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Abstract

Abstract

With the exponential growth of the nanotechnology industry in recent ysamseris
about tle exposure and potential environmental impadtengineered nanoparticles
(ENPs)have increasedointly, due to current increases in the size of urban populations,
concerns are rising regarding the associated increase in product waste emisities
including novel potential, neregulated contaminants suchEsPs

Robust and sensitive analytical approaches for ENPs are still lacking, and therefore only
a limited amount of experimental data are available on the ENP emissions and exposure
in city ernvironments. However, mathematicalodels provide a potentially powerful
approach to understand the occurrencefatelof ENPs in city environment®Vhile a
number of these models already exist, these tend to operate at low temporal and spatial
resolutionrequired to fully understand exposure and risks in urban sysiénssthesis

aims to providea new modelling approach that allows the estimation of&¥Posure

of urban surface waters at high spatial and temporal resolutions.

As a first step, theoures, release pathways and environmental fate processes of ENPs
in urban aquatic systems were reviewed and the gained knowledge was used to design a
new integrative modelling frameworkble toestimde the emissions anaxposure of

ENPs in surface waters afban systemith high spatial and temporal resolution. This
framework considers the different ENfPoduct that will be in use in urban systems and

both point source and diffuse emission pathways into surface waters.

The proposed framework was then applie model thespatial and temporal trends of
ENP emissions ia case study city (York, UK). Theaim sources, drivers and activities
causing tk highest emissions in the city were identified, and emidsainspots and

temporal emission trendgerederived for thearea angeriod simulated.

Exposure of the York river system tibanium dioxide ENPs (TIQENPS), which were
estimated to be the highest emitted ENPs in York, was modelled to develop temporally
and spatially resolved potential exposure concéatra in the York river system over
time. The results were used alongside ecotoxiological species sensitivity distributions to

assess the risk posed D¥D> ENPs in the York River system.
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Chapter 1 Introducton

Chapter 1

Introduction

The expansion of the nanotechnology sector is leading to an incraes&bility and
use of products containing engineered nanoparticles (ENF§) Market Report, 2018)
Throughout their life cycle, ENEontaining products are subject to weathering and
ageing and consequé&ntENPs will be releasd from the productever time(Gottschalk
and Nowack, 2011aYhereforein recent yearsthere has beegrowing concern about
the exposure and potential environmental impa¢tENPs(Garner and Keller, 2014)
More so in cities, \were use, emission and exposure of ¢hemerging pollutants is
currently concentratd due toincreasing urbanization and the steady growth of the urban
population(Uinted Natiors, 2014) In this context, ealuating the risks oENPs has
become essential for regulatory purpofi@auscher, Rasmuss and SokuKIluttgen,
2017) Thereforethischapter firstly provides an introductionE\NPs (i.etheir definition

and properties) to then discutie concernsaround the potential impacts of these
materials in the natural environmehbéter, it introduces lhe concept of cities as hot $po

of ENP emissions and exposulidne chapter thereviewsthe models developed so far
for estimatingenvironmentakxpacsure to ENPsandfinally provides the main aim and

objectives of this thesis.
1.1 Engineered nanopactes

There are several competing definitions for ENRsiffan et al, 2009; Kreyling,
SemmlerBehnke and Chaudhry, 2010; Boholm and Arvidsson, 201&) EU Scientific
Committee on Emerging and Newly Identified Heath Risks (SCENIHR) defines
engineered nanomaterials (ENMs)s fAmat eri als with one or
or an internal structure, at the nanoscale and which could exhibit novel characteristics
comparedd t he same mat er (EwdpearaGomnaissidna20idiéea s c a
International Standards Organization (IQ1@fines nanoparticles as naobjectswith all

three external dimensions in the nanos¢Blgholm and Arvidsson, 2016But the most

commonlyused dénition of ENPsand theonethat will be useddr the purposes of this

14



Chapter 1 Introducton

thesis,is the one that defines ENRss fii nt entionally produc:c¢
characteristic dimension from 1 to 100nm and that have properties that are not shared by
thenommnanoscale particles wit h(Auffdnetals2008e c her

ENPsare produced idifferent shapes (e.gpheres, films, tuls etc.) and compositions
(i.e. organicnanoparticlesuch as dendrimers or liposomes, or gagnc nanoparticles
such asmetals €.g. silver, copper, gold, etc.)netal oxides (zinc oxide, iron oxide
titanium dioxide andsilicon dioxide)and carbon based ENPsatbon nanotubes, and
graphen®. However their defining claracteristic is their nardimensios that confers
upon them their particular propertiefAuffan et al, 2009) These sizalependent
properties includeinigue mechanical, electronic, photonic, and magnetic proparids
are a consequence ofuantum size effectthat are not present in the bulk material
( Us k o k o v {Figure 12).0TitaBiym dioxide(TiO>) particles, for example, at the
nancscale exhibit more effectiyghotocatalytic activityhan bulkTiO2, aproperty which
is now being exploited through their useselfcleaning coatinggParkin and Palgrave,
2005) Gold particles go from being nataily inert at the macroscopic scateextremdy
effective oxidation catalystwhen their sizas reduced to a few nanometr@uffan et
al., 2009) In addition, nanoparticles exhibit a particularly high surface reactivity, which
is aconsequence of the fact thehigher proportion of atonat this small size scabre

at thesurface of thearticle than in thénterior( Us k ok ov.i |, 201 3)
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-
surface area 2co, ©9-highly catalytic
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Figure 11. Improved properties of engineered nanoparticles from their bulk material. Source:
image taken fron{Starket al, 2015)

Theseimproved propertiesand the commercial advantag@f reducing the use of
materias, makes them highly attractier applications in almost every instrial sector

under what aresually callecengineerechanomaterials (ENMSs).

Sncet he | at e 19 9@hesdaesenabley pro2lu®td frsi appeared in the
marketplacethe nanotechnology sector hasdergonecontinuous growtl{Zhu et al,
2017) Further expansion of the nanotechnology sector is forecast dgtdst report
published on Global Nanotechnology Outlook 20Zkanget al, 2013) Currently,
evidence of releage the environmerdand consequerinvironmentaéxposure have been
observedor some ENPg¢Henneberet al, 2013; Gondikagt al, 2014; Mitranocet al,,
2014) Therefore, a the nanotechnology field expandgmissions of ENPs to the
biosphere during productiotransport, use and disposal asgected to increasmdthe

emissionswill keep growinginto the future(Gieseet al, 2018)
1.2 Environmental concerns dENPs

The expected increasin environmental exposure has raised concerns almngequent
impacts on environmental healtVYialsamiJones and Lynch, 2015lhis is becauséeir

unique nanescale properties can also translate imtw fate, transport and toxic qualities

16



Chapter 1 Introducton

(Warheit, 2018) For example upon exposure (e.ghrough inhalation, skin contact,
ingestion, and injectionthe very smalkize ofENPsallows them to pass more easily
through cell membranes and other biological barriers, theref@momaterials can be
easily taken up into living organisnand cause cellular damagea et al, 2014) In this
sensepne of the mairtoxicity corcerns of ENPsisthesoa |l | ed A Tr oj an Hc
wherein compounds that might not normally enter a cell are internalized when associated
with aENP due to their small size and very reactive surfdt@samiJones and Lynch,
2015) Anothertoxic mechanism associated with some ENPs, is the enhanced production
of reactive oxygen species (ROQYiesneret al, 2009) ROS areby-productsof the
cellular metabolism of oxygenmuch of which occurs in the mitochondrigdlowever

ROS canalsobegererated by other means such as by certain EXRset al., 2014)

The overproduction of ROS can induce oxidative stress, resulting in cells failing to
maintain normal physiological redergulated functions. This in tugan leado DNA
damage, unregulated cslgnalling changsin cell motility, cytotoxicity, goptosis, and

theinitiation of cancergXia et al, 2014)

Despitethe fact thatENP toxicity hasalreadybeen extensively studied in different
biological systems anbxic effectshavealready been reporté@hen et al., 2018; Wang
et al., 2014; Xia et al., 201®berdorster2004 Austinet al, 2003, adebate onvhether
protocols used for ENRoxicity testingare adequatés still ongoing(Warheit, 2018)
Furthermorecurrently these toxic effecerenot fully characterized for all types of ENPs
or for their relevant exposure formasnd under relevant environmental conditions
(Warheit, 2018)

The novel propertiesf ENPsarealsonot yet accounted fomn the current environmental

risk assessment methods proposed by the Registration, Evaluation, Authorization, and
Restrictionof Chemicals (REACH) regulationi fact, major ceviations between the fate

of ENPs and predicted fate by REAGtave beerfound (Meesterset al, 2013) For
example, when evaluating thefate processeof ENPs in the environmentthe
conventionally used equilibrium partitioning coefficiefids chemical substancés.g.,

Kow) canrot be applied to ENPsince ENPs (like colloids) are thermodynamically
unstable suspensions and will never rehemmodynamic equilibriunfPraetoriuset al,

2014) Insteadthe use obther fate parametersuch asattachment efficiencigshat take

into consideratiorthe ENPs and surrounding environment properties, would be more

adequate (Praetorius et al., 2Q1A4)so0, in the application of REACH, chemicals are
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presumed to dissolve instantaneously into the enment once emitted whereas most
ENPs wonot preevasis ihdirpaticutate fornm nanosized suspensions or
aggregategMeesterst al, 2013) In terms of their toxicity, conventional dose response
assessments (DRA) might not be adequate for ENPs either. DRA are usually reported in
terms of mass, but for ENPs it has beergssted that their biological activity might not

be masglependent but rather dependent on their playsicchemical properties (i.size,
shape, agglomeration state and surface compos(deskribed in detail in section 2,4)
which are not conventiorlgl considered in toxicity studiegsarner and Keller, 2014;
Hegdeet al, 2016) Overdl the potentiaenvironmentatisks associated to ENPs are not
yet fully understood anatunderstand the risks posed by ENPs in the environment both,
the exposure levels and the hazard potential need to be qua(@ifibdllereGuzman

and Nowack, 2016)

Currently uncertainties at both levelthe exposure andhe hazard levelstill prevail
(Garner and Keller, 2014lthough evidence of release and consequent exposure have
been foundor someENPs(Hennebert et al., 201®1itrano et al., 2014Gondikas et al.,
2014)and warning of potential hazardous effelsve been raisefibr others(Garcia
Alonsoet al, 2014; Wanget al, 2014)

1.3 Urban contributions oENPs

Urban environments, being centres of human activities, have become hot spots of ENP
emissions, athurban surface wateesseone of their main sink@Baaloushat al, 2016.

