam soil with pH of 5.8, total organichzar 1.36%, clay 11.6%, silt 21.4%, and sand 64.7%

T The OECD artificial soil consisted of 69.58% dryssauartz sand, 0.43% dry mass crushed limestof& d2y mass kaolin clay, and
10% dry mass sphagnum peat moss (sieved to <2 mm)



Table D.3: Soil pH:zacz and total soil and porewater Ag concentrationhélLufa 2.2 soil
spiked with AgNQand two differently coated AgNPs for the toxicitgperiments with
Enchytraeus crypticusilso included is the recovery of Ag from the sgaksoils. All values
are averages (relative standard deviation) (n=2).

Nominal Measured
. X Porewater
Concentration Concentration Recovery H Concentration
(mg Ag/kg dry (mg Ag/kg dry (%) PH Caci2
/ ! (mg Ag/L)
soil) soil)
0 <LOD - 5.46(01.43) <LOD
AgNO3
10.2 13.5(14.7) 132 5.31 (0.386) -
25.6 30.8 (0.07) 120 5.31 (0.040) 0.061 (18.5)

64 50.2 (11.9) 78.5 5.35(0.714) 0.065 (8.7)
160 144 (5.49) 90.2 5.48 (0.633) 0.169 (4.18)
400 349 (5.43) 87.3 5.36 (0.040) 13.8 (6.39)
1000 819 (3.35) 81.9 5.26 (2.03) 67.4 (13.6)

AgNP-PVP
25.6 20.3 (6.59) 79.2 5.35(0.767) -

64 56.8 (1.43) 88.8 5.41 (0.445) 0.049 (8.66)
160 166 (32.1) 104 5.65 (0.551) 0.126 (1.69)
400 422 (8.42) 105 5.79 (0.757) 0.166 (17.0)
1000 785 (0.573) 78.5 5.90 (0.515) 0.890 (28.5)
2500 2093 (22.2) 83.7 6.45 (0.691) 31.1 (6.15)

AgNP-Cit
25.6 21.4 (17.1) 83.7 5.71 (0.941) 0.904 (10.4)

64 51.3(5.82) 80.2 5.72 (0.210) 3.41 (12.0)

160 102 (1.0) 63.6 6.21 (0.682)




Table D.4: Soil pHcacz and total soil and porewater Ag concentrationthéLufa 2.3 soil
spiked with AgNQ and two differently coated AgNPs for the toxicitgperiments with
Enchytraeus crypticusilso included is the recovery of Ag from the sgaiksoils. All values
are averages (relative standard deviation) (n=2).

Nominal Measured
. X Porewater
Concentration Concentration  Recovery H Concentration
(mg Ag/kg dry (mg Ag/kg dry (%) PH Caci2
/ ! (mg Ag/L)
soil) soil)
0 <LOD - 5.47(3.25) <LOD
AgNO3
10.2 9.9 (28.0) 96.9 5.64 (0.364) -
25.6 20.3 (16.3) 79.3 5.66 (0.537) 0.131 (4.32)

64 53.3 (14.3) 83.3 5.65 (0.300) 0.163 (37.3)
160 149 (0.624) 93.3 5.62 (0.365) 4.26 (5.82)
400 379 (21.4) 94.7 5.70 (1.46) 40.3 (13.2)
1000 900 (4.35) 90.0 5.59 (0.771) 118 (0.958)

AgNP-PVP
25.6 28.9 (4.13) 113 5.69 (0.310) -

64 61.5 (20.9) 96.0 5.70 (0.410) 0.084 (4.23)
160 152 (0.89) 94.5 5.77 (0.870) 0.146 (21.3)
400 387 (4.15) 96.8 5.91 (2.24) 0.592 (1.43)
1000 878 (9.04) 87.8 6.31 (1.36) 1.19 (34.6)
2500 1957 (3.65) 78.3 6.68 (0.074) 23.8 (12.2)

AgNP-Cit
25.6 30.5 (28.4) 119 5.74 (2.75) 0.13 (43.9)

64 58.7 (3.37) 91.7 6.08 (1.26)  0.449 (12.0)




Table D.5: Soil pHzaciz and total soil and porewater Ag concentrationthéLufa 5M soil
spiked with AgNQ and two differently coated AgNPs for the toxicitgperiments with
Enchytraeus crypticusilso included is the recovery of Ag from the sgaiksoils. All values
are averages (relative standard deviation) (n=2).

Nominal Measured Recovery Porewater
Concentration Concentration (%) PH caci2 Concentration
(mg Ag/kg drysoil) (mg Ag/kg drysoil) (mg Ag/L)
0 <LOD - 7.14(0.069) <LOD
AgNO;
10.2 9.9 (7.79) 96.6 7.19 (0.098) -
25.6 23.5 (18.0) 91.8 7.27 (0.399)  0.048 (2.95)

64 43.0 (3.62) 67.1 7.35(0.491) 0.101 (95.2)
160 148 (3.88) 92.5 7.35 (0.154) 1.36 (1.57)
400 407 (5.57) 102 7.41 (0.382) 9.88 (26.5)
1000 927 (4.80) 92.7 7.44 (0.276) 41.2 (0.72)

AgNP-PVP
25.6 24.1 (13.6) 94.1 7.28 (0.515) -

64 62.3 (15.7) 97.4 7.34 (0.540) 0.025 (20.2)
160 150 (2.14) 93.9 7.38 (0.374)  0.059 (52.0)
400 383 (0.812) 95.7 7.51(0.198) 0.273(28.5)
1000 762 (29.7) 76.2 7.68 (0.534) 0.758 (4.2)
2500 2511 (2.81) 100 7.91 (0.215) 10.4 (11.2)

AgNP-Cit
25.6 27.4 (9.69) 107 7.25 (0.205) 0.011 (9.2)
64 63.7 (1.97) 100 7.70 (0.092) 0.037 (21.7)




Table D.6: Comparison of LC50 and EC50 values for the effeEl&gNO; and AQNP-PVP
on the survival and reproductionBhchytraeus crypticuafter 21 days exposure in Lufa 2.2,
Lufa 2.3 and Lufa 5M soils. Effect concentrations based on soil, porewater and body
concentrations and compared using a generalizetihdod ratio test. The significance of
differences is reported as usixﬁgh:l) values (p <0.05). When there is no differenéevere
reported as <3.84 (p<0.05).

LC50 EC50
. . Pore . Pore
Type Comparison Soll water Soil water Body
X (=13 P<0.05
Lufa2.2 AgNQ-AgNP-PVP 327 <3.84 <3.84 7.60 *
Lufa2.3 AgNQ-AgNP-PVP  26.2 6.37 <3.84 37.8 <3.84
Lufab5M AgNGs;-AgNP-PVP  67.8 <3.84 <3.84 88.5 <3.84
Lufa2.2-Lufa 2.3 <3.84 <3.84 40.7 10.1 *
AgNO; Lufa2.2-Lufa5M <3.84 <3.84 16.3 <3.84 *
Lufa 2.3-Lufa5M <3.84 <3.84 19.1 21.1 <3.84
AgNP- Lufa2.2-Lufa2.3 <3.84 <3.84 37.3 <3.84 6.33
PVP Lufa 2.2-Lufa5M <3.84 <3.84 25.6 76.5 <3.84
Lufa2.3-Lufa5M <3.84 <3.84 27.1 <3.84 <3.84

* Data can not fit to the model

Table D.7: Total Ag concentrations iBnchytraeus crypticusxposed for 21 days to different
concentration levels of AgN{and two differently coated AgNPs spiked to Luf3, 2.ufa 2.3
and Lufa 5M soils. Results are given as the mealat{ve standard deviation) for 2 replicates

of test jars.

Nominal Animal concentrations
Concentration (Lg Ag/mg dry body weight)
(mg Ag/kg drysoil)  Lufa 2.2 Lufa 2.3 Lufa 5M
AgNO
10.2 103 (8.41) 22.8(16.1) 5.67 (41.6)
25.6 105 (20.6) 19.6 (4.37) 2.83 (11.1)
64 108 (38.7) 55.6 (17.3) 16.6 (42.9)
160 150 (28.1) 47.8 (45.4)
400
1000
AgNP-PVP
25.6 115 (25.6) 19.8 (27.9) 6.51 (n.a.)*
64 204 (11.7) 61.0(11.5) 7.56 (n.a.)
160 192 (38.7) 82.7 (30.3) 8.14 (10.1)
400 430 (18.1) 184 (10.4) -
1000 892 (1.21) 182 (22.0) 23.6 (n.a.)
2500
AgNP-Cit
25.6 38.5(6.21) 47.3(35.4) 6.58 (12.5)
64 191 (20.2) 104 (39.6) 4.84 (2.21)

*n.a.=not avaliable
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Figure D.1: The relation betweetotal Ag concentration in soil and the concentrafio pore
water of a) Lufa 2.2, b) Lufa 2.3, and c) Lufa 5MIs spiked with AQNQ. Data points show
the measured concentrations. Solid lines repréakerfit of a Freundlich isotherm to the data.
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Figure D.2: The relation betweetotal Ag concentration in soil and the concentratio pore
water of a) Lufa 2.2, b) Lufa 2.3, and c) Lufa 5MIs spiked with AQNP-PVP. Data points
show the measured concentrations. Solid lines septehe fit of a Langmuir isotherm to the
data.
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Figure D.3: Comparison of dose-response curves for the effeat AgNG; and AgNP-PVP the survival of
Enchytraeus crypticusxposed for 21 days in a) Lufa 2.2, b) Lufa 2r8] a) Lufa 5M soils. Effects are related
to total Ag concentration in the test soils. Dadéngs show survival (out of 10 individuals) in tfeur replicates
of each concentration. Solid lines show the fiac#-parameter logistic dose-response model.
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Figure D.4: Comparison of dose-response curves for the effesgNO; and AGNP-PVP on the survival of
Enchytraeus crypticusxposed for 21 days in a) Lufa 2.2, b) Lufa 28] a) Lufa 5M soils. Effects are related
to porewater Ag concentrations measured at theoétite exposures. Data points show survival (out®f

individuals) in the four replicates of each concatibn. Solid lines show the fit of a 3-parametagistic dose-
response model.
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Figure D.5: Comparison of dose-response curves for the effegNO; and AgQNP-PVP on the reproduction of
Enchytraeus crypticusxposed for 21 days in a) Lufa 2.2, b) Lufa 2r8] a) Lufa 5M soils. Effects are related
to total Ag concentration in the test soils. Daténps show the number of juveniles produced infthe

replicates for each concentration. Solid lines shiwafit of a 3-parameter logistic dose-responsdeho
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Figure D.6: Comparison of dose-response curves for effectg@; and AgNP-PVP on the reproduction of
Enchytraeus crypticusxposed for 21 days in a) Lufa 2.2, b) Lufa 2r8] a) Lufa 5M soils. Effects are related
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response model.
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Figure D.7: Effects of a) AgNQand b) AgNP-PVP on the survival Bhchytraeus crypticus
exposed for 21 days in Lufa 2.2, Lufa 2.3 and LaNasoils. Data points show survival (out
of 10 individuals) in the four replicates for eamncentration. Solid lines show the fit to the
data of a 3-parameter logistic dose-response model
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Figure D.8: Effects of a) AgNQand b) AgNP-PVP on the survival Bhchytraeus crypticus
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(out of 10 individuals) in the four replicates fach test concentration. Solid line shows the
fit to the data of a 3-parameter logistic dose-oase model



References
LUFA-Speyer, Germany, 2009. www.lufa-speyer.de/

Gomes SIL, Amadeu AMVM, Soares AMVM, Scott-Fordsmad, Amorim MJB. 2013.
Mechanisms of response to silver nanoparticleBmechytraeus albidu@Oligochaeta):
Survival, reproduction and gene expression pradildaz Mat 254-255: 336-344.

Heckmann LH, Hovgaard MB, Sutherland DS, AutruBldsenbacher F, Scott-Fordsmand
JJ. 2011. Limit-test toxicity screening of seledt@arganic nanoparticles to the earthworm
Eisenia fetidaEcotoxicology 20:226-233.

Kwak JI, Lee WM, Kim SW, An YJ. 2014. Interactiohatrate-coated silver nanoparticles
with earthworm coelomic fluid and related cytototian Eisenia andreid Appl Toxicol.

Schlich K, Klawonn T, Terytze K, Hund-Rinke K. 20Xfects of silver nanoparticles and
silver nitrate in the earthworm reproduction t&stviron Toxicol Chem 32:181-188.

Shoults-Wilson WA, Zhurbich Ol, McNear DH, TsyusY, Bertsch PM, Unrine JM.
2011b. Evidence for avoidance of Ag nanopartickesdrthwormskEisenia fetidg
Ecotoxicology 20: 385-396.



CHAPTER 7

AN APPROACH FOR ENVIRONMENTAL RISK ASSESSMENT OF
ENGINEERED NANOMATERIALS USING ANALYTICAL HIERARCHY
PROCESS (AHP) AND FUZZY INFERENCE RULES

The usage of Engineered Nanoparticles (ENPSs) iswoer products is relatively new and
there is a need to conduct environmental risk assest (ERA) to evaluate their impacts on
the environment. However, alternative approachaggsired for ERA of ENPs because of
the huge gap in data and knowledge compared toectiowmal pollutants and their unique
properties that make it difficult to apply existiagproaches. This study aims to propose an
ERA approach for ENPs by integrating Analytic Hretey Process (AHP) and fuzzy
inference model which provide a systematic evabmatof risk factors and reducing
uncertainty about the data and information, respelgt Risk is assumed to be the
combinantion of occurrence likelihood, exposure eptil and toxic effects in the
environment. A hierarchy was established to evaltilé sub factors of these components.
Evaluation was made with fuzzy numbers to reduceetiainty and incorporate the expert
judgements. Overall score of each component wadirwd with fuzzy inference rules by
using expert judgements. Proposed approach refhertssk class and its membership degree
such as Minor (0.7). Therefore, results are pre@sd helpful to determine the risk
management strategies. Moreover, priority weiglalsutated by comparing the risk factors
based on their importance for the risk enable tsemderstand which factor is effective on
the risk. Proposed approach was applied for Ag (taoparticle with different coating) and
TiO, nanoparticles for different case studies. Resudtified the proposed benefits of the

approach.



7.1 Introduction

Nanomaterials are defined by the European Commmissie “natural, incidental or
manufactured materials containing particles, iruahound state or as an aggregate or as an
agglomerate and where, for 50 % or more of thagbestin the number size distribution, one
or more external dimensions is in the size rangen1100 nm” (EU 2011). Since about one
decade, the usage of nanomaterials has been gffexane and more promising applications
for a wide category of products including cosmetiekectronics, building materials etc.
(Nanotechproject, 2013). According to the nanofeaject (Nanotechproject, 2013), Ag and
TiO, nanoparticles are first and second, respectivelyhe product inventory based on the
number of products. (Royce et al., 2014) reported AgNPs were used in 410 consumer
products in 2014 with an almost 20 fold increas8 years. While AgNPs are mainly used for
antimicrobial purposes, TKNPs are used for the antimicrobial, self-cleanimgter repellent,
moisture absorbent, and UV protection purposes (BME11). (Piccinno et al., 2012)
reported the usage and the distribution based @aupt category for Ag and TiO

nanoparticles as follows:
- Production amount is lower for Ag (<10 ton/yeamritfor TiG, (10000 ton/year).
- Most of the Ag and Ti@were used in Switzerland (3.1 and 435 ton/yeapeaetively).
- AgNPs were mostly used in textiles (30-50%) and NPs in cosmetics (70-80%).

Although the products containing these nanomatenakre a reasonable choice at the
beginning, the consumers became concerned abous#uye of these products because of the
many debates raised by environmental and humathhgaéntists (Benn et al., 2010). ENPs
can be released during the production, manufagyrocesses of the products they are used
in and during the usage of these products in mdawbnd, single or dispensed forms
(Gottschalk and Nowack, 2009; Brar et al., 201®llé&¢ and Lazareva (2013) reported that
66,000 tons of ENPs end up in freshwater every .y&@cent studies showed that
nanoparticles may be released from consumer preducth as antibacterial agents in textiles
to washing (detergent) solutions and surface w@&enn and Westerhoff, 2008; Geranio et al.,
2009; Windler et al., 2012; von Goetz et al.,, 20H&dberg et al., 2014), from biocidal
plastics and textiles to surface water and agucaltland through the wastewater treatment

plants (Blaser et al., 2008), from fabric and clegrtoys for children to sweat and tap water



(Quadros et al.,, 2013), and from sunscreens tchwrater due to swimming activities
(Gondikas et al., 2014). However, local variatiomgheir usage lead to uncertainties in the
predictions of the amount of ENPs that end up irstexsater treatment plant (WWTP)
effluent and biosolids (Lazareva and Keller, 20I4)e amount of money that the countries
allocate for research and development and incomelse(lnequality-Adjusted Human
Development Index-IHDI) can be a good indicatortttd ENP production and the usage of
ENP products, respectively. In addition to ENP picitbn and usage, release of ENPs can be
influenced by the fraction of wastewater that gime®/WTPs and the technologies applied for
water purification because of the critical procestbat occurs in WWTPs such as dissolution,
sorption to organic matter and sulfidation (Lazarend Keller, 2014). Released ENPs end up
in receiving environmental bodies via direct andinect pathways. ENPs in biosolids can end
up on land via the application to the land, disposéandfills and incineration.

The dramatic increase in the usage of ENPs in e¢oesyproducts and concerns raised by
release studies about the occurrence of ENPs ierligonment require assessment of their
environmental impact. ENPs start to be included rggulatory guidelines where
environmental risk assessment needs are mentigkmuhrding to BMBF (2011), the EU
Biocidal Products Directive 528/2012 is the firgtgulation that mentions the new EU
definition of nanomaterials. It is required to seqely evaluate the risks of biocidal products
including nanomaterials to human, animal and emvirent health and to label the biocidal
products to contain nanomaterials (BMBF 2011). Mdiscussions are going on about
whether there is a need and if so, how to incluti¥&in different regulatory frameworks
(Justo-Hanani and Dayan, 2015). The risk assesson&iPs is however, still receiving little

attention in the literature (Museljic and Olsenl12))

7.2 Environmental Risk Assessment for ENPs

Risk is defined as the combination of the probabiif a hazard to occur and the magnitude
of the consequences of this hazard (Wessberg, &0dl7). Achour et al. (2005) describe the
characteristics of environmental risk as follow$:tle probability of the occurrence of an
event such as the discharge of hazardous matertaletenvironment, (ii) the probability of
the transport of this material in the environment &xposure of organisms, and (iii) the
effects caused by the exposure. One of the mosinoomapproaches to characterize the risk
is taking the ratio (RQ) of the Predicted ExposQoncentration (PEC) and the Predicted No-
Effect Concentration (PNEC), which shows that thisregisk when RQ>1 (Saouter et al.,



2001). However, this approach is not adequate RA Bf ENPs because of their relatively

short history of usage in products, which resultsmited and uncertain data.

Most studies agree that there are still many uag#ies and lots of complicated aspects to be
addressed, making it impossible to proceed witlokaust ERA (Miseljic and Olsen, 2014,
Schauman et al., 2014, Gajewicz, et al., 2012, chatk et al., 2011, Grieger et al., 2011,
Wiesner and Bottero, 2011, Sorensen et al., 20d06j)eover, the PEC/PNEC approach does
not give precise information about the level okr@d is not sufficiently informative for risk
management strategies. Therefore, researchers rm@uraged to propose different risk
characterization methods for use in risk assessratrties (Miseljic and Olsen, 2014,
Schauman et al., 2014, Gajewicz, et al., 2012, chatk et al., 2011) and to identify urgent
research needs (Linkov et al., 2009). Althoughedéht methods have been proposed, they are
lacking either in providing a holistic approachttbansiders all aspects related with risk or in

guantitative and informative risk characterization.

Worst-case definition models are one of the altiraapproaches applied for ERA, however,
risk characterization was not quantitative whicluldohamper risk communication with
stakeholders (Kuhnel et al., 2014). Grieger ei(2011) identified protected units (PU) and
causes of risk (CR), gave priority scores to PU BRdCR relations (1-3, from low to high)
and afterwards they determined ‘worst-case scesianbich they gave a score of 3. Their
PU-CR diagrams are very detailed to include allsfgme combinations for each ecosystem
component and the modes of action of ENPs. Howal@reloping more diagrams, which
represent the release and fate of ENPs, and iaipg to PU-CR relations would provide a
more holistic approach for determining worst casnarios. Sorensen et al. (2010) suggested
a Worst Case Definition Model to describe risk-cimiting factors, which aids to handle
uncertainty by applying knowledge mapping princgpleAfter defining Worst Case
Composition (WCC) using Protection SpecificatiorsRnd Cause of Risk Decomposition
(CRD) models, they employed a worst case positgpmirodel which aims at reducing the

uncertainties of the WCC model.

Quantitative risk characterization was applied ifew studies. O’Brien and Cummins et al.
(2011) proposed a risk assessment framework foalhwehanomaterials based on aquatic
exposure and behavior. They developed semi-quamitaxposure assessment frameworks
consisting of 3 steps, which are surface water tfies) aquatic behavior and material
comparison/ranking. Their results consist of likebd ratios for aquatic exposures; however,
toxicological threshold limits were not included fine overall risk estimation. Money et al.



(2012) established a baseline model called FINEh weixpert commentary, which has a
Bayesian nature. The model has 4 basic componenfsfticle behavior, exposure potential,
general organism hazard and risk. Experts assigbapility functions to the factors of
compartments and after Bayesian calculations, gisitients are estimated by using the no
observed effect concentrations (sediment and watdthough expert judgements were
incorporated into the model with probabilistic apgches, risk characterization would also
make use of expert interferences. Moreover, fameging the exposure potential, a separate
component would be provided to analyze releaseMP<E£from products which is also an

essential component of environmental risk.

The uncertain nature of ERA for ENPs, its dependemt multiple and complex factors and
the need for informative quantified risk characation have triggered us to propose an
approach which may compensate for the limitatiolssed for the existing approaches.

According to a literature review of LCA studies @dljic and Olsen, 2014), future studies
should focus on characterizing the impact of ENfRduding their release, fate and toxic
effects on ecosystems. Therefore, the aim of thidysis to propose an approach for the ERA
of ENPs, including their release from products dlilkood of occurrence), fate in the

environment (exposure potential) and toxic effgstsength of the hazard), that provides a

holistic approach and quantified risk characteratith efficient risk communication.

Decision making tools are also promising methodss®in the ERA for ENPs (Linkov et al.,
2009, Godwin et al., 2015, Justo-Hanani and Day&i5). AHP (Analytical Hierarchy
Process), a multi criteria decision making tooln dae used to solve a problem by
decomposing it into related factors in a hierarckyaluating the factors in terms of
contribution to the risk and analyzing the pri@#tiof these factors (Saaty, 1994). Therefore,
AHP may identify the factors related with the eommental risk of ENPs and define the
relation between these factors. This may lead hwlestic approach for ERA. Not only the
evaluation of the factors that contribute to thekribut also the combination of the main
factors should make use of expert judgements topeosate for the uncertain and limited
data about the release, fate and effects of ENBeienvironment. Expert judgement can be
incorporated into risk assessment frameworks byguiizzy scales and fuzzy inference rules
(Zhen et al., 2007).



7.3 Proposed Approach for the ERA of ENPs

Based on the above, our proposed approach hasitiajee aims: i) to identify in a systematic
manner indicator sub-factors for the likelihoodloé occurrence of ENPs in the environment,
their exposure potential and the toxic effects Wwhare contributing to their risk, ii) to
evaluate each factor in terms of its contributiortie risk and to determine priority weights
for these factors using expert judgements which campensate for the uncertainty in
knowledge and for vague data, iii) to combine atttbrs, using expert judgement, for risk
characterization to estimate risk magnitude ariddliass by using a fuzzy inference rule base.
The approach that was proposed previously by Tagual. (2011) to conduct ERA for
industrial hazardous materials is quite convenientour purpose and so may meet the
requirements of the ERA for ENPs. They integrated tlifferent methodologies, namely,
Analytical Hierarchy Process (AHP) and fuzzy infeze system and adapted the usage of
fuzzy numbers for the scoring of factors. AHP ideatm take into account all the factors
within a hierarchic style, which enables to arratfgam systematically and to elucidate their
contribution to the environmental risks with prigriveights. Moreover, expert judgement can
easily be incorporated into such an ERA approashng to the scoring of the factors in a
hierarchy. Scoring the factors with fuzzy numbeas the advantage of reducing uncertainty,
since fuzzy numbers are used to convert linguisidables of expert judgements into
guantitative scores providing the flexibility of mbership functions to this process. The
fuzzy inference system, with “if...then...” rules, gs/¢he opportunity of combining risk
components with expert judgement instead of fortmgaseveral risk factors into one

equation and relying on several assumptions taes#i a risk magnitude.

The proposed approach, which is adapted from Tepwt. (2011), is outlined in Figure 7.1.
There are 3 basic steps, including the preliminaggring and fuzzy inference. Before
proceeding with these steps, an expert group, whlicbomposed of different disciplines
related with the risk factors proposed in the hidrg, should be established. Taking the risk
factors into consideration, research and developreegineers for ENPs and ENP-based
products, environmental engineers, ecotoxicologisti®logists and chemists could be
included in the expert group. The mission of thisug is to run the proposed framework from

the beginning to the end to obtain the risk maglatu
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STFN means Standard Trapezoidal Fuzzy Numbers



7.3.1 Preliminary step

The preliminary step starts with gathering data sridrmation on the production of ENPs,
manufacturing processes of ENP products and thgeugarrposes and habits for these
products. The expert group should decide which kihehformation and data are required for
an accurate assessment before proceeding withrgajltata. There are two milestones in the
preliminary step, which are to determine the pdesiblease pathways to the environment and
to estimate the possible transformation producas ¢ould occur in each pathway. First, all
data about the production of ENPs, manufacturingP products, their usage purposes and
the usage habits of the consumers have to be d¢sdluaitically by the experts to get
consensus on the release of ENPs. The life-cyclieforoduct has to be considered from
production to the end-of life to address all pdesrelease pathways. Afterwards, the experts
should categorize the release pathways as dirélcindirect and follow the instructions given

in the framework.

Direct release means that the ENP product is beswd directly in the environmental
receiving medium and the release happens direatihe environment, such as LIGQIPs
release from sunscreens during swimming in theosdéaeshwater. If the release is direct, the
data gathering step has to be extended to aboutrtieonment where the release occurs.
Indirect release implies that ENPs pass througatlaway (treatment plants, agricultural lands
etc.) before ending up in the ultimate receivingiemmental medium. For instance, AgNPs
released from textile washing and passing through runicipal sewage collectors and
WWTP before being discharged/disposed to the reagienvironmental body. If the release
is indirect, information about the release pathweyshe receiving environment has to be
gathered. Especially, data concerning the speaiafdENPs is highly crucial to address the
forms of ENPs and in which environmental compartméiney will end up. Upon completion
of the data, the second milestone question hag @anbwered. If ENPs are transformed into
other products, data are needed about these trarafon products. The preliminary step is
ended with gathering data about the possible enmemtal compartments to which the ENP
will be transported and the ecotoxicological datathe ENP and its transformation products.

7.3.2 Scoring step

In Figure 7.2, a basic hierarchy is proposed ferBERA of ENPs. The calculation steps of the
methodology are quite flexible, which enables ugermodify this hierarchy depending on

their case and the information they gathered dutegpreliminary step. The first level of the
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hierarchy reveals the purpose, which for this stisdthe ERA of ENPs. The second level
addresses the main factors that are composingdbsilje environmental risk of ENPs. If
there is likelihood for ENPs to reach environmeibiadlies, there could be exposure potential
for the inhabiting organisms. And if ENPs are totacsingle species or the community, then
environmental risk is possible. Therefore, ERA t#©NPs definitely requires 3 indices:
likelihood of occurrence (OL) in the environmentedto their release from products, the
exposurepotential (EP) of environmental componanits the toxic effects (TE) exerted on
these components. The sublevels of the hierarcaycanstructed taking into account the

principle of placing factors that are comparabla ingic way and at the same level.

For OL (Figure 7.3), the key questions are in whichm and at what amount ENPs will
arrive in the environment. Transformation of ENPayniake place in the medium they pass
before ending up in the environment (Ma et al.,Z0levard et al., 2013, Gottschalk and
Nowack et al., 2011, Kaegi et al., 2011 and Lowrgle 2011), so the environmental medium
may receive either the intact ENP or its transfdaromaproducts. Therefore, "direct” (ENP
directly released in the environmental body) anddifect” (released ENPs end up in
environmental body via a pathway) release are taim flactors for OL. For both factors, the
‘frequency’ and the "amount’ of product usage heddctors related with ‘release process’
are critical to estimate the released concentratimhform of the ENP. To clarify the factor of
‘release process’, the released form and amourEN#? are mostly dependent on the
production technology of the ENP (Windler et al120Quadros et al., 2013) which gives an
idea about “product properties’ and "'medium praggerin which they are released (Gondikas
et al., 2014, Al-Kattan et al., 2012, Tejamayalet2012). For example, AQNP based textile
may release AgNPs in high or low amounts dependmbow strongly they are embedded in
the textile (Ben and Westerhoff, 2008) and theahssl Ag release is higher in the presence
of bleaching agents in the washing solution (Geraial., 2009). Further sub factors are not
given in this study since there are huge numbexsaonbus ENP products, with the properties
of their production technology and medium in whtbley are released varying significantly.
Therefore, the users of this approach are highdgmamended to adapt their own sub factors
to “release process”.

Indirect releases of ENPs to the environmental omadian occur via ‘treatment plants’, run
off from agriculture” and “leachate from agricudisir depending on the pathway they will take
after being released from products. Treatment plaah be categorized into 3 groups since

their waste characteristics and treatment techyobagp be significantly different. “Industrial



Occurence Likelihood A1

Leachate from

N\ v
Direct B1 Indirect B2
I |
v N \! v v
Run off C1 Direct release C2 Treatment Plants Run off from
(C3) agriculture C4 landfills C5
| [
A\ \4 \'4 Vv \'4
Frequency D1 Amount D2 Release Industrial Municipal Leachate
Process D3 Treatment D4 || Treatment D5 Treatment D6 @ ° D3
\l/ | \l/ | |
Product Medium \l/ \l/
properties E1 properties E2 ° @ Treatment
Technology

Figure 7. 3:Hierarchy to evaluate sub-factors of the occuredikelihood in terms of their contribution to thek of ENPs.




treatment plants™ can receive ENP residues fronptbeess units. Most of the ENPs are used
in daily life products and they end up in ‘munidipastewater treatment plants™ (Barton et al.,
2015, Lazareva et al., 2014, Keller et al., 2013&swWwrhoff et al.,, 2011). ENP products or
wastewater treatment sludge that contain ENPs eatidposed to landfills at the end of their
life (Keller et al., 2014), therefore ENPs may als® transported to the “landfill leachate
treatment plants’ through leachate collection netaioAlthough leachate is collected in
landfills, soil and aquatic media close to the fdhdrea have the possibility to receive ENPs
with “leachate from landfills (Boldrin et al., 201Marcoux et al., 2013). It is known that
most of the ENPs and their transformation prod(its) partition in treatment sludge (Kaegi
et al.,, 2011 and Keller et al., 2013), so that asaf) treatment sludge for agricultural
applications can be a sink of ENPs and its TPainrenmental media (Barton et al., 2015,
Kirkegaard et al., 2015 and Hendren et al., 20AH)sub-level factors under the indirect
release can be evaluated with “frequency’, ‘amant release process  factors as they have
been explained for the case of ‘direct release addition to these factors, ‘treatment
technology™ also has to be evaluated as a sub-t#vékeatment plants™ factor, since the
treatment processes that have as anaerobic stagkeadato complete sulfidization (Kaegi et

al., 2011) and therefore can have great effecheriate of ENPs .

Environmental compartments into which ENPs will tgimn, their bioavailability and the
exposure potential (EP) of organisms to ENPs aretljnanfluenced by the processes
including agglomeration (Topuz et al., 2015), disson (Loosli et al., 2015, Mitrano et al.,
2014) and adsorption (Quik et al., 2014, Garnei.e014), and by transformation processes
(Ma et al., 2014, Kaegi et al., 2011). Fundamepntdaliese processes are configured by the
"ENP characteristics” and Environment charactess(Figure 7.4).

Nano-specific characteristics of ENPs greatly iafloe their transportation/transformation,
such as ‘size’ (Albanese et al., 2012, Bokand.e2@12), coating” (Topuz et al., 2014) and
‘surface charge™ (Kendall and Holgate, 2012). Iditawh to the nano-specific characteristics,
“dissolution” is critical to evaluate the bioavhildy of ENPs in aquatic and soil
environments (Loosli et al., 2015, Garner et @14 Mitrano et al., 2014). Homoaggregation
and heteroaggregation are expected to be effentivatural water (Topuz et al., 2015 and
Quik et al., 2013). "Attachment efficiency is udedevaluate homoaggregation of ENPs in
natural water and can be related to heteroaggmegéfiuik et al., 2014).