In the ubancontext, the use of ENPs is also increasing with the development of these
newtechnologes. Currentcommercialised ENfeontaining productgiclude cosmetics,
personal care products, food additives, paints and codtfadier et al, 2013 Vanceet

al., 2015a)which will be mostly used within citiesAlso outdoor urban naomaterials

such agonstruction materig, outdoor paints and coatings gitocatalytippavements
amongst others, emerge as potential sources of ENRissionsinto the urban
environment(Baaloushaet al, 2016) The urbanlandscapeis characterised by the
prevalence of impervious cover and reduced green areas, this translates into reduced
storm water infiltration rates and an increase in surface water runoff genefgt®n
reported runoff coefficientghat measure the fraction of rainfall that is not infiltrated but
prevails as runofffor urbani®d areas range between 0.70 and 0.95, while runoff

coefficients for parks and gardens vary between 0.05 an{\o8laresi, Westerlund and
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Viklander, 2010) Such structure enhargthe transport of contaminants to the nearby
surface waterand therefore exposure to mixtures of varying pollutésesZwartet al,
2018) Therefore, urban environmentswust be targeted as relevant exposure

environments of these emerging pollutants.
1.4 Environmental exposure modelling BNPs

Appropriateanalytical methods for thegetectiorof ENPsin environmental matricesuch

as surface waterare still under developmgmmaking largescale monitoring campaigns
currently impossibléGeisseret al, 2015)andtherefore, exposurevels for most ENPs
areunknown.To address this challenge, mathematical moalepowerful tools that can

be used to estimate ENP emissions and environmental concentradimse models
provide an indication of théevel of environmenal exposire when experimental and
monitoring data isunavailable(SaniKast et al, 2015; Nowack, 2017 Furthermore,
models enable a deeper undansliing of the relative importance of different emission
sources and pathways arlerefore can serve as tools to suppddcisionmakingand
supportregulations. For examplensights from modelling efforts could be used to
support selectingmission ntigation measures and deveilog more targeted monitoring
campaigns. Models can also help inform the development of analytical methodologies for
ENPs by helping to define which material types most need to be monitored and the
required performance of the theds in terms of detection limits for particle number and

particle size

Over the last decadseveral different modelling approaches for deriving predicted
environmental concentrations (PEC) of ENPs have been developed. Theseanwalee
variety of enwronmental exposure models with different applicability and objectives
(Gottschalkaet al.,2013; Nowack, 2017 Some are focused on studying the mass flows
of ENPs during their life cycle to the different techniGad. wastavater treatment plants
and landfills) and environmental compartmenfise. amosphere, soil, sediment and
water) (Keller et al, 2013 Gottschalket al, 2015a; Liuet al, 2015 Sunet al, 2015)
These are soalled material flow analysis (MFA) modedsd usually are classifieds a
top-down models, in which the environmental compartment is typically treated as a black
box and no specific information about the ENP fate processes is inclDttenls centre
their attention on the study of the ENPecific fate processesd, envirormental fate

models (EFM)), in different environmental compartments(kmaret al,, 2011) water

19



Chapter 1 Introducton

(Daleet al, 2015)and soil(Goldberget al, 2014) These more mechanistic approaches
are often called bottom up models and incltelevant information on the ENP transport
and fate processes such as advective transport, faggregation, dissolution, surface
transformations, sedimentation and resusper{ficaetoriuget al, 2013)(these processes
are described in detail in secti@4). Since Boxall at al. (2007) provided the first
approach and theoretical basis to quamel assess ENP concentrations in air, soil and
water using a series of algorithnBoxall et al, 2007) thesedifferert kinds ofmodels
have been in constant evolutiorhe firstapproachesverebased on hypothetic&EINP
production and use volumes, sino@ empirical stugs had yet been performed at that
time (Boxall et al, 2007) Then,material flow analysigMFA) (Mueller and Nowack,
2008)andparticle flow analysis (PFAQArvidsson, Molander and Sanden, 20@&t rely

on the use omarket estimates of production volureesd average transfer coefficients
between environmental compartments emerged. Finally, theincorporation of
probabilistic elemerst using Monte Carlo simulatiotes MFA and PFA dominate the
currently most used approaci{&ottschalk, Scholz and Nowack, 2018)summary of
the available models developegh to early 2013 for ENP predicted environmental
concentration (PEC) assessmenpiissented by Gottschalk et &Gottschalk,Sun and
Nowack, 2013)

Existing modelwary in complexity dependgon the number of uses targeted for a single
ENP (from one single use to the consideration of the full product life cycle) and the
incorporation of nanoparticlepecific environmental fate processes. They caver
different environmentale.g. sedimentssoils, atmosphere, surface watand technical
compartmentge.g.sewage treatment plant effluents and/age treatment sludgegnd
different spatial scalehave been explore@e. global, regionaland loca). More recent
models can integrate variousrapartmentgMeesterset al, 2016)and spatial scales
(Keller and Lazareva 2014) However, such models generally assume average
environmetal characteristics and averagednstant use and release rates based on
country wide averageeller and Lazareva, 2@} and spatial and temporal variations
are overlookedEnvironmental and geographical characteristics such as surface water
chemistry and hydrology vary spatiabiynd seasonallyand so daconsumption patterns
and populationdensities andlistribution These factors, amongst others (e.g. waste
treatment technologies) have a direct effect on the exsgssions and fate of ENPs,

causing variations of the final exposure concentrations that can go up to several orders of
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magnitudgGrill et al, 2016) Furthermore, within the complexity of urban systems, that
integrate a wide variety of potential emission sosir@e. point and diffuse), different
types ofland coverand changes in population density within short distances, exposure
variations wouldoe expected even higher and hottspf exposure anticipatdrill et

al., 2016)

While some local exposure models for ENPs at the watershed level have already been
developed(Gottchalk et al, 2011; Dale, Lowry and Casman, 2015a; Dumeingl,

2015) ENP exposure models at the city level are not yet available with the required
temporal and spatial resolutiofihis leads to the main aim of this thesis.

1.5 Aims and objectives

The primary aimof this thesisvasto develop aaew modellingrameworkthatallowsthe
estimation of ENP exposur| urban surface waters at high spatial and temporal

resolutiors. This aim was achievagsing the following specific objectives:

1) To develop a modefig framework thatccountsfor the complexity of urban
systems and allosvthe estimation of spatially and temporally resolved ENP
emissions, as well as ENP exposure le{€lsapter3).

2) To parameteris the frameworklocally for the characterization of the NP
emissions of a case study city (Yo(Khapterd).

3) To parameterssthe frameworkwith the obtained emission results and tinest
relevant water quality parameters of the study area obtained from a local
monitoringcampaignin orderto characterize thENP exposure levels of the city

and the potential risks posédhapter 5).

Work performed to addredse aim and objectives describisgresenteth four different

chapters

Chapter 2 is a literature review fothe main steps to be followed when perforgnthe
exposure assessment of engineered nanoparticlesewésv the current knowledge on
production and uses of ENPs and the approaches for their quantificétiein
identificationand summarise information found on the dietr ENPreleasanechanisms

andemissiormpathwaysalong their life cycleThe current knowledge on fate processes of

21



Chapter 1 Introducton

ENPs in aquatic media also reviewegdas well as the environmental factors influencing

such processes.

Chapter 3 presents a newly designetbanframework for modeihg ENPemissions and

fate in urban aquatic systems. It outlines the main sources, pathways and emission
mechanisms of ENPs to be expected in an urban context and proposes a series of steps
and mathematical calculations to estimate urban BE&Rission andexposure
concentrationdocally and with temporal resolution. It establishes a methodology
urbananalysisto deliver the required spatial resolutiand guides the user through the
model parameterizatioloy proposing sources and approaches for theadditection

Chapter 4 presents thatep by ste@pplicationof the urbanmodelling framework to
estimate emissions warious ENPdrom a variety of sources a case study city (York,
UK). It describes the application of new approaches to derive kemptaes of the model
such as usage and release rates, and the main assumption§inahepredictions of
spatialand temporaéxposureby ENP type and source typee deliveredwhich serve
identify the emission hot spots and main emission pathwaysnaieoo of the city of
York.

Chapter 5 presentshe applicationof the urban modelling framework for the estimation

the levels of exposure of the case study city (York, UK) to a specific ENP type (TiO
ENPSs). In thischapter,a description of the river fatenodel principle is presentedas

well as full details of the model parameéation. Themonitoring campaign performedr

the parametrization dhe areastudied is described. Results of the monitoring campaign
are presented and their influence on theosupe levels estimated discussékesults of

the spatial and temporal variations of the JEONPs exposur e concent
river system are presented and compaoed derived predicted peffect concentration

for risk assessment.

Chapter 6 summaizes the outcomes, discusses the limitationspaadidesandoverall

conclusionof this thesisandprovides someecommendations for future research
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Chapter 2

Review of ENP uses, emission pathways and fate processes in

the aquatic media

2.1 Introduction

In the context of evaluating the potential risks of ENPs, an assessment of their exposure
in the environment is requirdéajewiczet al, 2012) Any substance can become toxic

at a certain exposure levé@herefore, before interpreting toxicological data it is essential

to estimate the expected centrations that organisms will encounter in the different
environmental compartmen{€olvin, 2003) To evaluate how and to what quantities of
ENPs humans and ecosystems are exposed to, information on their production volumes,
possible industrial applications, expected use of the derived products, pathways for
disposal and/or mycling of such products and information on the pollutants behaviour,
environmental transport, fate and distribution is need&aiewiczet al, 2012) This
chapter provides an overview of the knowledge gained so far on ealsbsepoints.
Focusingon surface watershe Chapter review&ENP uses rd applications, their
potential release mechanisms and emission pathways, argheéh@cal and physical
transformations and transpoprocesses that they undergo once released into the
environmentIn addition, the investigation of the factors that influe such emissions

and their behaviour and fate in the targeted environmental compartment (i.e. ambient
conditions of exposure and surface water physical and chemical properties respectively)

are discussed.
2.2 Production and use &NPs

The new and improvegroperties that the use of ENPsovide, together with the
commercial advantage of reducing the use of material srthleen very popular on the
global market. In fact, the integration of ENPs has expanded to nearly all sectors of the
global economyMangematin and Walsh, 201@igure2.1). ENPs can now be found in
agricultural applications(Khot et al, 2012) automotive technologie€oelho et al,

2012) coatings, paints and pigmerftshanna, 2008)construction material@Pachece
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Torgal and Jalal 2011) green energy technologi€¢Blussein, 2015)environmental
remediation method¢Khin et al, 2012) medical applicationgNikalje, 2015) food
technology and packagin@radley, Castle and Chaudhry, 2011; Hanebml, 2015)
textiles (Dastjerdi and Montazer, 2010)cosmetics and personal care products
(Mihranyan, Ferraz and Stramme, 201@&nongst many othe(Keller et al, 2013. The

ENPs integrated in such technologies vary imposition, size and shape, as well as in
the form in which they are integrated into the final product (surface bound, suspended in
liquid, suspended in solidHansenet al, 2008) Table 2.1 summarizes some of the
application areas of ENPs, some of the improved properties thagrteland the types

of ENPs used.

APPLICATION OF NANOPARTICLES
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Figure 21. Major applications of nanopatrticles. Source: taken frrauzuki and Tsuzuki, 2009)
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Table 21. Principal sectors of application of nanotechnology, ENP types and some of their improved properties

Application sector ENP type

Improved properties Ref

Agricultural sector TiO2, MWCNT, Pd, Au, Si@, Cu, CuO.

Increased growth ratécreased seed
germination rate, smart agrochemical
delivery system via plant roots

(Khot et al., 2012)

Automotive MWCNT, TiO,, CeQ

Lightweight construction, catalysts, scratch (Coelho et al., 2012)

resistant painting, lightweight and more (Selvan, R B Anand and Udayakume
resistant tires, sensors, windshield and bod 2009)

coatings

Coatings, paints and pigments Al03, TIO2, ZnO, SIQ, Ag

Anti-fouling, Hydrophilic Surface, Self
Cleaning, UV resistance, aftdrrosive,
scratchresistant

(Khanna, 2008)

Constuction materials CNTs, carbon nanofibers, nanosilica o

nanoclay, TiQ

Increase the strength and durability, increa: (PacheceéTorgal and Jalali, 2011)
thermal insulation, pollution protection, self
cleaning properties, selépairing ability.

Green enagy technologies CNTs, TiQ, MgO, AlOs nanofluid,

Ag/TiO2 nanocomposites

Increased efficiency of lighting and heating (Hussein, 2015)
increased electrical storage capacity.

Environmental remediation TiO3, ZnO, zero valent iron (nZVI)

nanoparticles

remediation of groundwater (Khin et al., 2012)

Food technology anpackaging Ag, Au, Fe, Ir, ZnO, SiQ TiO2, TiN,

Al O3, iron oxide (FeOs, FeOs)

Improved physical performance, durability, (Hannon et al., 2015)
bariier properties, biodegradation. (Bradley, Castle and Chaudhry, 201:
Antimicrobial properties

Textiles TiO,, titania nanotubes (TNTs), Ag, Au
Zn0, Cu, CNTs, nanolay and its
modified forms, gallium, liposomes
loaded nangpaticles, metallic and
inorganic dendrimers narmmposite,
nanoecapsules and cyclodextrins

containing nangarticles.

Antimicrobial properties, improved physical (Dastjerdi and Montazer, 2010)
resistance, antitains properties

Cosmetics and personal care produ TiO», ZnO, fullerenes, liposomes, Ag, (
titanium/titania, silicon/silica, zinc/zinc

oxide and gold.

(Mihranyan, Ferraz and Stremme,
2012)

Improve bioavailaility (cosmetic
nanocarriers), improved whitening agents,
retain transparency while diffusing light
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To assess the exposure of organisms of a certain region to ENPs, the quantification of
their production volumes and the identificatiand quantification of use of their main
applications is needed. Both steps have been identified as very challenging in the ENPs
field and to carry a high level of uncertair{tyowack et al, 2015) This is becauseo

date (except some prodemntric regulations for cosmetics, food and biocide products

in EU (Rauscher, Rasmussen and Sckillittgen, 2017) there are no regulatory
requirements that force producers to identify their materials by their-idanaty but

only by their chemical identity and performance. Also, very few countries—iagce,
Denmark, Belgium, Norway and Swedengquire their industries to report the
nanomaterials produced or importetttfs://euon.echa.europa.eu/natierggorting
scheme contibuting to the uncertainty.

With this lack of regulatory requirements, the general approach followed for the
guantification of production amounts co0nNSs
(Schmid and Riediker, 2008; Piccineo al., 2012; Kelleret al, 2013. However this
approach entails two main identified problems. Firstly, the inconsistencies that might be
followed in the classifation of a material as nano due to the lack of official ENP
reporting guidelines. In this senskfferent approaches from different companies might

be taken when claiming nafproduction amounts (e.g. when differently sized forms of

the same material eaist some might label them as nano and some as the ordinary
material). Secondly, thdistinctionbetween production, manufacturing and consumption
volumes is frequently not made, and on many occasions they are used interchangeably
due to lack of informatin, which will lead to over or under estimatigidowacket al,,

2015)

Despite the uncertainty in the quantification of ENP production volumes, a general
agreement on the most pieced ENPs in terms of mass flow through the global economy
is reported by Nowack et ahs a result of reviewing several studies investigating
production and consumption volumes in different regijt@wacket al, 2015) These
include titania (TiQ), zinc oxide (ZnO), carbon nasiabes (CNT), silver (Ag) and
fullerenes (C60). Other materials such as silica {fSi@umina (AbOs), iron oxides and
cerium oxide (Ceg) have a wide nage of applications on the marketpldGaeseet al,
2018)and are also reported, but large variability in the claimed production volumes was

observed (mainly due to the previously mentioned problem associated with the
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nanomaterialdefinition). Table2.2 summarizes the values found form the different

reviewed reports for some of the ENPs investigated.

Table 22. Comparison of production amounts from six different sources scaled to the EU
(according to GIP) in metrictons per year. Source: table adapted fr@dowacket al, 2015)

ENM (Schmid and (Hendren et (Piccinno (Keller et (ANSES, (Sun et

Riediker, al., 2011) et al, al, 2013 2013) al., 2014)
2008) 2012)
TiO2 11500 860042000 550 20000 92000 100@
Ag 82 3-20 6 100 0.006 30
ZnO 1900 - 55 7900 1900 1600
CNT 26 60-1200 550 740 - 380
ceo0 - 2-90 0.6 - <100 20
Cex - 40-770 55 2300 700 -
Al-ox 0.1 - 550 8100 15000 -
Feox 9700 - 550 9700 6100 -
SiO; 2000 - 5500 22000 990000 -

Once the producatn amounts are established, product allocation and quantification of use
should follow. Again, due to the already mentioned lack of regulation regarding product
labelling (except the previously mentioned exceptions), this information is not easily
accessile. In this case, the main sources of information available to generate the product
allocation are online product inventories such as the Woodrow Wilson Invékiamge

et al, 2015a)pr the NanodatabagEoss Hanseet al, 2016) These are public inventosie

that have been created by the scientific community (i.e., The Woodrow Wilson Center
and the Technical University of Denmark associated with further partners respectively)
by collecting information on the narapplications being introduced into the market
However, they are again encumbered by limitations associated with the ability to claim
the presence of ENPs in the products and the frequent lack of prooftiendone
(Nowad et al, 2015) Furthermore, qualitative information is often given but accurate
guantitative dataare not provided. Another source of information for the product
allocation is once more the use of surveys. An example is the research carried out by
Keller et al. (Keller et al, 2013, where they concluded from consultation with
manufacturers that the dominant naabled products in the market were at that time
coatings/paints/pigments, electronics and optics, cosmetics, energy and environmental

applicatiors, and catalysts. Similarly, from the research performed by researchers from
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the Netherlands National Institute for Public Health and the Environment (RIVM), using
different available nandatabases, market reports and though consultation of expert
groupsthe high priority products for future exposure studies reported iengified as

sun cosmetics, DIY coatings and adhesives as well as personal care and cleaning products
(Wijnhovenet al, 2009) Figure 22 summarizes the production amdsirestimated by

Sun et al(2014Yor the European Union (EU) for the top five most relevant ENPs, their
volumes ofapplication for specific product categories and the relative distribution of their
volumes through different product categofigstrano et al, 2015)
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Figure 22. Production volumes of the top five most relevant ENPs estimated for the EU (top), the
volumes estimated for a variety of their applications (middle) and their relative distribution into
a selection of different product categoriest(bm). Source: image taken frofilitrano et al,

2015)
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2.3 Releasamechanisms and emission pathway&NPs

ENPs emissions can take place at any stage of their life cyclaigdproduction
(formulation and manufacturing), transport, use and after dispidianhe et al, 2008)

As shown inFigure 2.3, understanding the release mechanisms and emission pathways is
key to properly estimatg exposure. In addition, it would help localize the most

exposed areas within the environment studied (hot spots).

Occupational exposure Consumer exposure

N I S S
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production transport

manufacturing
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Environmentaland humanexposure

Figure 23. Possibé pathways of occupational, environmental and human exposure to ENPs.
Source: image adapted frofAristozovet al, 2009)

Different pathways of emissions will be followed by the ENPs depending on ftieeir i
cycle stage, but also depending on the type of product they are integrated into, the form
under which they are integrated in that product and the use given to it. During the
production and transport stages, the main emission pathway consists of atcident
spillages and minor emissionsom solid waste disposal, wastater or airborne
emissionsthat may happen during manufacturing. During the use stage, ENPs can be
released from applications through different pathways. For example, ENPs used in
surface catings or outdoor paints are emitted to surface waters due to weathering though
runoff (Al-Kattanet al, 2013) ENPs contained in textiles and personal careymtscare
released down the drain from households during washing, and emitted to surface wat
after being treated in wastater treatment plant&eller et al, 2014a; Mitrancet al,

2014) Other ENPscanbe drectly emitted into surface water, such as those used in
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sunscreens during bathing activit{€ondikaset al, 2014) and to soils, when applied in
agricultural fields such as naipesticidegWhiteleyet al,, 2013) Atmospheric emissions

of ENPs can also be expected during the use stage, for example from vehicle exhaust
when using ENRontaining fuel additivegJohnson and Park, 2012\t the end of their
product life, after disposal, ENPs woulee emitted through leaching from landfills
(Mitrano et d., 2017) or where sewage sludge has been apiditeleyet al,, 2013)
Atmospheric emissions of ENPs can also be expected from incineration of solid waste
contaning ENPs(Walseret al, 2012)

According to the reent study by Giese et abn the assessment of emissions of ENPs
through their whole life cycle into the environment, the overalteni transferis
dominated by the flow into the technical compartments (i.e. landfills and incineration
plants) at the end of life of the produdiSieseet al, 2018) Landfills are considered as
predominant sinks of ENPs, with an estimated933% of the global ENM production
believed to end up in landfiliiKeller et al., 2018 Conversely, the release of ENPs into
nature was found to be dominated by releagenduhe use phase, emissions during the
production and transport phases were estimated at only 1 to 5% of the total ENPs mass

contained in most producfSieseet d., 2018)

During each stage of the life cycle, ENPs may be emitted to the different environmental
compartments (i.e., atmosphere, soil, water and sediment) (RAgreOnce emitted,

they will distributethroughoutthose different compartemts throughndirect pathways.

For example, dry or wet deposition of ENPs emitted to the atmosfKenear et al,

2011) or leaching of ENPs to groundwater or surface water from land where- ENPs

containingsewage sludge has been app(i@thiteley et al., 2013).
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Figure 24. Emissions pathways and environmental distribution of ENPs. Source: image taken
from Liu et al(2015

Different products have different release potential and this is mainly due to the way in
which the ENPs are integrated in each type ofipct and the use given to that product.