"Environment Characteristics™ are represented &/ @d "water compartments (Figure 7.4).
Air is not included since the processes in air different and independent from both these
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bodies and require significantly different knowledgompared to soil and water. However,
users can easily add their own hierarchy for adt imclude it in the calculations based on the
results of the preliminary step. The fate of an ENRoil is determined by its speciation in
‘stationary phase’ or ‘pore water (Figure 7.5)albee agglomeration, attachment and
dissolution and transformation processes have tevatiated separately due to the different
textures of these media. For the stationary phasgat factors are pH™ (Fang et al. 2009),
‘natural organic matter (NOM) content’, WHC" (Vanee et al., 2014) and ‘CEC’ for
agglomeration, ‘clay’ content (Cornelis et al., @0for attachment and ‘redox potential’
(Vandevert et al., 2014) for transformation. Backgrd concentration may impact the fate of
ENPs, with some studies proving that the changethgir behavior may depend on
concentration (Praetorius et al., 2013) and thaiosure potential may be enhanced. Pore-
water characteristics are similar to the aquatidioma characteristics, “ionic strength’, "pH’,
"NOM content” are related with agglomeration (Varateet al., 2014), "chlorides (Tl are
related with dissolution (Zhang et al., 2015) ardlfides™ are related with transformation
processes (Vandevert et al., 2014) and they maktgrmine the mobility and exposure
potential of ENPs. "Water bodies are considered2imain factors including “water
chemistry” and "hydrological properties” (Figuré)7which relate to the probable chemical
and physical transportation/transformation procesgéater chemistry is highly related to the
fate of ENPs in the aquatic environment (Behral.et2@13). 'pH" (Garner and Keller et al.,
2010), 'SS" (suspended solids) (Quik et al., 2012 /Mg?" (Topuz et al., 2014, French et
al., 2009, Handy et al., 2008) and 'NOM" (Loosliagt 2013, Fabrega et al., 2009) have
influence on the ENP agglomeration/aggregation ggses in the aquatic environment.
‘Dissolved oxygen (DO)" and excessive ~Qloncentration (Chambers et al., 2014) may
affect the dissolution process "Hydrological chtgastics™ need further sub-levels since they
are related to the physical conditions based ontythe of water body. ‘Depth” and "water
velocity™ are used for “flowing water ‘due to th&ifluence on the time of travel for ENPs and
in this way, to which extend they can be availdbleorganisms. "Mixing depth’, “dispersion
coefficients’, ‘temperature change™ and “dischaajet” are necessary to predict the mixing
conditions which show the availability of ENPs thgh the factor "stagnant water'. "Mixing
points’ in "'sea’ where they are fed with freshwaier crucial to evaluate the transport of
ENPs. In the case of infiltration to "groundwatehe slope and distance of the aquifer shows

the possibility to reach water sources.
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“Toxic effect” factors are organized based on tidpeints considering the high variability in

sensitivity of the organism levels and the diresdaition between the effects and endpoints.
The risk magnitude can vary according to the levbere the effect is observed: “single
species’ or ‘community level” (Figure 7.7). Toxiteets should be considered separately
depending on whether they are "acute” or "chrdaicsingle species. For ‘community levels’,
‘functional” and “structural’ effects can be sigait. Most representative and most

commonly known endpoints are placed under thesa faators (Figure 7.7).

After revising the hierarchy based on the needshefcase, the calculation steps can be
followed from “FI Measurement Step” given in Topak al. (2011). For convenience, the
calculation steps are also quoted in AppendicelEaétors that are at the bottom level of the
hierarchy are scored based on the scale givenhbteTal, which is helpful for altering the

linguistic scores by the consensus of the expedmabout the numbers.

Table 7.1The fuzzy scale used for the scoring of factorthatbottom level of the hierarchy
used for assessing the environmental risk of EXIRs ¢ccurrence Likelihood, EP: Exposure
Potential, TE: Toxic Effects

Definition of OL  Explanation OL Fuzzy Number

very high (VH) Very high contribution to occurrence (0.0, 0.0, 2.5)

high (H) Significant contribution to occurrence (qo2.5, 5.0)
medium (M) No critical contribution to occurrence 2.§, 5.0, 7.5)
low (L) Hardly no contribution to occurrence (5705, 10.0)

very low (VL) Exactly no contribution to occurrence (7.5, 10.0, 10.0)

Definition of EP

Explanation

EP Fuzzy Number

very low (VL)
low (L)
medium (M)
high (H)

very high (VH)

Very low probability
Low probability

There is possibility
There is high possibility
Inevitable to occur

(0.0, 0.0, 2.5)
(0.0, 2.5, 5.0)
(2.5, 5.0, 7.5)
(5.0, 7.5, 10.0)
(7.5, 10.0, 10.0)

Definition of TE  Explanation TE Fuzzy Number
very low (VL) Uncertain effect (0.0, 0.0, 2.5)
low (L) Low effect (0.0, 2.5,5.0)
medium (M) Medium effect (2.5,5.0,7.5)
high (H) High effect (5.0, 7.5, 10.0)
very high (VH) Intensive and inevitable effect (71®.0, 10.0)
Definition of RM  Explanation RM Fuzzy
Number
negligible (N) Risk can be accepted (0.0,0.0,3.0)
minor (Mi) Risk can be tolerated (1.0, 3.0, 4.0, 6.0)
but precautions must be taken
major (Ma) Risk must be reduced (4.0,6.0,7.0)9.0
critical (C) Risk cannot be accepted (7.0, 9.0010.

10.0)
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Then the factors which are at the same level angpaoed based on their importance for the
risk to obtain priority weights. Comparison was mday using Chang’s fuzzy scale (see
Appendice E) and the priority weights of the fastat their own levels (Equation E(2)) and at

the hierarchical level (w’) were calculated (EqaatE(3)).

Then, index scores for OL, EP and TE were obtaibgdnultiplying the scores of their
bottom level factors with their priority weights 'jvwn the hierarchy (Equation E(4)). The last
step was to convert the scores given for sub-leieStandard Trapezoidal Fuzzy Numbers
(STEN) for homogeneity.

7.3.3Fuzzy Inference Step

Risk magnitude was obtained from the if..then... hdse using a fuzzy inference model and
expert judgement. All calculation steps are ex@dinn detail in the Supplementary

Information and below in Section 7.4.1.

7.4 Implementation of the Proposed Approach

7.4.1 Case Studies | and II: Use of T-shirts withrgimicrobial functionality of AQNP

For Case Study I, the scenario was based on thge wdar-shirts, which have antimicrobial
property because of the application of AgNP-Cit,0nebendorf, Switzerland. AgNPs are
commonly used in textiles. Our previous studiesreskbd the agglomeration behavior of
AgNPs in surface water and wastewater treatmemitpI@VWTPS) in this region and there
are more studies on the usage of ENPs in Switaz&ri@mce the usage of ENP products is
relatively new, and there is not so much real-aat@mation about the OL, EP or TE for
environmental risk, case studies for which dateelatively easily available in the literature
may serve as a kind of validation of the proposskl assessment method. Case study | is
summarized in Table 7.2. Case study Il assumes AgiP-PVP is used for the
manufacturing of T-shirts, but all other conditioimsCase Study | are also valid for Case
Study II.



Table 7.2: Summary of the conditions assumed for Case Studyshirts, which contain
citrate coated AgNPs (AgNP-Cit) to have antimiceblproperties, are manufactured by a
factory and used by people in Duebendorf, SwitneklsAgNP-Cit is also produced by the
same company. Case Study Il has the same condéimept for the type of AgNP.

General Information

Production capacity 400,000 pieces/year
Product Information 83% polyester, 17% wool; 89/64 g textile per T-shior
male/female, 18310 mg Ag/kg textile (von Goetalet2013)

ENP Characteristics

Surface Coating Citrate Surface Charge Negative
Size 61 nm (Topuz et Solubility 1-12% (Odzak et al,
al., 2014) 2014)
Attachment Efficiency ~2.5*%?L/mg/day (predicted from Quik et al. 2014)
Transformation High tendency to transform into Agin WWTP, soil
Environmental Characteristics
Soil Standard Lufa 2.2 soil properties (Topuz et al1220Naalewijn-
Kool et al., 2014)
Water Glatt-Rheinsfelden (Topuz et al., 2015)
Depth 498 m Length 41.1 km
Surface Area 416 nf Flow rate  8.75 m/s
Water chemistry characterization in Appendince E
Table E.1
Release Characterization
Release way Production process, washing solution and end efdisposal
Usage habits Bleaching agents, 1 washing/week
Possible emission AgNP-Cit and T-shirt Manufacturing Industry Treatm@lant,
sources Municipal WWTP, Incineration Plants, Landfill
WWTP Duebendorf WWTP (Topuz et al., 2015; Kaegi et2011)
Landfill Detailed information in Mueller et al. (2013)
characterization
Receiving bodies Glatt-Rheinsfelden via WWTP discharges

Soil (around Duebendorf) via landfilling of end-de T-shirts and
of WWTP sludge and bottom ash of incineration @ant

Effect Characterization

Single Species Bondarenko et al. (2013)
Community Level Lowry et al. (2013)
Preliminary Step

Required data and information for release pathwB? and environmental characteristics
and data on the toxicity of ENPs were gathered anedpresented in Table 7.2. Although
expert evaluations considering ENP transformatioese always considered during the
detailed scoring of all factors, assumptions weagleroughly to have an idea about the mass
of Ag to have more robust data and knowledge indmittalf of the total amount of AgNP-Cit

is assumed to end up in landfill facilities (Muellnd Nowack, 2008) due to the end of life



disposal to municipal solid waste. Half of the tdtg was assumed to be sulfidized in the soill
environment (Lowry et al., 2013). Approx. 10% oétAgNP-Cit is transported to the landfill
leachate treatment plant. Less than 1% will enthuajuatic media via the leachate treatment
plant and the rest is sent back to the landfilhwireatment sludge. AgNP-Cit is released in
washing solution, transported to the municipal WW3®8% patrtitions in the sludge (Barton et
al., 2015), effluent is discharged to Glatt-Rhestdén and the WWTP sludge is incinerated. It
is known that most of the AgNPs are transformed iAD,S by sulfidation during the
transport in sewage collectors and during wastewagatment; however, sulfidation may
depend on the size, sulfide availability and restéetimes (Kaegi et al., 2011). Therefore,
sulfidation was assumed to be around 75% in WWTHEgd considering the variabilities in
WWTPs. In the incineration plant, 90% AgNP-Cit gaohs to bottom ash and the bottom ash
is sent to the landfill as an ultimate disposalpAgx. 1% of AgNP-Cit will end up in an
Industrial WWTP and the disposal pathways will e $ame as for the municipal WWTP.

Scoring step

Environmental risk was calculated separately f@ dlguatic and the soil environment. For
calculating aquatic and soil environmental riskeyvinmental characteristics of each
compartment in the hierarchy are not included m d¢hlculations. Based on the preliminary
step, there was no possibility for direct releaséhe environment and no indirect release via
agricultural run-off; therefore, these factors dahdir sub-level factors were not scored. All
related sub-factors at the bottom of the hieranebye listed and scored with fuzzy numbers
according to the scale in Table 7.2 (see Tables).Zhen, all actors at the same level in the
hierarchy were compared based on their importancehe risk. For example, Table 7.6
shows the comparison matrix for the factors unter“treatment plants”, where comparison

scores are in fuzzy numbers which then were coaglddt STFN values.

The row of the matrix in Table 6.6 is compared withcolumn by using Chang’s 1-9 scale
(See Appenice E). If the row is more important thiae column in terms of risk, a score is
given from 1 to 9, in increasing order. In casaunuts are more important than rows in terms
of risk, reciprocal numbers are used from 1 to E&. example, since the municipal WWTPs
are much more important sinks of AgNP-Cit than ktdal WWTPs, the score (first row,

third column in Table 7.6) was given as (1/6-1/8).



Table 7. 1: Scores of Case Study | (usage of T-shirts embeddgd AgNP-Cit in Duebendorf, Switzerland) for af the sub-factors at the
bottom level of the hierarchy of occurrence likelild considering the aquatic medium, STFN numberB,(AD) corresponding to the scores,

priority of the factors at the hierarchy level (WBquation S3) and final Index Score of occurrdiiadihood (Equation S4).

STFN , A* B* C* D*

Factor Sub Factor ScoreA B C D w W' W' W' W'
Ind. Frequency 910 9 9 10 10 0.001 0.01 0.01 0.01 o0.02
Treatment Amount 9 10 9 9 10 10 0.004 0.03 0.03 0.04 o0.04
plants Product Properties 57 5 5 7 7 0.003 0.02 0.02 0.02 0.02
Medium Properties 910 9 9 10 10 0.000 0.00 0.00 0.00 o0.00
Technological 67 6 6 7 7 0003 002 0.02 0.02 0.02
Municipal Frequency 67 6 6 7 7 0020 012 0.12 014 0.14
Treatment Amount 57 5 5 7 7 0028 014 0.14 0.19 0.19
plants Product Properties 56 5 5 6 6 0.005 0.03 0.03 0.03 0.03
Medium Propertes 45 4 4 5 5 0.014 0.06 0.06 0.07 0.07
Technological 78 7 7 8 8 0.003 002 0.02 0.02 0.02
Leachate Frequency 68 6 6 8 8 0024 014 014 019 0.19
Treatment Amount 36 3 3 6 6 00336 011 011 0.22 0.22
plants Product Properties 67 6 6 7 7 0.006 0.04 0.04 0.04 0.04
Medium Propertes 46 4 4 6 6 0.021 0.08 0.08 0.12 0.12
Technological 78 7 7 8 8 0.003 002 0.02 0.02 0.02
Leachate Frequency 47 4 4 7 7 0095 0.38 038 0.66 0.66
off Amount 4 7 4 4 7 7 0209 084 0.84 147 1.47
landfill  product Propertes 56 5 5 6 6 0.118 059 059 071 0.71
Medium Properties 67 6 6 7 7 0407 244 244 285 2.85

Index Score 508 508 6.84 6.84




Table 7. 2: Scores of Case Study | (usage of T-shirts embeddigd AgNP-Cit in Duebendorf, Switzerland) for af the sub-factors at the
bottom level of the hierarchy of exposure potentiahsidering the aquatic medium, STFN numbers @,B) corresponding to the scores,

priority of the factors at the hierarchy level (W§quation S3) and final Index Score of exposuttemal (Equation S4)

Factor Sub Factor Score iTBFN — W VAV* \|I3v* Crw DRW
ENP Size 3 5 33 5 5 0237 071 071 118 1.18
Characteristic Coating 6 3 66 3 3 0139 0.83 0.83 042 042
Surface Charge 6 4 &® 4 4 0088 053 053 035 0.35
Solubility 5 3 55 3 3 0.086 043 043 0.26 0.26
Attachment 3 6 33 6 6 0160 048 048 096 0.96
Efficiency
Soil- pH 1 3 11 3 3 0.004 0.00 0.00 0.01 0.02
Stationary NOM 6 8 66 8 8 0039 023 023 031 031
Phase SS 4 3 44 3 3 0.012 0.05 0.05 0.03 0.03
Sulfides 4 6 44 6 6 0028 011 0.11 0.17 0.17
Ca/Mg 4 3 44 3 3 0.071 029 029 021 0.21
Chlorides 7 3 77 3 3 0015 0.10 0.10 0.04 0.04
DO 5 3 55 3 3 0009 0.05 0.05 0.03 0.03
Background 5 2 55 2 2 0.006 0.03 0.03 001 o0.01
Hydrological  Depth 4 7 44 7 7 0.062 025 025 044 0.44
Water velocity 2 4 22 4 4 0.044 0.09 0.09 0.18 0.18

Index Score 418 4.18 461 461




Table 7. 3:Scores of Case Study | (usage of T-shirts embeditedAgNP-Cit in Duebendorf, Switzerland) for alfl the sub-factors at the
bottom level of the hierarchy of toxic effects cimiesing the aquatic medium, STFN numbers (A,B,G;@&Yyesponding to the scores, priority of
the factors at the hierarchy level (w’) (Equatid) 8nd final Index Score of toxic effects (Equat®4)

STFN

Functi Primary
onal Production 3 6 33
Decompositon 3 5 33

0.016 0.05 0.05 0.10 0.10

0.025 0.07 0.07 0.12 0.12
Nutrientcycling 5 3 55 0.078 0.39 0.39 0.23 0.23
Minerilization 2 3 22 0.067 0.13 0.13 0.20 0.20

Index Score 431 431 474 474

Factor Sub-Factor Scor ABCOD w' A*w' B*w' C*w' D*w
Acute  Survival 3 2 33 2 2 0.100 0.30 0.30 0.20 0.20
Avoidance 3 5 33 5 5 0.026 0.08 0.08 0.13 0.13
Chroni Reproduction 5 6 55 6 6 0463 231 231 278 2.78
c Growth 6 5 66 5 5 0.092 055 0.55 0.46 0.46
Feeding 4 5 44 5 5 0.058 0.23 0.23 0.29 0.29
Structu  Composition 2 4 22 4 4 0.033 0.07 0.07 0.13 0.13
ral Diversity 1 3 11 3 3 0.017 0.02 0.02 0.05 0.05
Predator 5 3 55 3 3 0.012 0.06 0.06 0.04 0.04
Food web 3 1 33 1 1 0.014 004 0.04 0.01 0.01

6 6

55

3 3

3 3




Then, STFN numbers (Table 7.6) were defuzzified iotisp numbers (Table 7.7) before
calculating the priority weights for Industrial WWTversus municipal WWTP by using
Equation E(2) as follows:

1/6+2+(3+2)+1/8
6

= 0.146

Weights of the factors at their level and at therdnichy were calculated by using Equations
E(3) and E(4), respectively, as follows:

7 1 . 0.75
— 147+7.5 0.146+1+1.5 0.13440.75+1 __
Whtunicipal WWTP = 3 = 0.409

W’ Municipal WWTP=Wunicipal WWTP'W Treatment plantss 0.409*0.17=0.07

These factors have one higher level in the hiesgralamely, “Treatment Plants”, so the
weight of Municipal WWTPs at the hierarchy levebistained by multiplying its weight in its
own hierarchy with the weight of “Treatment Plant§he value of w’ for the sub-factors of
municipal treatment plants (Table 7.3) is then walked by multiplying w’ for municipal

treatment plants with their own w’ at their own dés/

Finally, the scores of the factors for OL were nplikkd with their priority weights (w’) in the
hierarchy and the overall sum of these values teguh an Index score (in STFN) for OL
(Table 7.3). The same calculations were applie&E@iand TE.