For example, ENPs can be strongly embedded within a solid material matrix, present in
liquid form in emulsions or suspensions or even used as ae(blsolseret al, 2009)
Emissions from materials containing ENPs suspended in liquid or in aerosols are expected
to be higher than those whiblave the ENPs bound to a solid matrix. The latter will need
some kind of abrasion or degradation process to liberate the ENPs, but some products are
more exposed to those conditions than others (i.e. outdoor coatings or textiles). Based on
this concept a@lassification based on the release potential of the product was generated
by Hansen et al. which consisted on three categories: (1) Expected to cause exposure; (2)
May cause exposure; and (3) No expected exposure. Rdarghows the number of
products ontaining ENPs in the different forms listed, from the registered products of
the Woodrow Wilson InventoryVance et al., 2015)From these results, it can be
observed that most of the prodsicbntaining metallic ENPs integrate them in liquid
suspension obound to their surface and therefore are likely to be released and cause
exposure. Carbonaceous ENPs, on the other hand, are mainly embedded in the solid

matrix and will pose lower exposure risk.
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Figure 25. Forms under whicldifferent types of ENPs are integrated in the registered consumer
products of the Woodrow Wilson Inventory. Source: image taken(Yfance et al., 2015)

During emission, ENPs are subject to alterations and transformations that will determine
their propeties and their behaviour and fate within the environment, and therefore
determine their potential riskslowacket al, 2016) For example, ENPs incorporated in
textiles, cosmetics and sunscreens can be subject to a series of transformations during
their use and washing processes. Those would include oxideg@uction, dissolution

and precipitationMitrano et al, 2015) Similar effects were also observed for ENPs
contained in outdoor paints and coatings, plastics and polyirano et al, 2015)
Therefore, transformatiomkiring usevould be a key aspect to consider when performing
ENP exposure assessment studigsally, once emitted, theeleased ENPs will be
subject to further transformations and transport processes along the different

environmental compartments. These processes are discussed in the next section.
2.4 Fate processes &NPsin the aquatic system

Engineered nanoparticles, omedeased into the environment (atmosphere, soil, sediment

or aquatic systems), are subject to a series of physical, chemical and biological
transformations that will influence their transport, fate and toxicity, and consequently
their exposure levels arassociatedisks (Dwivedi et al, 2015. As depicted irFigure

2.6, these include photochemical degradation, dissolution and chemical surface
transformations such as sulfidation, oxidation and reduction. The physical

transformations consist of aggregation processes between ENPs&Qjgnegation), or
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with other suspended particulate matté6PM) (hetereaggregation), as well as
interactions with macromolecules such as proteins or natural organic matter (NOM).
Finally, biologically mediated transformations such as biological oxidation or biological
degradation mpaalso occur in natural systerfisowry et al, 2012)

Chemical Transformations Physical Transformations (aggregation)
ROS homoaggregation b Domad

Photodegradation [ Light Ligh‘% *“ * e
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Figure 26. Environmental fate processes of ENPs. Source: énmagdified from(Lowry et al,
2012)

Sulfidation'_ e

CNT

These different environmental processes alter ENP size, surfap®sibion and surface
charge, which define their reactivity, their bioavailability, their toxicity and their

persistencéLowry et al, 2012)
2.4.1 ENP chemical transformations

The main chemical reactions that ENPs are subject to in the environment incloge re
reactions, sulfidation, photochemical degradation and dissol(ltmnry et al, 2012)

The redox processes consiktlte transfer of electrons between two chemical species and
usually occursat the ENP surface when in contact with organic or innigdigands
present in both aquatic and terrestrial environmgl¢agner et al, 2014) ENPs

susceptible to these reactions are metallic and metal oxides ENPs such as Ag, Cu, Zn, Fe
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oxides or Ce@(Lowry et al,, 2012) These reactions will result in morphological changes
of the ENPs such as dissolution, or surface codtngation and transformations, é&n
therefore will contribute to changes in their persistence, bioavailabilitlytoxicityto
become more or less toxipon transformatiofLowry et al, 2012) For example, Ag
ENPs are subject to dissolution through axion from Ag(0) to Ag(l),if this reaction
occurs the toxicity increases due to Hatericidal propertiesf the silver iongLok et

al.,, 2007) CdSe/znS quantum dots ares@l susceptible to oxidation in marine
environments and may release soluble toxic metal ions such @h@adget al, 2012)
The oxidation of Fe oxides such as magnetite disgsbeen observed to chgm their
magnetic properties leading to an enhanced colloidal stability due to increased magnetic
repulsion forcegWagneret al, 2014) thereby increasing their bioavailability.

The presence of i ght can also catalyse
oxidation state, charge and affect their surface coating, therefain affecting their
toxicity in one or the opposite directighowry et al, 2012) Some ENPs in the presence

of light undergo a photodegradation process of their surface coating that might induce
ENP aggregation and sedimentation from soluiim et al., 2015) In this case, their
potential toxicity will decrease due to the loss of their nsime properties and
bioavailability. On the other handunlight can induce the generation of reactive oxygen
species (ROS) from certain ENRsich as carbon nanotubes (CNBnd therefore
enhancing their toxicityBennettet al, 2013) ROS production has been reporfed
nanoparticles as diverse as C60 fullerenes (Oberdorst@d,),26inglewalled carbon
nanotubes (Shvedova et al., 2004), quantum dots (Derfus et al., 2004) and ultrafine

particles (Brown et al., 2001).

Sulfidation is a complexation process mediated by sulphide ligands. This process plays a
major rolein the toxiciyy of Ag ENPs in the environment and has been extensively studied
(Levard et al, 2013) It consists 6the surface complexation of the Ag ENPs with
sulphides to form Ag(0)/Ags coréshell particles that results in tlhikecreaseof Ag+
speciesreleasedue to a lower solubility of A¢ps relative toAg(0), and consequent

decrease of Ag ENP toxicity.

During the dissolution process, as stated before, solid ENPs release individual ions or
molecules into the water. This process would reduce the persistence of the ENPs in the
aguatic compartment buatlso inducestoxicity s of some ENP¢GarciaAlonso et al,

2014) For exampleAg ENPs show toxic effects as it releases silver ighspathi et al.,

34



Chapter 2 Review

2017)Not all ENPs are susceptilifedissolution; in fact, this process highly dependent

on the material composition. The ENPs for which dissolution is considered relevant in
the study of their environmental fate processes are: ZnO, Ag, Cu/CuO and quantum dots
(QD) (depending on their chemical composition). On the coptdissolution is not
usually considered for ENPs such as Ji0eQ and CNT amongst othe(Blartmannet

al., 2014)

2.4.2 Physical transformations: ENPs aggregation processes

Aggregation can be defined as the process in which primary particles intecagth
irreversible forces (chemical bonds or electrostatic intenas) to form larger particles
(Jiang, Oberdodrster and Biswas, 2009) the agglomeration process however, weaker
forces hold the particles togethso this processs reversible(Jiang, Oberddrster and
Biswas, 2009)Despite this distinction, these terms are often used interchangeably in the
literature, with different conventions being used in different disciplines. Most of the
literature on colloid science often uses the term aggregation to describe particle
flocculation processes. Therefore, in this thesis, the term aggregation will be applied to

describe these particle interaction processes irresplyabif their reversibility.

Due to their small size, ENPs present high surface energy and therefore a tendency to
attach to surfaces and or to aggregate with other materials present in theiriatispers
media(e.g. SPM) Il n the aggregation process, ENF
surface area of the patrticle is significantly reduced. This change in size and surface area
will affect the ENPs transport and bioavailability, as well as their seinfaactivity and

toxicity (Lowry et al, 2012) When the size of the particle increases, transport through
porous media in soil and sediments may be restricted due to physical scigémiey

al., 2009) When ENPs are in suspension, the aggregation processes will dictate their
dispersion stability and sedantation rate¢Petoseet al, 2010) Generally, when ENP

ENP or ENPSPM interactions succeed, larger ENPs aggregates form and quickly
sediment out from the compartment they are dispersed in (i.e. atmosphere or water
column) decreasing the exposure risk of their inhabiting organisms, and restricting their
transport(Lin et al, 2009) Smaller and well dispersed ENPs, on the other hand, will
remain in suspensiofor longer times increasing exposure and potential (iskset al,

2009) When the favailableo surface area of

or heteroaggregatio with SPM, the surface energy and reactivity is also reduced
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significantly due to this change in size. In this sense, surface mediated reactions such as
dissolution or reactive oxygen species (ROS) generation would be reduced and therefore
aggregation wad increase the ENPs persistence in the environment and reduce their
toxicity respectivelyLowry et al, 2012)

The dispersion/sedimentation processes are highly infludncédte ambient conditions

(i.e. pH, ionic strength, presence of NOM, ionic carapion of the media, etc.), as well

as by the ENP characteristics (i.e. chemical composition, surface coating, shape and size)
(Dwivedi et al,, 2019 and these will be discussedSaction 2.5.

2.4.3 ENP nteractions with macromolecules

Just as with the hetewggregation processes, due to their high surfaceiviacCENPs

tend to interact with naturally occurring biomacromolecules or geomacromolecules
including proteins, polysaccharides and natural organic matter (NOM), upon release into
the environmentLowry et al,, 2012) Adsorption of these macromolecutato the ENPs
surface would happen in all environments, for example, when ENPs are internalized by
an organism they tend to develop a protein coating on their surface, often tadled
protein corona(Lynch and Dawson, 2008)This protein layer modifies the ENP
properties within the medium (i.e., size, electrophoretic mgbiknd surface
composition) and thereforaffectstheir subsequent behaviour and biological response
(Walczyk et al, 2010) In the natural environment (e.g. sudawater), ENPs would
interact in the same way with ubiquitous NOM present in the media and will as well affect
the ENPs properties. Some studies show that hauatistance@rincipal components of
NOM) can sorb to different kinds of ENPs (zaeflent ironNPs, irornoxide NPs, CNT

and fullerenes, etc.) by forming nanoscale surface coatings and that such surface coatings
can modify the nature of the ENPs in terms of surface charge and composition (Christian
et al., 2008). The effect of NOM on the aggregatind deposition behaviour of different
types of ENP has been extensively studiBdalousha, 2009Quik et al, 201Q Thio,

Zhou and Keller, 20113nd will be discussed iBection 2.5. In addition, the influence of
NOM over ENPs toxicity has also been demonstrateat exampleNOM was found to
mitigate the bactericidal activity of zero valent iron (NZYDhenet al, 2011) also to
mitigate quantum dots (QD§)eeet al, 2011)and Ag ENPs toxicityGaoet al, 2012)
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2.4.4 ENPs liological transformations

Biologically mediated transformations of ENPs by microorganisms and bacteriatprese
in the environmental media (e.goil) are also expected. These mainly include
biodegradation of ENP polymer coatingsirschling et al, 2011) and biologically
mediated degradian of carbon based ENPs (i.e. CN/RJlen et al, 2008) Again, these
transformations will affect ENP behaviour and final fate through the modification of their
surface charge, aggregation state and reactivity that influences their transport,
bioavailability and toxicityLowry et al, 2012)

2.5 FactorsinfluencingENP environmental fate processes

The environment al fate processes that EN
properties as well as the environmental media properties (2&lewhich control the
extentof those processéBwivediet al, 2019. Dissolution ates, for example, are highly
influenced by the characteristics of the aqueous medium. Particles such as ZnO and Ag
dissolve in most aquatic mediaith enhanced dissolution ratescurringat extreme pH

values (particularly at low pH), while other metatlanetal oxides such as Ce®@u and
TiO2dondot dissol ve evenGamerandKdlley,2@¢ld)per i ods

Table 23. Factors influencing the fatand behaviour of ENPs in the environment

ENP properties Environmental media properties

Chemical composition pH

Size Temperature (T)

Shape lonic strength (IS)

Surface charge lonic composition (C%, K*, etc.)
Concentration Natural organianatter concentration ([NOM])
Surface coating UV light

Suspended padilate matter concentration ([SPM
Dissolved oxygen (DO)

System dimensions

Flow rates

The chemical composition of ENPs defines how relevant the environmental fate
processes will be. TabR4 shows alassification of the environmental fate processes

according to their level of relevance (low, medium and high) for a selection of ENP types
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Table 24. Level of relevance of fate processes in environmental fate modellingpra8dveer
(Ag), Titanium dioxide (Tig), Zinc oxide (ZnO), Carbon nanotubes (CNTs), Copper oxide (CuO),
Nanascale zero valentiron (nZVI), Cerium oxide (Gg@arbon black (CB) and Quantum dots
(QDs). Source: adapted frofhlartmannet al, 2014)

Processes Low Medium High
Photochemical nZVI, CB Zn0, Ag, TiOy,
CuO CeQ CNT
Redox TiOg, CNT, ZnO, Ag, nzZVI
Ce(, CB CuO
Dissolution TiOz, CNT, CeOG Ag, ZnO
nZVl, CB
Aggregation/ Ag, ZnO TiO2, CNT,
agglomeration CuO, nzwvi,
Ce(, CB
Sedimentation Ag, ZnO TiO2, CNT,
CuO, nzVi,
Ce(, CB
NOM Ag, CNT, CB
adsorpion TiOy,
Zn0O,
CuO,
nZVvl,
CeQ
Sorption onto Ag, TiO,, CNT, nzvil,
other surfaces; Zn0O, Ce CB
retention in CuO
soil
Bio- Ag, TiO,, CNT
degradation  ZnO, CuO,
nZVl, CeG,
CB
Bio- Ag, CNT
modification TiOg,
Zn0O,
CuO,
nZVl,
CeQ,
CB

The significance of tse processeslso vary depending on the environmental
compartment studied. Taki®¥b, presents the relevance of the fate processes according to

the environmental compartment studied (air, soil, sediment and water).
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Table 25. General relevance of environmental transformation processes of ENPs in different
environmental compartments. Where: ++ means highly relevant for inclusion s &lie
modelling; + means relevant for inclusion in B8ffate mod#ing; - means low/no relevance for
inclusion in ENPs fate modelling; and * means highly dependent on the ENM chemical
composition. Source: table taken fr¢htartmanret al, 2014)

Processes Compartments

Air Water Sediment Sail
Photochemical reactions ++ + - -
Redox reactions - +4% 4% +*
Dissolution/speciabn - -[++* -[++* -[++*
Aggregation/ agglomeration + ++ + +
Sedimentation/ deposition + ++ - -
NOM adsorption - + ++ +
Sorption onto other surface: - + ++ ++
Bio-degradation - -[++* -[++* -[++*
Bio-modification - -/+ -1+ -1+

The factors influencinghe most relevant aquatic ENPs fate processes (i.e. aggregation,

sedimentation and dissolution) are further discussed below.
2.5.1 ENP aggregation

Underenvironmentally relevant conditions, homoaggregation processes are very unlikely
to occur due to the verywo expected ENP concentrations (i.e. ng per lugoper L)
(Gottschalk, Sun and Nowack, 2018n the other hand, the presence of SPM in surface
waters is ubiquitous arat muchhigher concentrations, consequently herteroaggregation
processes widominate ENP behaviour in aqueous suspension, becoming one of the main
mechanisms that determines ENP transport, bioavailability and toxicity in surface waters
(Clavier, Praetorius and Stoll, 2019)

The aggregation proseof ENPs with SPM is best described by a pseirdb order
heteroaggregation rate constaf ( ). This constant is considered to be dependent
on SPMparticleconcentrationfOr which variation is assumed negligible), the collision
rate (Q ) between particles, and the surface interactions between the aggregating
particles, which determine their-salled attachment efficiency ( ) (SaniKast et

al., 2015):
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Q Q 2 2°YD O (2.1)

The collision rate is governed by thendom movement gdarticles suspended in the
fluid, a | s o Brawaidn| metibd, fhe fluid motion and by differential settling
(gravitational forcesfPraetorius, Scheringer and HunggrB012) Brownian motion is
considered the predominant factor that determines Wfe déllision rate (Petoseet al,

2010) The properties of the solution, such as temperature and the pastickentration,

have some impact on the collision rate. For example, at higher temperature the particle
motion increases and therefoaehigher probability of particlecollision is expected.
Similarly, higher concentrations of particles will generate higher probability of collisions
between them. However, these effects are not aldegsribed by linear relationship

and will depend on other saian and particles properties as w@halousha, 2009

Upon collision, the particles might successfully attach to form agtgegor not. The
probability of a successful attachmgobmmonly known as attachment efficier(cyi

agg), IS determined by the sum of attractive and repulsive forces between the particles
(Hartmanret al, 2014) These include steric forces, electrical double layer forces (EDL),
Van der Waals forces, hydration forces and hydrophobic forces which depend on the
ENPs properties (size, surface charge, sh&#y] properties (composition, size, charge,
etc.) and the solution properties (ionic strength, ionic composition and NOM
concentration). The Derjaguin and Landau, and Verwey and Overbeck (DMé@yey

and Overbeek, 1955; Derjaguin and Landau, 1883)ry explains how the combination

of Van der Waals and&EDL forcesinfluences the particlparticle interactions as a
function of 't he pai(Petoseetat 2040) Hosveverritaldes i d i
take into conslerationotherparameters in place (e.g., ENP type, S&M some of the
solutionproperties) and therefore, it is not sufficient to accurately predict the aggregation
behaviourin the natural environmenBeveral experimental studies have investigated the
influence ofsome ofthe solution properties on the ENPs aggregation behayialne

2.6 summarizes some of thgm
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Table 26. Summary of experimental studies on the influence of environmental factors (i.e.
concentration of EPs (Gnp), ionic strength (IS), natural organic matter concentration
(INOM)]) and pH) on the aggregation behaviour of different ENPs. If the aggregation is
enhanced (+) or hindered)(

ENP Type Parameters Influence on Mechanism Reference
studied aggregation
Iron Oxide Cenp + Increase of collision (Baabusha,
pH According to PZC frequency 2009
(higher aggregation
[NOM] closer to PZC)
- Steric and electrostatic
stabilization
ZnO IS + Decreased electrostatic (Bianet al,
[NOM] - repulsions 201))
Steric and electrostatic
pH According to PZC stabilization
(higher aggregation
closer to PZC)
TiO> IS + Decreased electrostatic (Domingos,
[NOM] - repulsions Tufenkji
Steric and electrostatic and
pH According to PZC stabilization Wilkinson,
(higher aggregation 2009)
closer to PZC)
Ce [NOM] - Steric and (Quik et al,
electrostatic stabilization 2010
Fe0s [NOM] - Steric and
(magretite) electrostatic stabilization
SWCNT IS The aggregation of (Liand
SWCNT was Huang,
negligible in the 2010)
pH presence of Cagl
and AICk
Aggregation was not
sensitive to pH
Ag IS + Decreased electrostatic (Akaigheet
[NOM] + repulsions al., 2012)

Enhance agglomeration
through charge
neutralization or bridging
mechanisms caused by
fibrillar attachment

General trendi the roles played by the factors presente@able2.6 (ionic strength,
pH and NOM concentration) can be extracted. WhilestmENPs present a specific
surface charge (that defines their electrostatic forces), the pH, ionic strangitOM
concentration of the meda@n modifythis surface charge and influence the electrostatic

interactions between them.
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Generally, high ionic strength decreases electrostatic repulsions between particles and
aggregation is enhanced. The pH of the sudmghmedia willalsodictate the particles
surface charge. For each particular system, the pH at which the surface charge becomes
zero, as a consequence of charge neutralization, is called the point of zero charge (PZC),
and as the surrounding pH moves &ods this point the electric double layer (EDL)
repulsion decreases and aggregation is promoted. NOM, on the other hand, can both,
promoteanddecrease aggregation. NOM tend adsorb to the ENPs surface and can in
some cases provide steric and electtastatabilization promoting disaggregation
(Loosli, Le @ustumer and Stoll, 2014put in other instances NOM caenhance
aggregation through charge neutralization or bridging mechanisms caused by fibrillar
attachment(Jacques Buffleet al, 1998) (Figure 2.7). For examplethe presencef
dissolved organic carbon (DOC), as a proxy for NOWNMgs found to reduce the
attachment efficiency of ENPs resulting in a decrease in aggre¢&uoket al, 2010

Li and Chen, 2012)However,NOM as also found to have the opposite effect when the
natural colloids were large enou@Hotze, Phenrat and Lowry, 2010h fact, several
experimental studiealsofound exceptions tthe ionic strength effect previoudigted
(Akaigheet al,, 2012;Chowdhury, Cwiertny and Walker, 2012; El Badast\al,, 2012)

Reducction of agglomeration

Electrostatic Steric

stabilization stabilization n
z v*?
U
“ NPs at |:‘)> “ NPs at j‘g
PZC &) PZC @L
O HA T HA g

Agglomeration enhancement

Charge Bridging
o () neutralization mechanisms

°:° E># o"’o:>E:> @
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Figure 27. Schematic representation of the role of Humic acids (HA), as a proxy of NOM on the
aggregation and disaggregation processes of ENPs.

Dueto the comlexity of factors influencing aggregation of ENF talculatiorof Chet

agg IS very challenging when looking into specific EX$PM combinationgor distinct
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solution conditions(Praetorius,et al, 2014) However, e@perimental designsre
available for their estimatioas well as for the estimation ofekagg. They can be obtained

for specific ENPs and under changing environmental conditions (pH, DOC (as a proxy
for natural organic matter), ionic composition of the media, @@egetorius, Labilleet

al., 2014, Quiket al, 2014)

2.5.2 ENPs sedimentation/deposition

Sedimentation is the process that describes the settling gfaitticles from the water
column to the sediment due to gravitational settling foredsch influences the ENPs
bioavailability.S t o kae describdes this process as follows:

! " 2.2
0 Sy 50 (22)
W
wherev is the settling velocity of the particle or agglomerate studied, its
density, i its radius, is the dynamic viscoli of water ad "Qis the

acceleration due to gravity on eaifBraetorius, 2014) Sedimentation istherefore

particle size andensity dependent as well as a function of the viscosity and density of
the fluid. Bigger particles, althoughey might diffusemoreslowly, tend to sttle more

rapidly under gravityHartmanret al, 2014) Consequently, this process is highhked

with the aggregation processes, since the aggregation rate becomes a limiting factor of

sedimentation of ENPs in aquatic meftiartmanret al, 2014)

Again, the ENP characteristics (composition, size, shape and density) and the parameters
of the aquatic media, such as the preseridé@M and its concentrain, pH, and the

ionic composition of the aquatic mediave an effect on the sedimentation rates of the
different ENPs (Quik et al, 2014) Quik et al. esimated sedimentation and
heteroaggregation rates by performing sedimentation stioditsur different ENP types

(Ceo, CeQ, SIO-Ag and PVPAg) and six different water types with varying
characteristics (ionic content, DOC, EC, phd NOMconcentratioh They found that

the sedimentation rates were highgstseawater(highest ionic contentjor all ENPs

testedand that, eventhoutfiepr esence of NOM di dnoét iIrseem
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sedimentation rates any of the water typeshe presence ®OM increased théaction

of ENPsin the sedimentbigger settling fractions founqfuik et al,, 2014)

Other sideprocesse such as the scalled graviational aggregatiorhas also to be
accounted for when studying ENs$etting (Hartmannet al, 2014) Gravitational
aggregatiorhappens when thdosver-settling (smaller) particles/aggregates are captured
by the more rapidly settling (larger) particles/aggregald®se sidgrocess usually
become relevant when aggaates become biggemhe study of sedimentation is
considered key in ENP fate and toxicity research as it is a potential key removal
mechanism for ENPs in the aquatic environmental compartr(ferastorius, Scheringer

and Hungerbuhler, 2012)

2.5.3 Dissolution

Besides the material composition, specific ENfaracteristics such as size,
agglomeration state, shape and surface coating, have an effect on the particleagissolu
Kinetics (dissolution rateand thesolubility equilibrium(Hartmanret al, 2014) Size is a
determining factor for dissolution toappen. Br example, whereas bulk silver is
considered insoluble in aqueous media, Ag ENPs releases free silvéstonset al,
2010) Additionally, many studies agree that the dissolutiore raicreases with
decreasing particle sidBianet al, 2011 Dobias and Berniektatmani, 2013)This can

be explained byhe higher surface area of the matdmgihgexposed to the solvent as the
size of the particle decreases. Dobias and Befbebias and Berniekatmani, 2013)
found the important role of the surface area in the dissolution process while detgrmi
Ag loss from differently sized Ag ENPs. In their experiments, the surface area was
normalized for all ENBtested and the same trends found. According to this hypothesis,
it is clear that aggregation will have a negative influence upssolilition,aggregates
having lower surface area thatheir constituentsingle ENPs(Dobias and Bernier
Latmani, 2013)