Fuzzy I nference Step

STFN values for OL, EP and TE are needed to comvierfuzzy sets for fuzzy inference. The

index scores in Table 7.2 were converted into glgend STFN values were also drawn in
this graph. Intersection points of STFEN with thdar score in Table 7.3 show the fuzzy sets
for the corresponding index. Figure 7.8 shows tlzzy sets for the OL, EP and TE indices of

environmental risk for AQNP-Cit in aquatic media.



Table 7.6: Comparison matrix with fuzzy numbers and th@iFN values for the sub-factors of “Treatment Plantmsidering the risk for Case
Study | (AgNP-Cit in aquatic media)

Industrial WWTP Municipal WWTP Landfill WWTP
Score STEN Score STEN Score STEN
Industrial WWTP  (1,1) (1,1,1,1) (1/6,1/8) (1/6,1186,1/8) (7,8) (7,7,8,8)
Municipal WWTP (6,8) (6,6,8,8) (1,2) (1,1,1,1) (1,2/2) (1,1,2/201/
Landfil WWTP  (7,8) (7,7,8,8) (1,2) (1,1,2,2) (1,1) (1,1,1,2)

Table 7. 4:Comparison matrix with crisp numbers (for the $attors of “Treatment Plants” considering the fiskCase Study | (AgNP-Cit in
aguatic media)

Industrial WWTP Municipal WWTP Landfill WWTP

Industrial WWTP 1 0.146 0.134
Municipal WWTP 7 1 0.75
Landfill WWTP 7.5 1.5 1
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Figure 7.8: Fuzzy set inference for index scores obtained iblé&a(7.3-5) for occurrence
likelihood (OL), exposure potential (EP) and togftects (TE) for Case Study | (AgNP-Cit in
aguatic media). Interceptions of green line with &fél TE index score and interceptions of
pink line with OL show the membership degrees (M)fuzzy sets OL, EP and TE.

For example, the STFN value of OL intersects thadesat low (0.7) and medium (1), which
means that the likelihood for AgNP-Cit occurrencehie environment can be low or medium

with membership degrees of 0.7 and 1, respectively.

Fuzzy sets of OL, EP and TE are combined by udieg‘and” operator of fuzzy rule base.
Table 7.8 shows the combination of the fuzzy séth&se factors for the environmental risk
of AgNP-Cit in aquatic medium. For example, if @& is low (0.9), EP is low (0.7) and TE

is low (0.3), the risk magnitude is judged as Nggle (0.32). The Membership degree of risk
magnitude is determined as the minimum membersgped among OL, EP and TE since the
“and” operator is being used. Fuzzy union (maximymerator) is used to obtain the overall
membership degrees for each risk magnitude clasghware negligible, minor, major and
critical. For example, in Table 7.8 (in bold) thembership degrees of these classes are 0.3,

0.7, 0.82 and 0, respectively.

Table 7.8: Combination of fuzzy sets of index scores for opeoce likelihood (OL),
exposure potential (EP) and toxic effects (TE)@ase Study | (AgNP-Cit in aquatic media)
to obtain corresponding risk classes and membedbgoees based on the fuzzy inference
rule.

TE
oL EP Low(0.3) Medium(0.88)
Low(0.7) Low(0.32) Negligible(0.3) Minor(0.32)

Medium(0.82)| Negligible (0.3) Minor(0.7)
Medium(1) Low(0.32) Negligible (0.3) Major(0.7)
Medium(0.82)| Negligible (0.3) Major(0.82)




The membership degree of each risk class thattarmd in Table 7.8 is defuzzified into a

crisp number indicating the Risk Magnitude (RM)usyng Equation E(5) as follows:

0.3+0.7+4+0.82+7+0%10
RM = = 4.86
0.3+0.7+0.7

Finally, the risk magnitude number is interceptathwhe risk magnitude scale in Table 7.2
(Figure7.9) and the intersection points show tkk dlasses for Case Study | (AgNP-Cit in
aguatic media) with their membership degrees (iremqtaesis) which are Major (0.45) and
Minor (0.55). Since the risk magnitude scale inl€@l® is a fuzzy scale, the risk classes have

membership degrees (between 0-1) which show whahdxisk belongs to this class.

1 ¢ X
0.9 -
0.8
0.7 - N
R 0.6 - = Mi
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Figure 7.9: Determination of the risk class for Case Study g#e-Cit in aguatic media) and
membership degree based on the intersection of Rjddtion E(4)) with the scale in Table
7.2 (MD: Membership degree, N: Negligible, Mi: Mindva: Major, C: Critical, RM: Risk
Magnitude)

7.4.2 Case Study lll: The usage of paints in whicliO, nanoparticles are embedded

Case study lll is based on the usage of paints dddaewith TiQ nanoparticles which are
used for the buildings in Duebendorf, in SwitzedaRaints are produced in Duebendorf. It is
assumed that half of the total number of buildimgshis city is using the paint, with 20%
being fresh-painted and the rest containing agaatipgs (for more than 2 years). Production
process assumptions are the same as for Case ISAjalyrox. 1% of the emission is expected
to reache the Industrial WWTP, where the FENPs partition to the sludge and end up in
landfills through the bottom ash of incineratioamk. Leachate is expected due to the run-off
with rain water. The release will be direct throutife run-off and indirect through the
WWTPs or landfill leachate. No transformation preses of TiQ nanoparticles was expected

in any stage of release. The information gathegeeXpert groups is summarized in Table 7.9.



Table 7.9: Summary of the conditions assumed for Case Stlduilding paints, which
contain TiQ NPs, are manufactured by a factory and used faldibg painting in
Duebendorf, Switzerland. TEONPs are also produced by the same company.

General Information

Production capacity 40,000 ton/year
Product Information Hombikat UV 100 WP, an aqueous dispersion of 50%onE02
(anatase) stabilized with poly-acrylate (Al-Kate&tral., 2014)

ENP Characteristics

Surface Coating No Surface -
Charge

Size <10 nm (Al-Kattan Solubility -

et al., 2014)
Attachment Efficiency -
Transformation No transformation
Environmental Characteristics
Soll See Table 2
Water
Release Characterization
Release way Production processes, weathering and end of Ipatial
Usage habits 20% freshly painted, 80% aged paintings
Possible emission Paint Manufacturing Industry Treatment Plant,
sources Municipal WWTP, Incineration Plants, Landfill, daterun-off
WWTP Duebendorf WWTP (Topuz et al., 2015; Kaegi et2013)
Landfill Detailed information in Mueller et al. (2013)
characterization
Receiving bodies Glatt-Rheinsfelden via run off, WWTP discharges

Soil (around Duebendorf) via direct release, ldhd§ of
demolition waste, WWTP sludge, bottom ash of in@tien plants

Effect Characterization

Single Species Bondarenko et al., 2013
Community Level Lowry et al., 2013

7.5 Results and Discussion

Environmental ENP risks of the defined case studie® evaluated by applying the approach
proposed in this study and the risk classes widir tnembership degrees were determined.
Although no distinction was defined in the framekvof the approach, separate evaluation of
environmental risks for aquatic and soil media wagplied without any problem owing to the

flexibility of the proposed approach. Overall résudre given in Table 7.10.



Table 7.10: Environmental risk classes and their membershgpesds for Case Studies | and
Il (usage of T-shirts embedded with AgNPs in Duelmefy Switzerland) and Case Study Il
(usage of building paints embedded with 7MIP in Duebendorf, Switzerland)

Aquatic Soil
Minor Major Minor  Major
Case Study |  AgNP-Cit 0.55 0.45 0.6 0.4
AgNP-PVP  0.28 0.72 1 0
Case Study Il  TiO2 1 1

Environmental risk of AQNP-Cit in aquatic media

Usage of AgNP-Cit embedded T-shirts (for antimicabbpurposes) in Duebendorf,
Switzerland is expected to cause minor and majer@mmental risk for aquatic media (Table
7.10) with a membership degree of 0.55 and 0.4peeively.

Compared to the PEC/PNEC approach which only infowhether there is risk or not, usage
of fuzzy sets for scaling the risk magnitude irfetént classes enables the user to present the
results in more detail, for instance that the dak vary from minor to major for AQNP-Cit in
aguatic media. This kind of detail can facilitatecsion making to determine the content of
risk management strategies. According to the sgiaken in Table 7.2, minor and major risks

in the environment require to take precautions @atllice the risks, respectively. Since the
environmental risk assessment is the step precedaékgmanagement applications, risk
magnitude needs to be properly addressed to be tabtecide what to do afterwards.
Classifying the risk magnitudes (Table 7.2) also agive useful feedbacks for risk

management strategies.

According to the priority weights of the factorshaerarchy level, landfill leachates (0.83),
AgNP-Cit characteristics (0.71) and single spetiagity (0.74) are the main reasons for the
occurrence of AgNP-Cit in the environment, expospoéential and toxic effects to aquatic
organisms, respectively, that are contributing e taquatic risk. Evaluation of OL was
supported with relatively rigid data available tbe scenario and knowledge about the fate of
these compounds in the treatment plants espeamathunicipal WWTP. However, the release
potential and form of AgNP-Cit are related to treage habits that can affect the release
significantly, for instance usage of bleaching dgtats, and this may lead to uncertainties.
Nevertheless, the release of AgNP-Cit and its foansation products via TP discharge to
aguatic media is shown to be low (as much as <10#tflaent) in many studies (Kaegi et al.,

2013). As explained in the preliminary step (Secttit4.1), most of AgNP-Cit and its



transformation products end up in landfill whichcbmes major sink for Ag. The lack of

studies on the release of AgNPs by leaching (amdonn and release potential to water
bodies) leads to vague and uncertain data whichiatsease the score for the contribution to
risk.

Among the factors related to leachate of landfihe medium properties (priority weight at its
own level: 0.41) are highly contributive to thekrisecause of its highly concentrated water
chemistry properties. Due to the high concentratib@&*/Mg®*, the agglomeration potential
of AgNP-Cit is very high despite of the high orgamnhatter content (Topuz et al., 2014).
However, the uncertainty about the effect of orgamatter remains due to the possible
presence of biopolymers, which are very effectioe lbng-term stabilization of the ENPs
(Topuz et al., 2015). In addition to the effect bibpolymers, the presence of high
concentrations of chloride can lead to higher Adulsiity (Quadros et al., 2013) which
results in higher mobility and the potential to aleavater bodies. Usage of hierarchy to
organize all of these factors systematically anpleeixopinions to reflect the scientific facts
that can be not be formulated (because of gagseifiterature and complexity of the problem)
facilitate the evaluation of the factors contrilouatito the risk and may help to get more precise

results.

AgNP-Cit characteristics were determined to be mion@ortant for the risk of these
nanoparticles in the aquatic environment compaoethé¢ other factors related to EP. Most
distinguished characteristic of AQNP-Cit is its metability to size changes and reactions that
can result in unexpected dissolution propertieerétore size (0.24), coating size (0.14) and
solubility (0.09) are among the most effective dastfor the risk. Although water chemistry
parameters have lower contributions because ofddminant role of AgNP-Cit, the most
important factors were determined to be NOM and'®g** ions. This is in agreement with
our previous study and provides a general clasgifino of surface waters for agglomeration
process based on €&g®>" and NOM concentrations (verified with natural wasemples)
(Topuz et al., 2015). The scoring of these pararseteas made based on this suggested
classification.

Toxic effects of AgNP-Cit seem to be more critidal single species. This especially
concerns chronic effects, which were observed irstnad the species tested. Effects on
reproduction and growth were observed for variquecis, such as green algae, crustaceans
and fish. Therefore, reproduction (0.46) and gro@th) endpoints have high importance in
terms of risk. Unfortunately, the data about theeaf of AgNPs at the community level is



very limited. Although strong effects are not exeelcdue to the fact that toxic concentrations
observed for single species were higher than enwiemtally realistic concentrations, the

uncertainty of the situation was reflected by thezly scores. In general, lower scores were
assigned to these factors because of the possbler lenvironmental concentrations of

AgNP-Cit.

Environmental risk of AgNP-Cit in soil

Usage of AgNP-Cit embedded T-shirts (for antimicabbpurposes) in Duebendorf,
Switzerland is expected to cause minor (0.6) anpbm{@.4) environmental risk for the soill
compartment. The contributions of the main factdr®L, EP and TE to the risk were similar
for the soil environment. For the evaluation of (e factor of release potential under the
treatment plants was determined to be more inflakoh the risk for soil than for aquatic
media since sewage sludge is a sink for the AgNRh@t partition to solid media. The effects
of environmental factors on EP were mostly depenadim the stationary phase rather than on
pore water, because AgNP-Cit was expected to attachoil due to its agglomeration
potential. Among environmental factors, organic teraind clay content were determined to
have the biggest influence on exposure potential. @evious study (Topuz et al., 2015)
showed that organic matter in the soil can limé& #xposure to AgNPs possibly due to the
higher binding capacity for AQNPs. This study caavide a prediction of the extent of risk
reduction depending on the organic matter fradtotime soil. Soil pH was shown to have the
least influence on risk. Clay content of the sodswshown to have significant influence by
keeping AgNP-Cit in the stationary phase as showithke study of Cornelis et al. (2010).
Like for the effect of water chemistry on aquatiskr the organic matter content and the
concentration of divalent cations in pore watereéhthe biggest importance for the EP due to
their strong effects on the agglomeration of AQNE-Toxic effects had more or less the
same importance in soil as in the aquatic mediurostMtudies focused on the effects on
single species, with effects on reproduction, gloand avoidance observed at relatively low
but still not environmentally relevant concentrago Lowest observed effect concentrations
were lower than 20 mg Ag/kg dry soil in our studg@ssing effects on the reproductiorcof
crypticus(Topuz et al., 2015). The same conclusion reggrdimcertainty of the data made
for the aquatic medium can also be made for sotlubcertainty was much more pronounced

in the latter case.



Environmental risk of AGQNP-PVP in aquatic and soil media

While the environmental risk of AQNP-PVP in the atic environment was minor and major,
it was only minor for soil (Table 7.10). Evaluatitige environmental risk separately seems to
provide more precise results. The overall enviromaerisk would be minor if a combined
assessment were applied, and would lead to inapptepisk management strategies such as
just taking precautions instead of risk reductidherefore, the modular structures of the risk
assessment approaches might be critical to yielek mensitive results. Environmental risks of
AgNP-PVP in the aquatic and soil medium were higiret lower than the risks of AgNP-Cit,
respectively (Table 7.10). AgNP-PVP is much mosbl&t due to steric stabilization of the
coating material and its neutral surface. Expogpatential to AQNP-PVP is considered to be
low due to the its stability resulting in a tendgma partition in the aquatic phase. Therefore,
scoring of EP leads to lower STEN numbers and lofuerzy sets as an input to risk
magnitude inference. Similarly, the higher risktlie aquatic environment is stemming from
the higher occurrence and exposure potential of AGIVP because of its coating properties.
So, the scores are higher for OL, for instancetdutie amount releasing from landfills, and
for EP due to for instance its solubility and cogtiwhich results in higher risk magnitudes.

Environmental risk of TiO, in aquatic and soil medium

Environmental risk of Ti@releasing from the building paintings in Dueberd8witzerland

in aquatic and soil environments is minor (Tabl&0J. TiO, are used in relatively high
amounts and release also is higher than for Agifesefore their OL score was higher than
for AgNPs. In this case study, direct release @,Tb soil and run-off to water bodies were
also possible. However, indirect release (0.63) exqeected to be higher due to the rainwater
collection networks and end-of life disposal of adition waste to landfills. For EP,
especially size and attachment had higher weighte sTiG, has the tendency to change its
size depending on the environmental conditions #nattach to solid phases due to its
negligible solubility. Organic matter and TAIg** had higher importance in terms of
environmental conditions, which is supported by quevious study providing detailed
information and classification of the agglomeratmotential in Glatt-Rheinfelden (Topuz et
al., 2015). For TE, the importance weights of thetdrs were similar to those for the AgNPs,
however, the scores were much lower since the krtowin concentrations were far above the
environmentally realistic ones. Therefore, onlyingk precautions can be suggested to

decision makers by considering increasing the leyabf TiO, embedding Ti@nanoparticles



more tightly in the products and conducting moreidity studies to assess effects at the

community level.

Overall, this approach provides answers to key tipres in terms of risk assessment by
identifying which environmental compartment is mastrisk, what are the reasons for the
occurrence of risk, how important the role of diffiet factors is for the risk, what is the class

and magnitude of the risk and what strategies shiogiffollowed for risk management.

7.6 Conclusion

The usage of hierarchical structure to analyzedmaronmental risk of ENPs provides a
systematic overview to the critical factors thatsm the risk when they interact and not to
miss important aspects contributing to the riske Todular structure of the approach enables
the user to easily revise the hierarchy and it lbareasily adapted to other studies as an
independent compartment, such as Life Cycle AssessiCA). Scoring the factors with
fuzzy numbers offers flexibility to the user busalprovides insight into the uncertainty
related with the risk. Fuzzy inference provides fiegibility of combining all factors related
to the risk due to the use of expert judgmentsadstof formulations. Quantification of risk
magnitude might be useful for the decision makingcpsses since different alternatives or
cases can be ranked. Since the class of risk pouttthe necessity of taking precautions or
measure to reduce risks, not only magnitude, bst alassification of the risk based on
management strategies is expected to be bendiici#the risk management step. In addition
to the risk management, risk communication alsexigected to improve especially through
the stakeholders such as industries, public arehssi, because the risk characterization is
more tangible with clearly quantified results. Carigon of the factors in terms of their
importance with priority weight numbers directlyipis out the role of factors in the risk. This
should be very handy for risk managers to estalttish strategies to reduce the risk or for the
scientists to focus on more detailed studies. Iditexh, industries can use the results for
product research-and-development projects to matwta more environmental-friendly
products and regulators can benefit from the redoit the decision making actions related

with legislative issues.

From the perspective of the case studies, theaecrgical need for toxicity studies especially
for assessing toxicity at the level of communiti€sere are relatively few studies on the fate
of AgNPs and TiQin landfills, especially on their dispersion irabdhate from the field to the
environment or their behavior during and after kede treatment. More studies are needed on



the correlation of the fate and toxicity of ENPshwenvironmental parameters or nano-QSAR
studies to find indicators of chemical propertiesthe effects observed. According to the up-
to-date studies, TiOseems to be safe, at least in terms of usageafotipgs. The knowledge
on AgNPs is rapidly developing, with transformatiohnAgNPs to AgS compounds being
one of the most recent critical findings. Therefdhere is an urgent need for critical reviews
about the environmental behavior and effects of RgNMoreover, there is a need for

representative experiments with standardSAyPs.



APPENDIX E: Chapter 7



Calculation Steps

Calculation steps of this study is referred tortiethodology proposed ifiopuz et al. (2011).
Therefore, the scales for scoring and the equatiere quoted from Topuz et al. (2011) as
follows. (Note that: Equations are re-numbered tlus study (in red) and the modified

terminology were re-written (in BOLD))
Compare factors pair wise

Each member in a level is compared with other fadtothe same level under the same group
based on their relative contribution to ER. Charig% scale is used for pair wise comparison.
According to that scale, the scale of 1 is givenfémtors that have equal importance. 3,5,7
and 9 denote weakly, strongly, very strongly andollitely more important, respectively. If

there are slight differences between factors, eseates (2, 4, 6, 8) are used (Saaty, 2001).

Experts can give their scores in fuzzy scaleid needed.
Convert scoresinto STFN

Since the scores for the factor measurement andwiae comparisons are in different
formats, it is needed to convert them into a comrfarm in order to precede calculations.
Standard trapezoidal fuzzy numbers (STFN), whicklss used in study of Zeng et al. (2007)
and its conversion equation is shown, is prefefoedhat study. A trapezoidal membership
function can be expressed as A=@l, d', &). For example, triangular fuzzy numbers are
converted into STFN a'ad’, a numerical range corresponds 'toal'and 4= &,

Calculate priority weights

Arithmetic averaging method given @guation E1lis employed in order to calculate priority
weights of factors in comparison matrix. ia the defuzzified form of score that is given for
the comparison offactor and factorg factor in the same level in which there are ndesct

If total STFN is shown as;a( d; , d" , d} , &} ), the crisp value ofjacan be calculated by

using defuzzification equation 2.

Lj=1,2,..n, (E1)
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While w is the weight ofactor in its own level, w/ which is given inequation E3 shows
the weight of factor in the hierarchyA\yionindicates the priority weight of i. section that i

above this factor in the case of being t levelvahit.

t .
WX [ w® sedion (E3)
1=1

Calculate Occurrence Likelihood, Exposure Potential and Toxic Effects

Instead of FI, 3 different indexes were used in tistudy, namely, Occurrence Likelihood
(OL), Exposure Potential (EP) and Toxic Effects (TE Therefore, index scores
calculated separately for 3 indexes. Index scoresn be calculated by usimguation E4
where Ris the STFN form of the score that is given byeipto the bottom level risk factors
in the hierarchy. n indicates the number of botlewel risk factors in the hierarchy which

belongs to a specific main risk source.

Index Score= ) P’ xwi i=1,2,....,n E(4)

i=1
Fuzzy Inference

This step provides user to achieve ultimate riskgmtade by using fuzzy sets of risk

components with the fuzzy inference engine.
Convert STFNs to fuzzy sets

It is needed to convef@L, EP and TE index scoredo fuzzy sets to be able to use in fuzzy
inference system in which linguistic variables arged during fuzzy rule construction.
Intersection between STFN forms O, EP and TE index scoresand their respective

membership functions give the membership degredbasie factors in corresponding fuzzy

set which is shown ifigure E1 for illustration of scenario implementation.
Fuzzy inference

If-then rules are used in order to achieve RM bmloming OL, EP and TE components.
Fuzzy intersection (minimum) operation provides bormg the OL, EP and TE parameters
with “and” operator which leads to getting trunchtezzy RM results. Therefore, fuzzy union
(maximum) operation is used for getting a singlezfumembership function.



Defuzzification

RM can be expressed in terms of a numerical vdiaé matches fuzzy result achieved in
fuzzy inference system. For that purpose, centegagype method is used as showedgpiation
E5 where Y indicates the center of th& fuzzy set of RM and gm(yi) is the membership

function of the I fuzzy set of RM

i=1
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Figure D.1: Fuzzy set inference for index scores of occurrdikedhood (OL), exposure
potential (EP) and toxic effects (TE) for Case $tu@gNP-Cit in soil media). Interceptions
of green line with EP and TE index score and irgptions of pink line with OL show the
membership degrees (MD) for fuzzy sets OL, EP aad T
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Figure D.2: Determination of risk class for Case Study | (AgR1in soil media) and
membership degree based on the intersection of RMthae scale in Table 6.2 (MD:
Membership degree, N: Negligible, Mi: Minor, Ma: Mg C: Critical, RM: Risk Magnitude)
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Figure D.3: Fuzzy set inference for index scores of occurrdikeéhood (OL), exposure
potential (EP) and toxic effects (TE) for Case $tUdAgNP-PVP in aquatic media).
Interceptions of green line with EP and TE indesrs@and interceptions of pink line with OL

show the membership degrees (MD) for fuzzy setsER_and TE.
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Figure D.4: Determination of risk class for Case Study Il (AgRWVP in aquatic media) and
membership degree based on the intersection of RMtiae scale in Table 6.2 (MD:
Membership degree, N: Negligible, Mi: Minor, Ma: Mg C: Critical, RM: Risk Magnitude)
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Figure D.5: Fuzzy set inference for index scores of occurrdikeéhood (OL), exposure
potential (EP) and toxic effects (TE) for Case $tUdAgNP-PVP in soil media).
Interceptions of green line with EP and TE indesrs@and interceptions of pink line with OL

show the membership degrees (MD) for fuzzy setsER_and TE.
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Figure D.6: Determination of risk class for Case Study Il (AgR¥P in soil media) and
membership degree based on the intersection of RMtiae scale in Table 6.2 (MD:
Membership degree, N: Negligible, Mi: Minor, Ma: Mg C: Critical, RM: Risk Magnitude)
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Figure D.7: Fuzzy set inference for index scores of occurrdikeéhood (OL), exposure
potential (EP) and toxic effects (TE) for Case $tUt(TiO» in aquatic media). Interceptions
of green line with EP and TE index score and imgetions of pink line with OL show the
membership degrees (MD) for fuzzy sets OL, EP dad T

14 —_
0.8 —N
| —&— Mi
o 0.6 e Ma
=04 - ——C
—%— RM
0.2 1
0 ‘ -
0 2 4 6 8 10
SCORE

Figure D.8: Determination of risk class for Case Study Il (¥i@® aquatic media) and
membership degree based on the intersection of RMtiae scale in Table 6.2 (MD:
Membership degree, N: Negligible, Mi: Minor, Ma: Mg C: Critical, RM: Risk Magnitude)
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Figure D.9: Fuzzy set inference for index scores of occurrdikeéhood (OL), exposure
potential (EP) and toxic effects (TE) for Case $tUt(TiO»in soil media). Interceptions of
green line with EP and TE index score and interoaptof pink line with OL show the
membership degrees (MD) for fuzzy sets OL, EP andTE
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Figure D.10: Determination of risk class for Case Study Il (Fith soil media) and
membership degree based on the intersection of Ri the scale in Table 6.2 (MD:
Membership degree, N: Negligible, Mi: Minor, Ma: Mg C: Critical, RM: Risk Magnitude



CHAPTER 8
DISCUSSION AND CONCLUSION

Since 2006 engineered nano-particles (ENPs) arelyvapplied in many different products,
including both consumer and industrial productseDa their large-scale application and
limited removal from waste water, ENPs are releas&nl the environment. Due to the fact
that they manufactured to be applied in goods ahdmu interest, they are new to the
environment. Therefore, ENPs are categorized asgange pollutants. Hence, there is a
increasing need for environmental risk assessnteRA] of ENPs. There is a huge gap in
data and knowledge on ENP occurrence, fate andteffe the environment while unique
properties such as their nanometer size (1 — 100resulting in great surface reactivity may
lead to unexpected properties. This restricts th@ge of conventional, retrospective, risk
assessment approaches and calls for the applicatignospective approaches.

Prospective risk assessment approaches are dedignedaluate all factors that might be
related to environmental risk. These approachedyapmmwls that enable a systematic
evaluation of risk factors, reduce uncertainty amzbrporate expert judgment into the risk
assessment process to ensure a reliable and cenvdtiRA. The initial motivation of this
thesis is to propose an ERA approach for ENPs mgumn analytical hierarchy process (AHP)
and fuzzy inference tools (Chapter 7). To developlemr and pragmatic approach, silver
(AgNPs) and titanium dioxide (TKONPs) nanoparticles were selected as model comgound

as they are among the most commonly used ENPslynlifia products.

For a systematic evaluation of risk factors, thiera need to clarify the major relations not
only in terms of mechanistic understanding but atsterms of correlations with surrogate
parameters. Conventional risk assessment methoa®tdsufficiently take into account the
unique properties of ENPs. Agglomeration is the tmelevant fate process for ENPs, due to
their unique size and surface properties. | deteethithe most relevant chemical parameters
for ENP agglomeration in aquatic ecosystems usingystematic experimental design
(Chapter 3) and making correlations with the reswtf experiments conducted on real
environment samples (Chapter 4). These studiesifdlgap in the literature and improved the

overal rioska ssessment framework, allowing préshstfor the case studies (Chapter 7).



Another significant point that was lacking in tlitedature was the understanding of the uptake
and bioaccumulation rates of ENPs and the reldtipndoetween ENP toxicity and
environmental chemistry parameters. These relatiwese relatively clear for aquatic
organisms, but few data were available for soilaorgms. Integration of toxicokinetic and
toxicodynamic analysis led to an improved undexditag of the relationship between uptake
and toxicity of AgQNPs in a model organism, the pmuwy Enchytraeus crypticu@Chapter 5),
and improved the predictions of effects at the camity level (Chapter 7). Determination of
the effects of AgNPs on the survival and reproductf E. crypticuswere done in different
soil types (Chapter 6).

8.1 Determination of water chemistry parameters relatedwith agglomeration

Because agglomeration is the most important proddassg the fate and effects of nano-
partickles, it is of utmost importance to underdtaihe conditions that promote or prevent
agglomerastion. A systematic experimental desigs planned to determine the most relevant
water chemistry parameters (Chapter 3). After ngstine effect of pH for each ENP, selected
cations (N& K*, C&*, Mg?"), anions (C| NOs, SQ%, COs%), natural organic compounds
(humic acid, fulvic acid) and synthetic compounsisdjum dodecyl sulphate, alkyl ethoxylate)
were used as test media separately and in dualinatidns in agglomeration experiments.
Dynamic Light Scattering (DLS) and Nanosight (NTAJere used to characterize size
distributions of ENPs. In addition to the deterntioia of most relevant parameters for the
agglomeration over time, environmentally relevamaentrations of ions and organic matters
commonly found in the environment were mixed toldate natural freshwater. This medium
was validated for the agglomeration behavior of EMRth natural water samples. Therefore,
a relatively large number of real environmental gke® could be analyzed for the
interpretation of agglomeration data.

8.1.1 Specific roles of water chemistry parameters in ENRRgglomeration

Specific roles of commonly observed ions and orgamatters on the agglomeration of ENPs
in aquatic environmenfi(st part of the second research questionwere defined under this
heading.

AgNP-Cit

Citrate-coated AgNPs (AgNP-Cit) appeared to belstab pH valuses between 4 and 10,

which is the most common range of pH levels obgkivenatural waters and wastewater.



AgNP-Cit particles maintain their original size (B®) under these conditions. AgNP-Cit
tends to agglomerate at pH values below 4, whighrabably due to neutralization of surface
charges resulting in electrostatic double layer (EDompression. The same trend for the
agglomeration of AgNP-Cit (at pH< 4) was also oledrby (Badawy et al., 2010) and
Cumberland and Lead (2009).

Agglomeration is prevented by the large surfacegdan NPs, which represent an energy
barrier. Monovalent cations could not decrease #émsrgy barrier for agglomeration, but
divalent cations could, most likely by shielding thurface charge of AgNP-Cit and compress
the electrochemical double layer around the partithis leads to agglomeration from an
average particle size of 60 nm up to 1 pm in 1 w@éle effect of C4 was more pronounced
than that of M§', which would be attributed to the higher affinitf C&* to complex with
citrate as reported by Akaighe et al., (2011), @apongse et al. (2011), Hyunh et al. (2011)
and Badawy et al., (2010). For the anions, onlysN&hd SG (10 mM) showed slight
agglomeration inducing potential after 1 week. iCait coagulation concentrations were
determined to be around 50 mM for NalN®lyunh and Chen, 2011; Lie et al., 2010;
Gondikas et al. 2012) and p&O, (Chinnapongse et al.,, 2011). Our results for the |
combinations also showed that their agglomeratimtergial can be neglected when they are

co-present with divalent cations.