The influence of surface coatings and ENP shape on dissolution rates have also been
investigaed for different ENPs. In the same study by Dobias and Bernier, different rates
of dissolution for Ag ENPs coated with different materials were fouamtd the
mechanisms by whicthe surface coating impacts Ag ENMRsolutionwere proposed.
However,no clear trend in the effect of surface coating dissolution dvasvn in this

study(Dobias and Berniekatmani, 2013) The study performed by Misra et.abn the
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influence of CuO ENP shape on their dissioln rates and performancghowed that
spherically shape@uO ENPs dissolve to a greater extent and faster than the rod shaped
ones(Misraet al, 2012)

In addition, the aquatic media properties (pH, ionic strength, temperature, NOM
concentréion and dassolved oxygen) have been demonstrated to also influbasxtent

of the dissolution proceg¢Bianet al, 201]). For example, Gondikas et al. found that the
presence of organic and/or inorganic components in the surrounding media cmuitein
cases catalyse the dissolution of nanoparticles (Gondikas et al., Ridr2) et al. found

that dissolution of ZnO ENPs was enhanced by humic acid (a proxy of NOM) at high pH
(Misra et al,, 2012) Levard et al., studied the role of the presence of oxygen on the
dissolution of metallic ENP$itough redox reactions and found that Ag ENPs would react
with oxygen to form AgO on the particle surface followed by subsequent Ag+
dissolution into the surrounding aqueous solution (Levard et al 2012), while under anoxic
conditionsmetallic silver is egected to react with sulphur altering the ENPs surface

charge and affecting the dissolution rétevardet al, 2012)

However, general tresdor dissolution ofall ENPs cannot bestablished since again,

the combination of both, ENP characteristics and aquatic media properties, is what
determines the extent of dissolution of a specific EMBra et al, 2012) In this sense,

the best approach to describe dissolution is through the use of an experimentally obtained
dissolution rate constant,qid specific to the ENP and the characteristics of the

environmental mediurfLiu and Hurt, 2010Q)
2.6 Conclusions

In this chapter, we have reviewed the steps and considerations that have to be made to
perform an exposure assessmenEdiPs. Firstly, we reviewed the main commercial
applicationsof ENPsand discussed the challenges, limitations and main approaches used
to estimate their production and use volumes. Secondly, we described the main ENP
emission pathways, suggested some E&lase mechanisms and reviewed the factors
influencing their release potential. Finally, we provided a description of the main fate
processes that ENPs might undergo once released into the environment, reviewed the
influence of such processes on their ffifae and potential toxicity, and summarized the
main findings & the influence of the environmental and anthropogenic factors

determining the extent of such processes.
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Going back to the main aim of this thesihich isfocused on exploring tools for the
assessment of ENP exposure in urban surface waters, in the next chapter we apply the
gained knowledge to design a modelling framework thatble totackle some of the
challengesdiscussedhere, such as the uncertainties surrounding usage volume
guantification and ENP fateharacterization (e.gdetermination of ENP attachment
efficiencies based on monitored surface water quality data). Furthermore, we suggest a
new methodology where we integrate emissions and fate modelling at a high level of

spatial andemporal resolution thatals not been previously explored
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Chapter 3

Emission and fate modelling framework for engineered
nanoparticles in urban aquatic systems at high spatial and

temporal resolution

3.1 Introduction

Cities are centres of human activity acmhsequently represent hot spots of pollutant
emissions. With increasing urbanization and the steady growth of the urban population
(UnitedNations, 2014)waste and pollution issues arising from cities are becoming more
important(Palet al, 2014) For example, fresh water supply and wastewater management
have become compromised in fggbwing, lowincome urban areas where the existing
infrastructures and the receiving waters cannot cope with the rise in fresh water demand
and the genet®n of large volumes of wasteater(Karn and Harada, 20014t the same

time, in developed countries, new technological developments and changes in consumer
preferencesif. development and use of novel materials) together with demographic
changes (e.g. ageing and consequent consumption of larger amounts of pharmaceuticals)
have raised concerns over the impacts of theatled emerging pollutants (EPs), which

will be emited to city environments in increasing amounts in the fui@edsseret al,

2015) Furthermore, freshwatewailability is set 6 decreasecross many regions of the
globe due to the effects oflimate changgGosling and Arnell, 2016)and with an
increase of water scarcitipwer dilution and consequently higher concentratafnsater

pollutants, including EPscan be expected.

EPs are novel pollutants that are not conventionally monitored and which have the
potential to enter the environment and cause adverse efie@sosystems and human
health(Geissen et al., 2019rxamples of EPs include pharmaceutical residues, personal
care products (PCPs), ENPs and microplastics (MPs). The appearance of BfRse
waters( Peng et al., 2008Brausch and Rand, 20jLand of pharmaceutical residues in
wastewater, surface, ground and drinking water in and arotied has already been

proven (Heberer, Reddersen and Mechlinski, 2Q00#)d signs of adverse ecological
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effects have been observ€djani, Fatoba and Petrik, 2013jlowever, for certain EPs
such as ENPs and MPs, appropriate analytical methods for their detection in
environmetal matrices are still under development, making lacme monitoring
campaigns currently difficult or impossib|&eissen et al., 2015)

With the current expansion of the nanomaterials mgH#&E Market Report, 2018nd

due to the fact that ENPs are already incorporated into a wide variety of productsgpann
various urban sectors (industry, households, buildings, traffic, leisure activities) and are
likely emitted to urban surface waters through diffuse (runoff and leaching) and point
sources (wastewater treatment plants, surface water overflBaalpushaet al, 2016)
approaches to quantify loc&INP emissions and exposures aeeded. Currently,
acceptable exposure levels of ENPs in surface waters in terms of risk are under debate,
while the werall picture of ENP emissions and fate in urban environments remains

unclear(Baalousha et al., 201Buester et al., 2014)

The inherent characteristics of urban environments differ significantly from natural
environments and they represent unique reactors that will influence ENP transformation
and transprt. An interplay of various natural and anthropogenic factors will affect ENP

emissions and fate in cities (Figure 3.1).

Activities
Landcover « Industry
* Urbanized areas * Transport
* Green space * Leisure
* Waterbodies

Terrain and weather
« Terrain elevation

* Subcatchment areas

* Rainfall, wind, UV, etc.

Urban infrastructure
* Traffic networks

* Drainage networks /\
* Waste treatment
facilities (landfill, WWTP)

City regulations
* Product banning
« Traffic restricted areas

Figure 31. Representation of the main factors influencing the emission of pollutants, including
ENPs,in urban environments
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The complexity of sewage networks (with separated and combined systems), specific
characteristics of wastewater treatment plants, geographical and meteorological
conditions together with the variety of land cover types, predomiaetitities and
specific regulations present in cities, need to be assessed. Temporal variations in the
emissions of ENPs and exposure at the local scale are also expected due to dependencies
on weather events and usage patterns; the same apply to thbvspatiion of emissions

and exposure. This was shown in the study caoigdy Gottschalk et a{2011) who

found high temporal and spatial variability in the local predicted environmental
concentrations (PECs) determined for several ENPs and panuteithe locatioftime
dependency for their risk assessment. More testeidies by Dumont et ak2015)and

Dale et al. (2015a)also emphasize the importance of understanding the spatial and

temporal variations of ENP concentrations in surface waters.

Clearly, the estimation of ENP exposure in urban surface waters is a complex challenge
and, in order to understand potential environmental impacts of ENPs in urban settings,
exposure concentrations need to be assessed at high temporal and spatial reBolution.
address this challenge, mathematical models emerge as powerful tools that can be used
to estimate ENP emissions and environmental concentrations and provide an indication
of what the environment is exposed to when experimental and monitoring dasairsgmi
(Nowack, 2017SaniKastet al, 2015 Duesteret al, 2014)

In the context of urban environments, no nanopartplecific models havget been
developed and several key factors are essential for performing@redeensive urban
exposure assessment. These factors need to be targeted within an integrated urban ENP
model framework. Firstly, on the local scale of a city, high spatial and temporal resolution
data on ENP emissions is required to account for all theceovariabilities present in an
urban environment (traffic, industry, leisure, etc.), as well as for the local temporal
variations in emissions (weather influence, activity dynamics, etc.) and to ultimately
provide highly resolved local exposure pattemsst of the currently available ENP
emission models base their emission estimations on global or regional production and
usage rates (generally obtained from market reports and otherepemved studies)
(Keller et al, 2013 Keller and Lazareva, 2014and the dynamics of the emissions are
only rarely considereqPraetoriuset al, 2013; Sunret al, 2015) In terms of spatial
resolution, the values of estimated emission volumes are usually provided as average

figures per environmental compartment (naturaltenasoil, air; or technical: sewage
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sludge, landfill, etc.) rather than spatially resolved estimates. Secondly, the use of a
bottomup mechanistic approach for the ENP emissions is also missing as an input for
existing ENPs environmental fate modeéis described irBection 1.4 pottomup models
include nanespecific transport and fate process descriptdosvever, theyalsousually

rely on averaged production and emission volumes and transfer coefficients derived from
MFA models(Keller et al,, 2013; Keller and Lazareva, 2014) the urban context, we
believe that very specific usage patterns of the £bdiRtaining poducts can be obtained

and that these will influence the ENP release mechanisms anéxXpadure estimates

More detailed process descriptions are needed to replace the averaged transfer
coefficients values used so far in MFA models. This can be achigvetkveloping
release pathwagpecific emission equations parametrized with progpetific release

rates. Finally, since ENP behaviour is characterized by kinetically dominated
transformation and transport processes (e.g. aggregation, sedimentasofytidis,
surface transformations) and is affected by the physical and chemical properties of the
surrounding environment (surface water flow, pH, ionic content, UV exposure, etc.), a
high spatial and temporal resolution of ENP fate processes is heedecbtot for the
spatial and temporal variations in these parameters occurring within the urban

environment.

In this chaptera novel and comprehensive urban exposure modelling framework for
assessing exposure to ENPs in urban aquatic environments basetuicepathway
receptor structures proposedFigure 3.2). The framework uses a bottom up approach
were PEC values can be derived from a detailed study of the emission, transport and fate
mechanisms of ENPs contained in products used in cities. ydawing all different

ENP emission sources, all the identified release pathways, the temporal dynahmossg of
emissions, as well as the urban and environmental parameters influencing ENP fate
processes, the framework presented here is able to est@rpatsure at high spatial and
temporal resolution.At this localscale,hot spots of emission and exposure across the
city can be identifiedas carthe final speciation of the emitted ENPfsely disperse

ENP aggregates or ENP attached to §Ruidiedwithin differentcompartment®f the

aquatic environment (i.e. flowing water, stagnant water and sedimeattjime.
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Household Industry Hospitals Traffic Land cover Leisure

I | ! 1 - i 1
| Down the drain ‘ | Runoff ‘ ‘ Direct release |

I I I‘

<

— Source

- Pathway
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Combined sewer overflow wmsms Combined sewage system Surface water sewer system  mmm  Dry deposition

Figure 32. Urban modelling framework: sourgeathwayreceptor structure.