Humic acid (15 mg/L) caused a slight increase iarage size and Gao et al. (2012) also
highlighted the agglomeration effect of humic aaiden it is present at high concentrations
due to the bridging effect between ENPs. Fulvidatiowed stabilizing effects for AQNP-Cit
in this study, although Chinnapongse et al. (2@&tind slight agglomeration in the presence
of fulvic acid. Surfactants caused lower averagessthan the original size of AQNP-Cit over
1 week, however, it is difficult to draw conclusgan the effect of surface charge due to less
negative zeta potential measurements which coulattbibuted to steric stabilization (Kvitek
et al., 2008).

AgNP-PVP

Polyvinylpyrrolidone (PVP) is an amphiphilic compal which has a very high molecular
weight and makes very strong N bonds with Ag (Téical., 2012; Zhang et al., 2012; El
Badawy et al., 2010; Cumberland and Lead, 2009)s Fhould provide a strong steric
stabilization. Z-average size of the AgNP-PVP ®stas stabile around 50 nm at pH 4-12
due to its non-charged polymer capping, which waspmatible with the studies of El Badawy
(2010) and Thio (2012). AgNP-PVP was stable inghesence of NaN§) NaCl, CaCl and



humic acid, which was also observed by Gondikaal.e{2012), Hyunh (2011), El-Badawy
(2010), and Hyunh (2012), respectively.

In addition to being compatible with these studaes ions and humic acid, AgNP-PVP
suspensions were found to be stable in most oinitigidual media including KCI, N&O,
NaCO;, fulvic acid, sodium dodecyl sulphate and alkylcetylate (up to 15 mg/L) even for
more than 1 week in this study. The only criticargmeter in terms of agglomeration of
AgNP-PVP were Mg ions as 3.3 mM of Mg led to a Z-average size of 200 nm in 1 hour.
However, 3.3 mM of C4 led to a slight agglomeration, which was under thigical
coagulation concentration of £54.9 mM) (Hyunh et al., 2011). The effect of Mgannot
be explained from EDL compression since the zetantial did not change. There is a gap in
the literature about the effect of Kfgions on the agglomeration of AGNP-PVP since most
authors tested Ghas a representative of divalent cations. Thio {20dnd Zhang (2012)
reported high agglomeration of AQNP-PVP in seawatdrich has a very high concentration
of ions. Hence, it is not clear what causes suehhigh degree of agglomeration of AgNP-

PVP in the presence of Nig

TiO,

TiO, studies presented more uncertain results duesteftact of pH. Although Ti@was also
stable at higher and neutral pH values, espeaméigia prepared with different kinds of ions
resulted in different mean particle sizes at défgrpH levels. Therefore, pH was always
adjusted to around 8.5 for our agglomeration teésisier pH values with ionic media caused
a higher mean particle size. Therefore, pH could tle most critical factor for the
agglomeration of Ti@in aquatic environments and interactions of pH iemg are important.
Especially for toxicity studies, the test mediunowld be adjusted to an optimum pH. A
further study should focus on searching for thea# of different ions on the agglomeration

of TiO, at different pH levels.

TiO, behaves very similar to AgNP-Cit in aqueous meigieuding similarity in response to
ions. Divalent cations led to significant agglontena in 1 day and even increased particle
size to over 1 um in 1 week due to compressing@BEDL (Shih et al., 2012; Ottofuelling et
al.,, 2011; Domingos et al., 2010; Keller et al.,1@0 Mukherjee and Weaver, 2010;
Chowdhury et al., 2009). Both €aand Md* had the same effect, which supports the special
effect of C&" on AgNP-Cit due to the complexation of‘and citrate. Based on the tested
concentrations, agglomeration over 1 week changecigely between 3.3 mM and 2.5 mM.
NOs; and SQ@ lead to slight agglomeration over 1 week, whilea®ld CQ? have stabilizing



effects when they are countered with monovalentorat Natural organic matter and
surfactants disperse Ti@ver 1 week. (Zhang et al., 2008) found similauits for sodium
dodecyl sulphate media and showed that,Tdid not disperse anymore, which was in

agreement with our study.

Fulvic acid and alkyl ethoxylate seem to be the tneffective stabilizing agents for TyO
However, both humic and fulvic acid are very effeetin keeping TiQ in suspension. High
humic acid concentrations lead to a slight incraasmean particle size. Although sodium
dodecyl sulphate did not increase mean size sogmifly, there was a minor increase in time.
Humic acid (dissolved organic carbon (DOC)) couddthe second major parameter for FiO
(Chapter 4)More sensitive toxicity studies are needed for ;la® its size might change to
around 200-800 nm under conditions very similathtmse in natural surface water. Since pH
fluctuations could be expected more than fluctuatd divalent cation concentration, THO
has higher uncertainty in terms of pH effects oglageration and ERA methodologies

should take this into consideration.

8.1.2 Effects of the combination of water chemistrparameters on ENP agglomeration

According to the results of the ion mixture expesnts for AgQNP-Cit, the type of ion rather
than the ionic strength of the medium were theiritve factor and state of agglomeration
was determined by &% and Md" at environmentally relevant concentrations. The
agglomeration level of AgNP-Cit did not change Kég** concentrations in the range of 2.5-
3.3 mM. Z-average size changed significantly wi#f @Goncentrations ranging between 1.7
and 3.3 mM due to both its screening of surfacegeghand complexation with citrate. Humic
acid, fulvic acid (5 mg/L) and sodium dodecyl s (1 mg/L) provided stabilization in
ionic media especially after 1 day, which is inesgnent with the results of experiments on
individual factors. Alkyl ethoxylate slightly prortex agglomeration especially over 1 day,
which could be due to the fact that it is a norgosurfactant and its adsorption to ENPs may
lead to bridging effects. Kvitek et al. (2008) aleported a low stabilization effect for non-
ionic surfactants (Brij group) due to steric eflecAgglomeration or stabilization of ENPs
might be promoted depending on the type of orgamatter. Agglomeration of ENPs in
relation to the structure of DOC should be investg by applying fractionation in terms of

molecular weight or hydrophobicity (Chapter 4).

For AgNP-PVP, combination of ionic medium with D@@d/or surfactants resulted in very

slight agglomeration around 80 nm, which can bebaitied the effect of divalent cations



slightly compressing the EDL. AgNP-PVP was stahldardy 1 week both in simulated and in
natural surface water media where #gconcentration was only 0.8 mM and no
agglomeration effect was expected based on thénestynitmedia experiments. Therefore, for
the purpose of risk assessment studies, AgNP-PViFbeaevaluated as least suspicious for

agglomeration.

While environmentally relevant concentrations ofnoalent cations have no effect on ENP
agglomeration (1 week), divalent cations promotgl@geration significantly in a very short
time. The presence of DOC or surfactants can hastlalizing effect and keep the size
constant for 1 day up to over 1 week. Chowdhurglet(2012) stated that humic acid is only
effective for dispersing ENPs in the presence ohovalent cations. In agreement with this
study, a combination of factors had no dispersifigceon ENPs after 1 day till up to over 1
week. TiQ agglomerated more in the co-presence of organitemand divalent cations.
Domingos (2010) also reported similar effects of‘Gathe presence of fulvic acid. However,
they also reported a dispersing effect of fulviclaghen present at high concentrations (more

than 5 mg/L) by adsorbing on the ENP surface aadiihg to thick steric barriers.

lonic medium (2 mM CaG] 0.8 mM NaCQOs; 0.5 mM KCI and 0.4 mM MgG) was
combined with DOC (5 mg/L of humic and fulvic acidhd synthetic organic materials (1
mg/L of alkyl ethoxylate and sodium dodecyl suljaie simulate natural surface water. Its
performance was quite well in terms of agglomeratd ENPs over 1 week, as was shown
from validation with a natural surface water sam@gglomeration occurred as expected
from C&" and DOC concentrations in the medium. AgNP-Cit wasre vulnerable to
agglomeration as expected since citrate is a lolecntar weight compound and provides
electrostatic stabilization resulting in a more ateg charge (Chinnapongse et al., 2011;
Hyunh and Chen, 2011; Thio et al., 2012; El-Badatvgl., 2010; Cuberland and Lead, 2009;
Mukherjee and Weaver, 2010).

To conclude, the agglomeration of AgNP-Cit and Ti@as significantly affected by &a
concentration, and the presence of organic maflt®Q) provided stabilization after 1 day,
which could be correlated with the agglomeratioreleof AgNP-Cit (Chapter 4). Although
pH is highly critical for the agglomeration of TiOthe concentration of €aseems to
determine the initial agglomeration levels. Theeeffof pH may be evaluated by expert
judgement for risk assessment studies as proposddhapter 7. These water chemistry
parameters may enable the prediction of the behawid toxicity of AQNP-Cit and Ti@for
risk assessment studies (Chapter 7). ENP aggloimenaiay change significantly between 1



hour and 1 week. Therefore, agglomeration behavidENPs can be predicted from Ca
Mg**and DOC concentratiom®t only in aquatic systems, but also in the poatewof soil
(second part of second research questignyhich is supposed to be the main exposure phase
for soil organisms (Chapters 5&6). Since thesetlaeedominant factors that predict the long-
term behavior of ENPs in the aquatic systems (Gmaf), a significant number of natural

water samples, having different levels of G&Mg**, DOC and alkalinity, should be studied.

8.2  Correlation of Water Chemistry Parameters with ENP Agglomeration in Natural
Water

Although there are several studies on the agglaimeraf ENPs in natural water samples
(Chinnapongse et al., 2011; Ottofuelling et al.1ZOHammes et al., 2013), they are lacking
different aspects limiting their use for the preidic of agglomeration behavior. Based on the
results of agglomeration experiments in synthetedia, which showed that &4 Mg** and
DOC concentration were most relevant water cheynigarameters for the prediction of
agglomeration (Chapter 3), classification scalesedaon the concentration of these
parameters were suggested for aquatic media framidovery high in terms of agglomeration.
Surface water and wastewater sample sites weretsglas to represent each class in the
classification scale. Agglomeration experiments eveonducted in unfiltered samples to
obtain environmentally relevant conditions. Samp¥ese also filtered and passed through 10

kDa and 1 kDa cut-off membrane filters to fractitendne dissolved organic matter.

Correlations between the agglomeration of the mdeéldPs and selected water quality
parametergthe first part of the Research Question 3)vere explained in detail for each
ENP:

AgNP-PVP

AgNP-PVP was stable in all fractions of all watangples for over 1 week. Therefore, for risk
assessment predictions AgNP-PVP can be evaluatedtade in most natural water
environments, only by considering its heteroaggiegapotential and M concentration
(Chapter 7). The fraction of AQNP-PVP that is nd$@bed to soil may be easily mobilized in
the pore water and increase the exposure poténitiabil organisms (Chapters 5&6).

AgNP-Cit

The change in Z-average size of AgNP-Cit in 1 hoas correlated (80.7) with C&"
concentration in the water, with samples with DOC<ng/L or DOC> 2 mg/L slightly



deviating from the correlation due to higher aggtoation and stabilization, respectively. The
effect of DOC concentration was more pronounceerdftday and correlation {R0.5) was
less good than after 1 hour. Agglomeration of AgBiP-was more sensitive to the
concentration range of &a(1-2 mM) which leads to Z-average sizes of 200-400.
Agglomeration over time was more significant foe teamples with high concentrations of
Cd”. As is clear from Figure 4S.18, agglomeration BIFE in surface water and wastewater
in 1 day and 1 week might be predicted dependinghenconcentration of Gaand DOC.
Evaluation of AgNP-Cit in terms of agglomeratiom Bmvironmental risk assessment studies
(Chapter 7) can be provided with the classificatgmale suggested in Chapter 4. The
bioavailability of AQNP-Cit could be variable witime and with different water chemistry
conditions in pore water, which could be taken iatmcount for soil ecotoxicity studies
(Chapters 5&6). When AgNP-Cit and AgNP-PVP were parad in terms of agglomeration,
a significant effect of surface coating materialtbeir behavior was demonstrated in Chapter
4, which should be considered in studies on tloiictty (Chapters 5&6).

TiO,

TiOz nanoparticles were usually agglomerated up to 400m1 hour when the concentration
of C&" changed between 1 and 3 mM. The correlation ofigbarsizes with C&
concentration is not as good as the correlatioAghP-Cit, however, the correlation is more
pronounced for the samples with DOC< 2 mg/L. DOniwre effective for the stabilization
of TiO, than that of AQNP-Cit and the correlation becomesse after 1 day. Results of tests

in natural water samples showed that aquatic media be classified based on *Ca

concentration and DOC for the agglomeration in drlend 1 day (Figure 4.7).
Classification of aquatic sources based on the agglomeration

Surface water simulated media prepared with name water (Chapter 3), in which ions and
natural organic matter are dissolved at concepntratclose to those in natural surface water,
is precise enough to predict ENP agglomerationl leveurface water and wastewater based
on concentrations of €aand DOC. This helped preparing a classificatioresth of aquatic
media for the agglomeration of ENPs over time, Whi& shown in Figure 4.¢the second
part of Research Question 3) Therefore, usage of this simulated media is Fighl
recommended for experimental studies on ENP behawithe future. For AgNP-Cit, the
agglomeration studies conducted with filtered ratuvater should be considered carefully
since the agglomeration was much higher in filtesathples than in unfiltered ones. The
uncertainty of the data of the studies with filtereatural water should be taken into account



for ERA studies (Chapter 7). Another point to cdesifor ERA studies is the presence of
high molecular weight organic compounds (> 10 kidh)ch are supposed to be an effective
fraction of organic matter for stabilizing ENPs otiene (Chapter 4). Especially, biopolymers
could be the major compounds responsible for thbilstation of ENPs in the presence of
organic matter. Fractions below 10 kDa led to digantly higher agglomeration in 1 day
than other fractions. In the literature, there isaek of studies on the effect of specific
components of natural organic matter on the agglatimm behavior of ENPs. Recently,
Louie et al. (2013) studied the effect of orgamiacfions on the agglomeration of gold
nanoparticles and found that the residue remainimghe filter (Molecular weight 691,000
g/mol) provided significantly higher stabilizatidiman the filtrate (Molecular weight of 12,800
g/mol). Further detailed studies are needed withemnatural water samples for supporting the
effect of biopolymers on the stabilization of ENPEhe classification scheme for the
agglomeration behavior of AgNP-Cit, AgNP-PVP andOdiover time based on the
experimental results with natural water samples teddetermination of the effect of the
molecular weight of organic carbon on the stabiicraof these ENPs (Chapter 4) are the first
in the literature to the best of our knowledge.

8.3  Uptake of AgNPs in model soil organismiznchytraeus crypticus

The studies about uptake of ENPs in soil organianeslimited to arthropods (Waalewijn-
Kool et al., 2014) and earthworms (Heckmann et28l1,1; Shoults-Wilson et al., 2011; Hu et
al., 2012; Schlich et al., 2013; Van der Ploed.e814). The integration of toxicokinetic and
toxicodynamic studies to understand the link betwieg¢ernal and external concentrations of
ENPs and their toxic effects (Chapter 5) may hekdigting ENP exposure and effects for
ERA (Chapter 7). No such studies have been dorteNi?s before. The model soil organism,
the potwormEnchytraeus crypticysvas exposed to different concentrations of AgNPa@d
AgNP-PVP for 2, 3, 5, 7 and 10 days in an inerdsaredium embedded with solution phase
containing essential elements. Fi®as not included in the soil toxicity studies hexa it is
only toxic at very high concentrations. The usewofinert sand medium with solution phase
avoided the complexity of natural soils and didvwle clear insight into the toxicokinetics
and toxicodynamics of the AgNPs. To our best knogée this is the first study in the
literature reporting the toxicity of AgNPs tB. crypticusand applying a toxicokinetic/

toxicodynamic approach.



For all Ag compounds (ionic Ag, AgNP-Cit, AgNP-PVm®)ost of the Ag was adsorbed to the
sand fraction. Ag concentration did not changeigantly in both the solution and the sand
phases from day 2 to day 7 of the tests. The atisarpf AQNP-PVP was higher than that of
AgNP-Cit, which could be due to the lipophilic neguof PVP. Considering the limited
dissolution of AgNP-Cit (3%, Odzak et al., 2014)pshof the Ag in the solution phase for
AgNP-Cit was supposed to be in nano form. The amotidg in the solution phase of the
AgNP-PVP treatments was very close to that for AgNDd was comparable with the known
dissolution of AgQNP-PVP (10%, Odzak et al., 20I®)erefore, the fraction bioavailable for
the enchytraeids would be expected to be ionic éghbioth AgNQ and AgNP-PVP and
mainly in nano form AgNP-Cit (Chapter 6). The foim which Ag is present should be
considered for determining exposure potential axctteffects for ERA studies (Chapter 7).

Ag measurements i&. crypticusshowed that Ag can be taken (fsst part of Research
Question 4) and accumulate over time for all Ag compoundsettgsecond part of
Research Question 4)Ultimate LC50 for effects on enchytraeid survivaxkicity was ten
times lower for AQNQ@ (0.081 mg Ag/L) and AgNP-PVP (0.047 mg Ag/L) tifan AgNP-Cit
(0.322 mg Ag/L). LC50 values decreased from dag @ay 10 and reached steady stétst

part of Research Question 4) The change of LC50 over time should be considereen
using results from standard toxicity tests with iged exposure time (Chapters 6&7).
Moreover, LC50 values and the form of Ag in theusioh fraction of the test medium showed
that toxicity is mainly due to ionic Ag for all Agpmpounds. LC50 values based on internal
Ag concentrations in the animals also supportedrthe of the Ag ion in toxicity since
LC50internal was higher for AgNP-Cit than for thtner Ag forms. LC50 internal did not
change over time, indicating that this parametey & a more suitable measure of toxicity
(third part of Research Question 4) being less dependent on exposure time (Chapter 6)
LC50internal values therefore could be useful f&®®AEstudies. Ag uptake and elimination
rates were similar for AQNP-PVP and Agbl@&xposures, supporting the conclusion that the
form of Ag in the test organisms was the same. dainamics provided important
information especially for AQNP-Cit because itseimal concentration and its toxicity were
not the same. Although AgNP-Cit was taken up, pobbanostly in nano-form, they did not
affect the target sites which could be due to maeagglomeration of AgNP-Cit in biological
fluids (Kwak et al., 2013). The agglomeration paignof AgNP-Cit (Chapters 3&4) also
supports this speculation. Hence, the evaluatioexpiosure potential and toxic effects of
AgNP-Cit should be considered carefully for ERAd&s (Chapter 7).



8.4  Toxicity of AgNPs to Enchytraeus crypticus and the correlation of toxicity with

soil organic matter content

After understanding the linkage between interna external concentrations and the toxicity
and bioavailability forE. crypticus(Chapter 5), a reproduction toxicity test wih crypticus
(ISO (2004) and OECD (2004)) was performed with RgNin three different soils with
different organic matter contents and different Ehapter 6). This enabled the use of
possible correlation of toxicity with organic matteontent or soil pH for ERA studies
(Chapter 7).

The speciation of AgN®and AgNPs showed the same trend in soil as inirtedg sand
medium. According to the Freundlich isotherm, agson of AgNP-PVP was much more
pronounced than for the other Ag compounds. Thadsgfraction of Ag in pore water was
observed for AgNP-Cit which could be due to the ptaxation of the citrate coating with soil
organic matter leading to reduced binding of Agthe soil solid phase. Organic matter
content and pH also influenced Ag speciation. Hoe soil with pH>7, lowest Ag
concentrations were measured in the pore water.nVélod pH was similar, a higher soll
organic matter content led to lower Ag concentraion the pore water, which could be due
to the binding of Ag with dissolved organic matt@iherefore, assessing the exposure
potential of soil organisms should consider the gtdl organic matter content of the soll
(Chapter 7).

To the best of knowledge, Chapter 6 was the farseport LC50 (111 and 335 mg Ag/kg dry
soil for AgNG; and AgNP-PVP, respectively) and EC50 (75.2 an@ 92y Ag/kg dry saill,
respectively) values for effects of AgNPs on thproeuction ofE. crypticuswhich was
expected to be more sensitive than arthropods amthveorms (first part of Research
Question 5) The results of this study agreed with this exgat and lower LC/EC50 values
were achieved for AgNPs than in other studies. &dystion was found to be more sensitive
to AgNPs than survival. Species sensitivity disttibn and endpoint sensitivity need great
care for ERA studies (Chapter 7). The extremelyhipgl of the AgNP-Cit stock solution led
to dramatic increase of soil pH to values >8.5,avhappeared lethal to the enchytraeids.
Therefore no LC/EC50 values could be calculated AgNP-Cit. Nevertheless, the

importance of the nature of the capping agent féP Behavior and toxicity was shown again.

AgNO; and AgNP-PVP did not differ in reproduction toxyciwhile the effect on enchytraeid
survival was higher for AgN&than for AQNP-PVP which could be due to the slelease of



Ag ions from AgNP-PVP. The NOECs for the effectAgNO; (<9.90 mg Ag/kg dry soil)
and AgNP-Cit (<20.3 mg Ag/kg dry soil) were relatiy low and fairly close to predicted
environmental concentrations reported for sewagelge by Lazareva and Keller (2014)
(0.18-2.01 mg Ag/kg sludge) Gotschalk et al. (200929-6.24 mg nano-Ag/kg sludge).

Enchytraeid survival was influenced by neither pbt nrganic matter content of the soil.
EC50 for effects on reproduction negatively comeddlawith soil organic matter content,
probably because of the high affinity of Ag for &ing to organic matter. There was no
significant effect of pH on enchytraeid survivaldareproductionsecond part of Research
Question 5) Therefore, organic matter content of the soillddae used for the prediction of
reproduction toxicity for ERA studies (Chapter BC50 values based on pore water
concentrations may lead to conflicting results, aihinay be due to the complex interactions
of dissolved organic carbon, pH and cations withameptake and toxicity, as described in
the so-called Biotic Ligand Models (Ardestani et 2014; Di Toro et al., 2001). Thus, the
uncertainty about the toxic effect of AgNPs to smijanisms should be considered for ERA
studies (Chapter 7) until toxicity evaluations lthee pore water concentrations are studied in
more detail. The uptake of Ag from AgNPs B crypticus both in soil and in the sand-
solution medium, pointed at possible effects duiaéobioaccumulation and food web transfer

of Ag, which should also be taken into considerafmr ERA studies (Chapter 7).

8.5 Environmental Risk Assessment with Multiple Crieria Decision Making Tools and
Fuzzy Inference Models

The short history of ENP usage in products (Narugisgect, 2013), their approved release
from products to the environment (Gottschalk anaviick, 2011) and their potential to pose
harm to ecosystems (Chapter 5&6; Bondarenko eR@13; Kwak et al., 2014 and Heckman

et al., 2011) have triggered concerns about th&umwence in the environment and required
ERA for the usage of ENPs in consumer productsfiddifies in measuring ENPs in the

environment (Gondikas et al., 2014) and the higlalyable and limited data about their usage
in products (Holden et al., 2014), their releasemfrthe products, behavior (Chapter 4) and
toxic effects (Chapter 6) in the environment hightithe need for predictive risk assessment
studies (Quik et al., 2015). The unique properte€NPs, such as their size leading high
reactivity or coating materials resulting in toyadifferent characteristics compared to their
pristine versions (Farre et al., 2011), raisedribed of specific ERA approaches for ENPs

instead of using conventional approaches (Schaumhaal., 2014). Among the alternative



tools for the prediction oriented prognostic ERAyltiple criteria decision making (MCDM)
tools (Miseljic and Olsen, 2014) and fuzzy inferemeodels are considered useful (Chapter 7)

and they have not been applied yet in existingistud

One of the most widely used Multiple Criteria Déwmmns Making Tools (MCDM) tools, the

analytical hierarchy process (AHP), allows defintig main components of risk for ENP
usage and the most relevant sub-factors composieagrain components in a hierarchic
manner which enable the prediction of the risk aering all possible conditions. Therefore,
the user does not need exact data or all informatral can predict the risk by focusing on the
sub-factors in the hierarchy (Zeng et al., 2009t dhly the contribution of the factors to the
risk, but also the priority of the factors in detéming the risk are included in the evaluations
which makes fuzzy inferences more accurate andgaesince fuzzy inference use detailed

expert opinions instead of formulations.

As shown in the flow chart of the proposed ERA apph in Figure 7.1, the most elaborate
task is the preliminary step including the defmitiof the conditions and the gathering of as
much as possible data and information. This steweker, also provides an accurate
evaluation of risks. The most critical aspect o tfefinition is to determine the possible

transformations during the release of ENPs frompttoeluct (Mitrano et al., 2015) and their

fate in transition phases, such as wastewatemiezdtplants (WWTPS), before they enter the
environment. Users can define the form of ENPs ¢im&r environmental compartments and

gather data accordingly.

A systematic evaluation procedure with MCDM toots fERA of ENPs is applied by
constructing a hierarchy which consists of riskides first part of Research Question J.
Environmental risk is the result of the occurremdeENPs in the environment, exposure
potential for ecosystem components and their plessizic effects; these are the main factors
in the hierarchy of ERA. The sub-factors relatethwhe release of ENPs from products and
their transformation/transportation before theyeerthe environment provide an estimate of
the likelihood for occurrence in the environmentosl ENPs are released in different
conditions, such as via washing of textiles (Geyatial., 2009), cosmetic make ups (Keller et
al., 2014), and run off from rain washing the adesof buildings (Al-Kattan et al., 2013).
They end up in WWTPs, recycling centers or lansllhd pass through engineered processes
which certainly affect the amount and form of ENPaching the environment (Barton et al.,
2015; Lazareva and Keller, 2014; Mueller et al.120 Knowledge of the characteristics of
the ENP and the receiving environment enables vhRiation of fate processes to assess the



exposure potential (Chapters 3&4). The key procedee the fate of ENPs, namely
agglomeration and dissolution (Garner et al., 20hdye been understood well in terms of
exposure potential from the combination of ENP amavironmental characteristics.
Agglomeration studies helped predicting agglomeratibehavior based on these
characteristics (Chapters 3&4). Toxicity studiesugled with the determination of ENP
speciation in soil media (Chapters 5&6) were higidgful for scoring the factors related to
their contribution to the risk and for prioritizati of these factors. Similar studies may apply
for estimating the contribution of dissolution pesses. Toxic effects are evaluated to reveal
the strength of the risk, which was categorizethatsingle species and the community level.
This categorization provides a precise evaluationesthe acute and chronic endpoints for
single species and structural and functional patarseat the community level are more
representative of toxic effects.

Uncertainty regarding the data and information loa telease (Quik et al., 2015), fate and
effects of ENPs were successfully reduced with riporating of expert judgements into the
approach by using fuzzy scale scores and fuzzyante rules(first part of Research
Question 1) Expert opinions on different items, such as hggmtribution to risk, were
beneficial to compensate for missing data or uaggst stemming from the limited number of
studies available. Fuzzy inference rules were umséntal to combine main components of the
risk, including occurrence likelihood, exposure gudtal and toxic effects with expert
opinions to achieve an ultimate risk magnitude @adt of using complicated formulations
based on several assumptions. Therefore, there meed for the formulation to quantify the
risk and the risk is reported with its class (s@ashmajor or minor) which points out the
necessary risk management action. Since the ressification is also applied with fuzzy
scales, reported risk class (membership degree),inftance Major (0.7), can provide
comparison or ranking of risks, e.g. for differestienarios of ENP use or under different

environmental conditions.

The proposed ERA approach was successfully apfi¢ide model ENPs, AgNP-Cit, AgNP-
PVP and TiQ (second part of Research Question 1). The proposed hierarchy was good
enough to include all the factors that are needelet evaluated in the context of the case
study. Risk characterization with the fuzzy inferermodel provided the risk classes for each
ENP coupled with membership degrees. Risk was diehseparately for aquatic and soil
media owing to the flexible structure of the appgtoaln this way, more precise and
informative results were obtained for the risk ngeTaent step.



8.6 Risk Management, Communication and Legislativaspects

ERA is the basis for risk management and risk comoation. ERA results therefore should
provide an input for management activities (Wesgleral., 2007). Since the history of ENP
usage is relatively short and prediction of itksigre more important rather than evaluating
the risk of existing situations, AHP provided piiprweights were useful to address which
aspects should be considered to reduce risk orged@autions. These results are helpful for
both decision makers at legislative levels and rfearturing industries. Integration of this
ERA approach with the research development stagamdparticle production or the usage of
ENPs for consumer product manufacturing could mlevvaluable information for the
nanomaterial or nano-based product developmemtillitbe easier to identify which ENP
characteristic needs to be improved or modifiecettuce the risk. It is also possible to use the
suggested approach as quantification of how ridkictton measures can be efficient (Topuz
et al., 2011).

Priority weights could help identifying which eneilnrmental characteristics may be included
in the legislation in order to limit exposure pdtahfor ENPs or which parameters could be
used to regulate the manufacturing of nano-basedugts. Based on the results of risk class
and occurrence likelihood due to the release of &Ne&gulations can be defined in which
nanomaterial production or nano-based product naatwfing activities could be included. It
may also help deciding whether there is a needn&w regulations specific to new (and
existing) nanomaterials such as REACH.

Risk communication among stakeholders, like scémtiindustries, decision makers of
legislative issues and the public, should be stted (Kuhnel et al., 2014). Since the usage of
ENP is relatively new and the communication for gefety for the environment is highly
necessary to convince the usage of nano-basedgisodithout any doubt in terms of its risk
to the environment, quantified ERA results will reathe communication with the public
easier. For decision makers, quantified risk asdlass and the priority weights of the factors
contributing to the risk may be much more informatiAs such, the ERA approach proposed
in this thesis may offer several advantages ants talso for risk communication between

stakeholders.



8.7 Conclusion and Recommendation for Further Studis

This PhD study showed that a new approach for tRA Bf ENPs is able to provide
informative and meaningful results. Since the us#deNPs in products is relatively new and
there are few data with high uncertainty on its s=ioin, fate and effects, predictive ERA
approaches might help to predict possible harmiscthad be posed to the environment and to
identify the critical steps and data gaps. The psed approach allowed evaluating all the
factors including environmental and ENP charadiesgelated to the risk by using analytical
hierarchy process (AHP) to define the componentsskf To reduce major uncertainties, it is
recommended to support ERA studies with criticdibgigned experimental studies. Therefore,
studies oriented to understanding the mechanisntiseofate and effects of ENPs should be
expanded to provide data for improving the predicdiin ERA. The ENP agglomeration and
soil ecotoxicity studies described in this thesisvpled useful data for the predictions and

significantly supported the application of the pyepd ERA approach.

Aquatic media can be classified based on th&,®ég** and DOC concentrations in terms of
their role in ENP agglomeration. AgQNPs are takemyf. crypticus which showed to be one
of the most sensitive species for their toxicitgpRoduction toxicity of AQNPs was correlated

with soil organic matter content while soil pH dhdt affect their toxicity.

Further studies are needed to find correlationsvéeh water/soil chemistry parameters or
ENP characteristics and their agglomeration/diggmitbehavior to support ERA studies. The
speciation of ENPs in soil pore water should belistliin more detail to better understand
agglomeration/dissolution in the soil compartmentxicity studies should be designed in
such a way that they enable predicting ENP toxibdéged on both environmental and ENP
characteristics. The proposed hierarchy for ERAlccde improved based on the results of

such studies.

Decision makers at the legislative level and redeand development departments of nano-
based industries are recommended to integratertdpoged AHP approach in their studies.
This will help obtaining informative data for risdsssessment and to include precautions to
reduce environmental risk at the product develogrstage, which is the first level and the
most desired step of waste management. Finallg, suggested to apply the proposed ERA
approach also in the Life Cycle Analysis (LCA) dfiEs. Since LCA considers all the stages
of the usage and discarding of ENPs , the moduidrhaerarchic structure of the proposed

ERA approach has the flexibility to be adapteddibi. CA stages
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FATE AND EFFECTS OF ENGINEERED NANOPARTICLES IN THE
ENVIRONMENT AND NEW APPROACHES FOR THEIR RISK

SUMMARY

Considering the needs for the Environmental Riskse&sment (ERA) of Engineered
Nanoparticles (ENPs), the main aim of this PhD wtisdto propose an ERA approach for
ENPs that enables evaluating all representatiierfaéor the risk, provides tools for reducing
uncertainties and points out further research neeub risk management strategies with
guantitative risk communication. Silver nanopaesc(AgNPs) and TiONP were chosen as
model ENPs due to their common usage in consunoetupts. Two different AgNPs, with
citrate and PVP coating, were used to compare fteetg of coating material. In the context
of this main aim, the following objectives weredid to generate data or knowledge for the
proposed ERA: 1) to determine in a systematic matime most relevant water chemistry
parameters for the agglomeration of model ENPschvis the key fate process for the fate of
ENPs 2) to classify the aquatic environment basethe relevant water chemistry parameters
for agglomeration by considering the possible terapohanges according to the results of
ENP agglomeration behavior in natural water samBleto evaluate the toxicokinetics and
toxicodynamics of AgNPs . crypticusby investigating the relation between uptake and
effects and 4) to determine the survival and repctde toxicity of AQNPs tcE. crypticus
and the relation between toxicity and soil organatter content and pH of the soil.