3.2 Model framework foENPsin urbanenvironments

The proposed modelling framework for estimating exposure to ENPs in urban

environments brings together two separated but interconnected models:

i anemission estimation modelthat estimates the emissions rates of specific
ENP-containing produts used in cities at high spatial and temporal resolution;

and

i a surface water fate model that provides the final surface water
concentrations (also in a spatially and temporally resolved way) for the parent
ENPs and any transformation products (e.g. agapes), taking into account
the transport and fate processes that the ENPs undergo once released to the

water compartment.

Both models employ a bottom up approach where emission equations and fate
processes are based on the specific usage patterns, erefmtbways,
transformation and transport behaviour of the EddRAtaining products used
within the city. The framework includes the use of monitored chemical and
physical characteristics of the targeted surface water(s) in the city of interest to
parametrie the fate processes. High spatial and temporal resolution is achieved

using spatially resolvedirban information within a geographial information
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system (GIS) and local weather patterns. The proposed framework builds on four
main steps (summarized in kige 3.3) to obtain highly resolved predictions of

exposure for ENPs in the urban surface water system:

1. City analysis urban zoning and river reach delimitation: In order to obtain
the required high local spatial resolution, we propgbsedelimitationof the
surface water bodies into river reaches (or other surface water sections, e.g.
for lakes)according to the location of stablished monitoring points, and a
further subdivision of the urban area of study inswmb-catchments,
herecalled hydrological zorsfollowing a similar approach as the one used
by the SWAT mode(Arnold et al, 2012) ENP emission rates can then be
obtained per hydrological zone and specific ENP exposure concentrations
can be obtained for each of the connected river reaches.

2. Nano producinventory (NPI): An inventory of the currently used products
containing ENPs in the studied urban area is developed and a preliminary
classification is performed based on their probable sources of emission. A
database with relevant information on thesedpiis (usage rates, market
penetration, etc.) and the properties of the contained ENPs (size distribution,
concentration, surface properties/coatings etc.) should be included in the

inventory where available.

3. Emission estimation model (EEM): To obtain tBRP emission rates to each
river reach, calculations based on the source of emission, release pathway and
release dynamics are performed. For that purpose, the specific ENP release
mechanisms from the specific product usage pattern (bottom up approdch) an
the emission pathway mechanisms are studied and the emission equation

designed accordingly.

4. Surface water fate model (SWFM): Surface water exposure concentrations for
specific ENPs in each river reach are obtained from a simulation of the fate

processethat will occur for ENPs in the surface water system.

By employing this approach based on spatial information on usage and
environmental parameters specific to a certain city it is possible to generate

spatially and temporally explicit exposure estimasidor ENPs in the studied
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urban surface water system. In the next sections, the individual steps are described

in more detalil.

a . ] Emissions
City analysis estimation
River fate
modelling
athwa
\\ p Y

Figure 33. Schematic representation of model framework

3.2.1 City analysis: urban zoning and river ceadelimitation

ENPs will be emitted to urban environments from point (wastewater generated in
households, hospitals and industry) and diffuse sources (traffic emissions or
weathering of urbafand covematerial for example). By knowing the potential
emission sources and their |dan within the studied city, and performing a spatial
analysis of the area, a high spatial resolutbanderstanding of the emissions can

be achieved and a map edtimatecemissions across the city can be obtained.

We propse a subdivision of the studied urban area inte@ated hydrological
zones(HZs), a short ofmanually delimitedsub-catchment areasimilar to those
proposed byModaresi, Westerlund and Vikland€2010) for the estimation of
pollutants load transporusing GIS. These HZsill containall thesections of the
cityos s e wa gmall sudacemateribodigiatdow into a previously
definedcommonriver reach In this way,while ENP emissions are estimated per
hydrological zondenabling the identification of hot spots of emissiithin the
city area) their distribution along the surface water systefmthe city can be

modelled by indicating the specifitydrological zoneiver reachconnection.
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The delimitation of river reaches is done based on the locati@ mfmber of
monitoring stationsstablished by the e s e asrdeskresl ispatial resoluticand
urbancharacteristics. For example, in the case study presented in Chapter 4 for the
city of York, monitoring stations were located upstream and downstream of each
WWTP serving tlke city, as well as before and after tenfluence of the two rivers
flowing through the city{Figure 3.4) Each river reachovess a suffiagent extension
upstream and downstreaof the monitoring stationandfor which homogeneous

water characteristiosanbe assumed

The manual subdivision of the city into hydrological zoneds guided by the
boundaries of determineslbcatchment areas and the extension of the drainage
network covering thesearea and discharging into their correspondingver
reaches Using GIS toolsby following a similar methodology as the one used by
the SWAT mode(DouglasMankin, Srinivasan and Arnold, 2010wo main data
setsare analysed to provide thigformation the digital elevation map (DEM) of
the area (digital elevation data of the area derived from surveys carried out by
remote sensingLIDAR) and the city drainage network maps (sewage networks
maps of the city containing the combined, surfaceé foul drainage networks, as
well as combined sewer overflow (CSO) and storm water ou{S&/Os)
locations). Information on the location of theaste water treatment plants
(WWTPs) servinghe area and their discharge points, as well as the localiza#tion

industrial activities will also guide thmanualhydrological zonalelimitation

The DEM of the area provides information on the water flow directions and sub
catchment areas of the cityased orthe elevation of the terraumpon hydrological
analysis QGIS Grass package)his information guides the delimitation of areas
of the city with confluent flows of runoff water and the identification of their
discharge pointgsub-catchment outletsalong the river Additionally, since the
runoff does not alway®llow the topography in a urban environment, but is instead
redirected and transported though the maade drainage network®lodaresi,
Westerlund and Viklander, 201,ahecity drainage network maps provifiether
information on the connectivity of the differenteas of the city to the local
WWTPs and the location of CSO and SWAlbng the urbaniver system Using
both datasetsthe path of the wastewater and collected runoff water can be fully

tracked.
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Further details of the methodology and its application to York are provided in
Section 4.2.2 of Chapter Bigure3.4 represents the gersged sbdivision for this
city.

From DEM:
* Flow directions
* Sub-catchment areas

York Hydrologic Zones

e "
* Sewage networks :
* SWO and CSO locations ’

) -
o 7

0 km

River reaches |:| Hydrological Zones *WWTP

Figure 34. Subdivision of the York area of study into hydrological zones (HZs), delimitation of
its rivers (Ousand Foss) into river reaches (BSand loction of the Iacal waste watetreatment
plants (WWTR)

Following this approach, ENP emission estimates can be obtained in a spatially
resolved manner. For example, ENPs emitted from point sources can be tracked by
knowingthe specific location of the WWT&nd CSO outlets (given by the water
managenent local authorities). For the ENP emitted from diffuse sources and

t hrough runof f t he emi ssionsd spatia
elevation (which determines runofilow directions) as well as on sewer

infrastructure (localization andwer system type and capacity of the area studied).
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3.2.2 Nano product inventory and classification of emission sources

In the urban context, nanotechnology is widely applied. ENPs are integrated into a
wide variety of daily use products such as cosmetics, ¢ésxtibods and paints and

can be found in different outdoor urban materials such as building fagcade paints,
wood coatings, seltleaning glass, photocatalytconcrete pavements, and more
(Baaloushaet al, 2019. Furthermore, urban nanotechnology is seen as a potential
source of solutions for sustainable urban development: ranging from providing
more resilient and durable construction materials with the potential of decreasing
the urban heaisland effect(Santamots, 2013) to contributing to the production

of solar power generated by napbotovoltaic systemg@icheli et al, 2013) to
improving water and air quality through the use of nrased photocatalytic
applications(lbrahim et al, 2016)or fuel combustion ENféatalysts that reduce
exhaust emissionéSelvan, R. B. Anand and Udayakumar, 2009; Wetkal.,

2013)

To evaluate the urban ENP exposure, allgbtential ENP ensision sources must

be identified. Thereforeall potential ENPcontaining products commercialized

and used in the targeted city need to be investigated and classified according to
these emission sources. The main categories of ENP emission sourceseientifi
for urban environments are briefly presented in Figure 3.2 and explained in the

following list:

1 Household this category includes all products used indoors that would be
released down the drain together with normal wastewater. Product types
within thehousehold category include clothing, cosmetics, cleaning products

and food additives.

9 Industry: ENPs manufactured on site (depending on the industries present in
the studied city) will be included in this category as well as other ENPs that
might be usedn industrial processes (catalysts, fuel additives, cleaning

products, etc.).

9 Hospitals: ENPs are currently used in medical applications and can
consequently be released from hospitals or patients during a hospital stay or

in their households.
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9 Trafficc ENP-containing products that might be released to streets and roads
due to traffic (i.e. by exhaust emission and deposition) are included in this
category. Examples include ENfased fuel additives, ENPs generated due to
tyre abrasion or ENHeontaining produts that are used for car maintenance

such as car wax or car paint.

1 Land coverthis category includes all EN€bntaining products used outdoors
and that will potentially release ENPs through weathering with rainfall.
Examples of these products are paintsl adther outdoor urban coating
products, ENRcontaining construction materials (photocatalytic glass, solar
panels, cement etc.) as well as ENPs used in noveleaaloled agricultural
technologies such as napesticides and narfertilizers that can besed in

urban gardens and road verges.

9 Leisure:ENP-containing products that might be used during and for leisure

activities such as sunscreens or boat paints fall under this category.

Table 3.1 provides a summary of the EbRdhtaining products most relevaio

urban environments that will fall within the different emission source categories as
well as the types of ENPs that can be integrated in the products. This list was
developed by combining information gathered from the scientific literature and
nanaeproduct inventories such as the Nanotechnology Consumer products
inventory (CPI), developed by the Woodrow Wilson International Centre for
Scholars and the Project on Emerging nanotechnoldyesceet al, 2015a) and

the most recent Nanodatabgs®ss Hansemt al., 2016) It is worth noting that
Table 3.1 not only contains products already on the market (and identifiable as
containing ENPs by the Nanodatabase), but also covers potential future
applications of ENPs in urban environments (e.g. within buildirsgemial or in

medical applications, marked in the table by *).
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Table 31. Summary of ENHeontaining products already available on the market and used in
cities extracted from the Nanodatabase; and potential future applicatib@NPs in urban
environments identified by a literature review (*)

Emission Source  Product type ENP
Household Cosmetics (makeup and he SiO;, TiO,, ZnO, Carbon
treatment) Black, Si, Cu

Personal care produc Ag, Au, TiO,, ZnO
(toothpaste, deodorants al

creams) Ag, Si, ZnO
Clothing TiO,, Cu, Zn, SiQ
Food additives TiO2, ZnO
Sunscreens
Industry All product types and ENPs listed above and below
Hospitals Medical nanoformulations* -
Traffic Fuel additives CeQ
Cleaning agents Ag, TiO,, Au
Maintenance products SiO,, Ti, Au, Ag

Tyres @brasion of tyres) ZnO (Yang et al, 2014)
ZnS, Carbon BlacKKumar
et al, 2013)
Land cover Construction materials* carbon nanotubes, SiOAg,
Paints and surface coatings TiO», Al;Os
Nanopesticides and nanc TiO,, Ag, SiQ, Cu, ZnO
fertilizers* Cu/CuO
Environmental remediation Nano zerevalent iron (nZV1)
Leisure Sunscreens TiO2, ZnO
Paints and surface coatini TiO,, Ag, SiQ, Cu
for boats

Once the emission sources have been identified, additional information is required
for the evaluation of their relevance and quandificn. Generally, the market
penetration of the product (in terms of ratio of Ebldhtaining product available

on the market vs nenano options) and product type usage (amount of product
used per capita in the selected time range) will be the two mdor$ao consider

when estimating the relevance of various emissions in the city investigated. For
example, in a southern European, coastal city, where the water leisure activities
may be the main drivers of the economy, the market penetration and usagef rat
products such as sunscreens will be higher than in cities with no seaside and colder
weather. Therefore, for the first case the leisure source will be considered as one
of the most relevant sources, while in the second city case it might not even be
integrated into the emissions analysis. Other city characteristics, such as local or
regional regulations regarding the specific use of certain products (i.e. banning of

specific products or traffic restrictions in certain city zones), will influence the
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relevance of studying certain types of ENP emissions for different cities. Also, the
presence of industrial areas or urban agricultural areas (with consequent potential
use of nangpesticides or nantertilizers) in the city will influence the ENP
emissionssources to be considered (industry or land cover sources respectively).
Other information, relevant for the emission estimation calculations, such as ENP
content of the product, composition and size distribution of the ENPs, will also be
gathered. Some pential sources for gathering such information are discussed in
the next section.