In the context of Chapter 2, selected anions, natioatural organic matter (humic acid and
fulvic acid) and synthetic organic compounds (sodiodecyl sulphate and ethoxylates) that
were commonly observed in surface water were tdstettheir effects on ENP agglomeration
under environmentally realistic conditions. ENP laggeration was characterized using the
change in size as measured using dynamic lightestag and Nanosight Nanotrack. Then,
the combinations of ions and natural organic msitterere evaluated in terms of
agglomeration behavior to compare with the speeifiects and most related parameters with
the agglomeration of selected compounds were detedmas C&/Mg?* and dissolved
organic matter concentrations in the aquatic medidlinof the agglomeration studies were



conducted for 1 hour, 1 day and 1 week to assed® &dglomeration changes over time
depending on the type of ENP. A surface water satedl media in terms of agglomeration

was proposed which was validated by comparison matiral surface water samples.

Based on the results of Chapter 2, six surface naatd three wastewater treatment plants
were selected with different €4vig”* and dissolved organic matter concentrations to
determine its effect on the change in ENP size. EAgBlomeration experiments were
conducted in unfiltered and filtered samples toehawnvironmentally realistic conditions.
Agglomeration characterization was performed usimgsame methods as in previous chapter.
Agglomeration of citrate-coated AgNPs correlated| wéth Ca®* concentration. However,
dissolved organic carbon led to deviations at aagerconcentration range. PVP-coated
AgNPs were stable at their original size regardiegswater chemistry. Ti© NPs
agglomerated up to micrometer scale in most ofwthater samples after 1 week. Correlation
of their agglomeration behavior with €aconcentration was weaker than that of citrate-
coated AgNPs. However, the correlation improved iwhessolved organic carbon content
was higher than 2 mg/L. The effect of dissolvedanig carbon on the stabilization of %O
NPs was more pronounced after 1 day. Fractionatiothe samples based on molecular
weight of the organic matter using ultrafiltratishowed that agglomeration was much more
pronounced for the fraction below 10 kDa than fanfiltered samples. Based on the
correlations found, a classification scheme foragglomeration of model ENPs in water over
time was proposed.

The uptake of AgNPs and AgNGn E. crypticuswas followed for 10 days. A background
solution with essential elements was spiked totiggiartz sand to prepare the exposure
medium. E. crypticuswere exposed to AgNPs at different dose levelsdifferent times
(2,3,5,7,10 days). Survival &. crypticuswas determined, and sand, filtered sand solution
andE. crypticuswere analyzed for total Ag. Ag mostly adsorbedhe $and, with strongest
sorption found for ionic Ag and PVP-coated AgNP#drafe-coated AgNPs gave much higher
Ag concentrations in the solution than other twocdgnpounds. However, the LC50 was also
higher for citrate-coated AgNPs, so it was lessctoXhe other Ag compounds had similar
toxicity. Accumulation of Ag was observed dependong time and external concentration.
For all compounds, the LC50 decreased with time raaghed steady state after 7 days of
exposure. However, LC50 calculated based on inté&gaoncentrations in the enchytraeids
were constant over time and could be consideree mapresentative of toxicity regardless of

time.



Survival and reproduction toxicity of AgNPs and AQNo E. crypticuswere determined in
three different standard soils, namely Lufa 2.2faL@.3 and Lufa 5M. The standard 1SO
(2004) guideline 16387 was used for the toxicistde Effects on enchytraeid survival were
observed at concentrations higher than 500 mg Adrkgsoil for the AgNPs, while AgND
was more toxic. Reproduction was more sensitive thavival and there was no significant
difference in toxicity between AgNPs and Aghoxicity decreased with increasing soil

organic matter content, but not by soil pH.

An ERA approach for ENPs was proposed with usirajyaical hierarchy process (AHP) and
fuzzy inference tools. Risk of ENPs were basedhendccurrence likelihood (OL), exposure
potential (EP) and toxic effects (TE). Accordingthe principles of AHP, sub-factors that are
related with OL, EP and TE were determined systigalft and a hierarchical structure was
developed considering the placing of comparableofaat the same level. A fuzzy scale was
proposed to score the factors in the hierarchyguskpert judgement. Sub factors were scored
based on their contribution to risk and compareterms of their importance for the risk to
obtain priority weights for the factors. Then ouksxores were calculated with a weight-
average method and converted to standard trapézuidsbers. Fuzzy sets corresponding to
the overall scores were determined using the pexpasoring scale. OL, EP and TE were
combined with a fuzzy inference rule base usingeexpudgement to obtain the risk
magnitude and the risk class based on the scapmged. Three case studies were analyzed to
demonstrate the applicability of the method. Theecstudies showed that this approach can
provide more informative results since it gives tiwk class which helps identifying the
required risk management strategy. Moreover, thaipr weights of the factors may give a
clue about research needs or may help identifyinigiwfactor should be focused on to reduce
the risk.



NANOPARTIKULLER IN CEVREDEKI DAVRANI S VE ETKILERI ILE RiSK
DEGERLENDIRMESI iCiN YENI YAKLA SIMLAR

OZET

Modern c¢&in gereklilikleri ile birlikte hizla dgisen ve gelien teknoloji, gunlik hayatta
kullanilan Granlere ihtiya¢ duyulanlevierin kazandirilmasi amaciyla farkli malzemederi
Uretiimesine neden olmtur. Bu malzemeler, kullanildiklari GrGnlerin  haydbtnguleri
icerisinde cgitli yollarla cevresel ortamlara girmeye demis ve cevre icin “Oncelikli
kirleticiler” adi altinda, ¢cevredeki davrafari ve gevreye olan etkileri tam olarak bilinmeyen
yeni bir kirletici gurubu olgmasina neden olmgtur. Son on yildir Uretilmeye klanan ve
kullanimi oldukga hizli artan nanopartiktller de, dgrupta yer almakla birlikte, gerek yuzey
alanini oldukca blyuten nano boyutlari ve gerelesdlici slevler kazandiriimak amaciyla
herbiri desisik Ozelliklerde Uretilen oldukca geniiriin yelpazesiyle cevreye etki bakimindan
diger dncelikli kirleticilerden de ayrilmaktadir. Biedenle, nanopartikillerin kullanimi ile
ilgili cevresel risk dgerlendirmesi ihtiyaci gindeme gekrlup farkli 6zelliklerinden dolayi

alternatif yontemlerin gediiriilmesi de gerekmektedir.

Bu doktora tezinin amaci nanopartikiller icin, @sal riske katkisi olabilecek tum faktorlerin
deserlendiriimesini sglayan, belirsizlikleri en aza indirgeyen, sayisgll@mis risk sonuglari
ile gelecekteki cajmalar icin argtirma konularini ve risk yonetimi stratejilerini taya
koyabilen bir cevresel risk gerlendirme yaklggmi dnermek ve dnerilen yaklan icin gerekli
olan veri ve bilgi birikiminin kismen okturulmasini sglamaktir. Bu ¢gamanin uygulanmasi
icin, tuketici trtnlerinde oldukga yaygin olaraklanilmasindan dolayi, Gungi{Ag) ve TiG
nanopartikiller, model nanopartikiller olarak seqitir. Nanopartikillerin Grtnlerdeki
stabilizasyonunu gamak amaciyla kaplama malzemeleri ile yizeylepl&amaktadir. Bu
calisma kapsaminda, kaplama malzemelerinin cevresel biddmindan etkilerini koymak
tzere iki farkli Ag nanopartikil, sitrat ve polyyinpyrrolidone (PVP) kapli, kullanilrgtir.
Onerilecek olan cgevresel risk glendirme yaklami icin gerekli olan, ancak literatiirde
eksik olan veri ve bilgilerin okiurulabilmesi icin, camanin ana amaci dahilinde dort farkli

amag belirlenngtir.



Bolum 2 kapsaminda, yuzeysel sularda yaygin olémakinan anyonlar, katyonlar, gl
organik madderler (humik asit ve fulvic asit) ventgik organik maddeler (sodyum dodesil
sulfat ve etoksilat) secilmi ve bu maddelerin c¢evresel ortamlar temsil edici
konsantrasyonlarda hazirlanan sentetik c¢oOzeltdertlhg ve TiQ nanopartikiller ilave
edilerek, bu maddelerin aglomerasyon Uzerindekilegtktespit edilmgtir. Aglomerasyon
karakterizasyonu, partikl caplarindakigdgm dikkate alinarak yapilmgiolup dlciimler igin
Dinamik Isik Dagitici (DLS) ve Nanosight NTA kullanilrgtir. Daha sonra, bu parametrelerin
tum farklhh kombinasyonlari ile cevresel skitlara uygun konsantrasyonlarda hazirlanan
sentetik c¢ozelilere Ag ve Ti#Onanopartikiller ilave edilngi ve elde edilen sonuglar, bu
parametrelerin tekil olarak bulungiw cozeltilerde elde edilen sonuclarla skastirilarak,
aglomerasyon prosesine en cok etki eden paramet@#'/Mg®* ve c¢oziinmi organik
karbon konsantrasyonlari, olarak belirlegtini Tium aglomerasyon c¢afalari 1 saat, 1 gin
ve 1 haftalik zaman dilimleri icin gercektgilmis olup, 6zellikle sitrat kapli Ag ve Ti0
nanopartikillerin aglomerasyonunun zamanla arted&ilegézlenmitir. Elde edilen tim
sonuglarin analizi ile nanopartikillerin c¢evredekkibeti ve c¢evreye olan etkileri
kapsamindaki gli calismalarda, ylizeysel sular temsil edici olarak kuliicek “sentetik

ylzeysel su ortami” onerilrtir.

Bolum 3 kapsaminda, bir onceki boélimde tespit ediparametrelerin nanopartikillerin
boyutlarindaki dgisimi ile olan korelasyonlarini tespit etmek uzereyskfi araliklarda
Ccd*/Mg®* ve ¢oziinmiiorganik karbon konsantrasyonlari iceregekilde 6 yiizeysel su ve 3
atiksu aritma tesisi secilgtr. Cevresel keullari temsil edici olabilmesi icin, stzulmi
numunelerde yapilan deneylere ek olarak, suzulmemimunelerde de aglomerasyon
deneyleri yapilngtir. Aglomerasyon karakterizasyonu bir dnceki bddiégnaciklandii sekilde
yapilmstir. Sitrat kapli Ag nanopartikiillerin aglomerasydie, C&*konsantrasyonu arasinda
oldukca guclu bir igki tespit edilmgtir. Ancak, ¢ozinmgl organik karbon icegi, belirli
konsantrasyon araliklarinda, bu korelasyondan kisgjknalar yganmasina neden oltur.
PVP kapl Ag nanopartiktller ise, numunenin kimyagriginden b&msiz olarak, tim
numunelerde B#angigtaki orijinal boyutlarint  korungtur. TiO, nanopartikiller ise,
numunelerin ¢gunda 1 hafta sonra, mikrometre seviyelerine kadénaere olmstur. TiO,
nanopartikillerinin aglomerasyonunun®#&onsantrasyonu ile olan korelasyonu, sitrat kapli
Ag nanopartikillerinkine goére, daha zayif oktwr. Ancak, yanhzca c¢ozunmiorganik
karbon icergi 2 mg/L deerinin lzerinde olan numuneler dikkate alfidda, korelasyon
oldukga artmgtir. Hatta, ¢coztnmgiorganik karbonun Tignanopartikillerinin stabilizasyonu



Uzerindeki etkisi 1 gun icerisinde daha da belirdiale gelmgtir. TUm numuneler
ultrafiltrasyon ile molekuler @rlik bazinda fraksiyonlarina (10 kDa and 1 kDajilays ve
her fraksiyonda aglomerasyon gadalari yurtttlmgttr. 10 kDa altindaki organik maddeleri
iceren numunelerdeki aglomerasyon, siuzulngemimunelerdeki aglomerasyondan oldukc¢a
fazla gerceklgmistir. Bulunan korelasyonlar dikkate alinarak, mod®nopartikillerin

aglomerasyonu icin ytzeysel sulara ait bir sindlamasemasi 6nerilngiir.

Bolum 5 kapsamind&nchytraeus crypticusarafindan gercekgérilen Ag nanopartikil ve
AgNO; tuketimi 10 guin boyunca takip edilgtir. Elzem elementleri iceren bir ¢ozelti, inert
bir kum ortamina ilave edilmi ve bu ortamda,E. crypticus farkli konsantrasyon
seviyelerindeki Ag nanopartikillere farkh sdureler(®,3,5,7,10 giin) maruz birakiknr. Her
zaman dilimi sonunda yanE. crypticussaylimg, kum, ¢ozelti fazi ve yayan organizmalar
icinde Ag Olcimu yapilngtir. Tim nanopartikiller icin LC50 zamanla azalme 7 gin
sonunda duggan kaullara gelmgtir.  Ancak, organizmalain binyesinde ©6lcilen Ag
konsantrasyonlari dikkate alinarak yapilan hesaplarda elde edilen LC50 gerleri
zamanla sabit kalmive zamandan gansiz olmasi nedeniyle toksisite bakimindan daha
temsil edici olabilecg gorulmstur.

E. crypticus, U¢ farkh standart toprak icerisinde Ag nanojéitve Ag iyonlarina maruz
birakilmstir. Yasamsal ve uretimsel toksisite, “ISO (2004) 16387d8line” kullanilarak test
edilmistir. Ag nanopartikillerin ygam tzerindeki toksik etkileri 500 mg Ag/kg kuru tak
kadar yuksek kontrasyonlarda goOzlenirken, Ag iyantiaha c¢ok toksik etki gosterstir.
Uretimsel toksisitenin, yamsal toksisiteden daha hassas glduespit edilmi ve Ag
nanopartikiller ile Ag iyonlari arasinda toksik ietkakimindan farklihk gézlenmestir.
Toksisite, organik madde icgriyiksek olan topraklarda gliik iken, farkli pH dgerlerinden
dolay! toksisiteler arasinda anlamli bir fark gomemitir.

Nanopartikiller icin, Analitik Hiyerai Proses (AHP) ve bulanik cikarim modelleri
kullanilarak bir cevresel risk derlendirme yaklgmi o6nerilmgtir.  Nanopartikillerin
cevresel riskleri; cevrede bulunma durumlarinaaoigmalarin nanopartikillere maruz kalma
potensiyellerine ve organizmalar Uzerinde g0Ozlertksisk etkilerine bgll olarak
deserlendirilmistir.  AHP prensipleri ger@, bunlara etki eden alt faktorler sistematik okara
belirlenmg ve kasllastirilabilen faktorlerin ayni seviyeye yegtailmeleri dikkate alinarak
hiyeragik yap! olwturulmutur. Hiyeragideki faktorlerin, riske olan katkilarini
deserlendirmek Uzere bir bulanik 6lgek 6nerigtim. Bu faktorler, ¢cevresel risk bakimindan

onemlerini belirlemek Uzere matrislerle datirilmis ve sayisal dnem dereceleri elde



edilmistir. Uzman gorgleri kullanilarak, bulanik cikarim kural kimeleraygsinde risk
sayisallatiriimis ve siniflandiriimgtir. Uygulanan 3 farkli senaryo gdstestiri ki bu yontem
risk hakkinda daha bilgilendirici sonuglargkmaktadir, ¢unki ele alinan durumun risk
yonetimi igin startejiler dneren risk siniflarindaleri belirlenmitir. Ayrica, 6nem dereceleri
gelecekteki nanopartiktil cgaamalarinin yonlendirilmesine ve riskingdiitilmesi icin hangi

faktorler tizerine @lmek gerektgine iliskin ipuclari da sglamaktadir.
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