3.2.3 Emissions estimation model

Emissions of ENPs from ENPontaining products can occur during different
stages of their life cycle (production, transport, use and disp@sealler et al.,

2013 and the extent of these emissions will be source and pathway dependent. A
schematic representation of the emission sources and identified emission pathways
to urban surface waters is summadsin Figure 3.2. The three most relevant
release pathways for ENPs towards urban surface waters are i) down the drain, ii)

runoff and iii) direct release.

Some experimental studies have already demonstrated ENP emissions from
everyday produst For examm, Benn et al(2010)found that Ag ENPs integrated

in toothpaste, shampoo, medical cloth and otfwersehold products were released

to different extents down the drain after a 1 hour washing process in tap water.
Also, in studies performed by Bossa et €017)and Kagiet al.(2008) TiO2 ENPs
incorporated in building material (setfeaning cement) and exterior paints
respectively, were found in the leachate collected after simulated runoffseven
leading in the case of selfleaning cementp emission estimates ap t033.5 mg

of Ti/m? after 168 h of leachingrhese released ENPs will be emitted to the aquatic
environment (wastewater and/or surface waters) in different contexts (outdoors and
indoors) depending not only on the specific usage and disposal pattern of the
product, but also, in the case of outdoor use products (i.e. in traffic octeed),

on specific weather conditions (i.e. rainfall events leading to weathering of outdoor
ENP-containing materials and trangpof ENP deposited on the laedver of the

city). At the same time, it has been demonstrated that a considerable portion of

ENPs emitted with the wastewater (i.e. Ag and €ENPs forthe studies of Kaegqi
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et al.2011) and Limbach et al(2008) respectively), is retained in the sludge of
wastewater treatment plants. A similar process could occur for ENPs emitted with
runoff, where ENPs could be retained to some extent in the imperviousarawver
gully pots,through physical ochemical interactions (i.e. adsorption to concrete
and/or adsorption to the retained sediment respecjivélyerefore, to estimate
ENP emissions to surface waters, it is not only important to consider the emissions
of the ENPs from the source, but alde pathway that the ENPs follow once
released from the product to the surface waters (that will determine the retention
rates), and the weather conditions that trigger such emissions (in the case of runoff
emissions). To estimate emissions of ENPs toaserfvater for each of the three
identified release pathways we have developed the following generic equagions

a function of time

1 Down the drain (wasteater) emissions:

00w o 0 o 00 60p ® 0 0 (3.1)
JOp O o JY o
1 Runoff emissions:

YO0 O U 00p w JY o (3.2)

9 Direct releas emissions:

(0 o 0 o JY o (3.3)
whered represents thateof emtted ENPs from the produdor the time step
simulated(t) (e.g.mg day'); "O is the fraction of the generated sewage that is

directed to the corresponding WWTdP the day simulatedhis factorcan vary
over time depending on the weather conditions (nelays ofheavy rainfallthe
sewage water network capacity might be surpasseta fractionof the waste
water will be dischagedto the rivers through CSOwithout treatment being
Fawwtp< 1); @ is the ENP retention coefficiefwr removal fraction in a WWTP)

which the ENPs are subject to depending on the release pathway followed (down
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the drain, runoff or direct releaseggnd”Y is a factor that considers the delay in
the ENP emissias between the use of the product and ENPs release and their
actual discharge into the surface waté¥s. is measured in the same units as the

time scale chosen far (e.g.days)

A more detailed explanation of the variablesequations 3.13.2 and 3.3 is
provided in the next sections.

3.2.3.1 Rate of ENP emissions from the produci{8.

The bottom up approach proposed for this modelling framework establishes a detailed
guantification of the emissions of ENPs from produsased on specific age and
disposal patterns. For this purpose, the following forniatathe estimation of ENP

emissions over time (tyas established:

0 o 6 JY o200 oY O (3.4)

where0 is the concentration of the ENP in the prod{i@. mg kg'), Y s
the amount of product used per cafpa) on the simulatedtime step(t) of the
model (e.gkg pc?t day?l),"O is the market penetration of the ENBntaining
product(estimated athe fractionof that produdd sarket that contains ENEgnd
Y is the productpecific release ratat time t(percentage of ENPs emitted

from the toal ENP content in the product)

The value of® canbe obtained either from the product manufactured@ase

by Tiede et al(2016)or from chemial analysis of a produ€fulve et al, 2015)

the value ofO canbe obtained from sources such as consumer product surveys
(such as survey performed by Tiede et a(2016) or Zhang et al.(2015)),
manufactureds surveys and market reports (e.g. Future MarkRétks2 used by
Keller and Lazarevg2014). The values ofY canbe estimated either by the
use of tebnical guidance documents (suchths (TGD, 2003)used by Tiede et

al. (2016) or obtained through consumer survéieller et al, 20143; or by the

use of produespecific equations based on product usage pattemmally, Y
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can be obtained from experimental studi€Bossa et al, 2017) or from
manufacturers (i.e. ageing and end of life experiments). Some examples of
equations for estimating th&Y for a selection of product types and their
correspondingY are presented in Table 3.2. The meaning and the units of
these factors will vary depending on the product type and the information available.
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Table 32. Examples of estimation of product usaggddland release rates fReas) for different

ENP-containing product types. The meaning and the units of these factors will vary depending on

the product type and the information available.

Product type

Uproda (Mass or volume of
product/time)

RReIease

Cosmetics and person

care products

=Y € N

"¥ usage per capita per day
0 € n population of the are
studied

=fraction of ENPs release
from the specific produc
during usage. (i.e. as wor
case scenario 100% of tt
contained ENPs would b
released so Riease= 1)

Fuel additives

="0)
&: fuel consumed (L) pe
vehicle type (j) per day,

. average number ¢
vehicles of typg circulating in
the area studied per day;

= fraction of ENPs release
from the specific produc
during usage (in this cas

percentage of fueldaitive
that escapes from th
exhaust)

Maintenance products

=U AQJSA

U: product usage per day p

surface area of materii

exposed

SA: surface area covered |

the product per vehicle type (
average number ¢

vehicles of typg circulating in

the area studied per day

= fraction of ENPs release
from the product

Construction materials

=U A tSA |/

U: mass of product used p
surface area of materii
exposed

T: number of days of exposul
of the product, in this cas
lifetime of the consuction
material (i.e. 10 years} =
3650 days)

SA: building facades surfac
area exposed to weathering

= fraction of ENPs release
from the product during st
lifetime

Paints
coatings

and

surfac

=UA 1S A/

U: product usage (in mass
volume) per surfag area of
material exposed

SA: building facades surfac
area exposed to weathering
T: number of days of exposu
of the product, in this cas
frequency of facade paintin
(i.e. once every six months, tt
paint will be exposed and tr
ENPs released thrgh 6
months,T = 182days)

= fraction of ENPs release
from the product during it:
lifetime
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In the stug performed by Tiede et a{2016) datawasavalable for 126 ENP
containing products commercialised in the U®uantitative informatiorior Cenp,

Uprod and Fpen for 62 of them was found from similar information sources. For
example, for cosmetics containing SIENPs, thed  value was found fnm the
manufactureis information (labelling) as 15% of the cosmetic composititsage

was estimated as 0.8 g of product per capita per day by followingGBbe(2003)

and Fpenwas estimated through the use of a local product survey where the number
of nanacontaining products was divided by the total amoumtrofiucts (nano and

non nano) available on the same market (0.5% of the skincare market)

3.2.3.2 Lag time (Tlag).

ENP emissions to surface waters do not always occur straight after product usage
in terms of time, but instead they can be released over time oedifispnoments
overtime(Sunet al, 2017) Therefore, a factor that integrates this timeafefency

into the estimation of ENP emissions has to be adopted if temporal resolution in

exposure is to be obtained.

In this modelling approaclemissiords variability over time is presentedby
factoring thegime dependencgf the ENPs usageeleaseandremoval (i.e. through

~.

Y , Rrelease@nd Fwwtp, and also by using factor, herecalled lag time factor

("Y ), that indicates if the ENPs are emitted into the surface waters on the time step
simulated and in which proportioif his factor is releaspathwaydependentFor
example in emission processes that are triggered by rainfadirfly the ones
emitted through weathering of surfagedyring a dry day no emissions would
happen andy would have a value of,Qvhereas on a rainy day wouldacquire

the value ofl to indicate that the emission is taking plabethe case ofraffic
emissions however, in a dry damissions still happefmainly to the atmosphere)

and ENPsare depositedaccumulateflon urban surfaces through dry depmn

but not discharged in the surface waters until the actual runoff emission occurs
during a rain eventln this case;Y would have a value of 0 on the dry diy
indicate no dischargdutwill be equal to 1 + the number of preceddry days
(accumulation dayspn theday of therain event Furthermore, the determination

of the™Y factor in the case of atmspheric emissions could be refined by using

atmospheric particle transport models. Kumar €t2l11) present a review on the
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different available dispersion moddlsat address the dynamics of ENP dispersion
in the atmosphere where lag time can be extrapolated (ikenrmar et al, 2011)

Finally, for down the drain and direct release emissioris, would again indicate

if emissions happeriY = 1)ornot(Y =0).

To quantify thissecond pathwagxplicitly, temporal variations carnherefore be
integrated within the model by means™§f , and the determination of itahes
will usually be weathedependent. Local water management authorities would be

therefore a key information source to establigh values.

Alternatively, higher time resolution could be implemented if desired and if
permitted by the computanhal power, depending on the data availability. For
example, ENP emissions could be reported per hour if data on hourly usage and
release is available (e.g. hourly traffic data can provide hourly emissions and
hourly weather data provide Tlag in hours)lsé, as mentioned in Section 3.2.3
ENPOG6s \WAMdVAlIcan vary over time, also in association with the weather
patterns (and reflectatirough the use of FWWTPyvhich can be also integrated

if the information needed is available (isewage network capgy threshold and

rainfall pattern).
3.2.3.3 Retention coefficientf ).

Once released, the pathways of ENPs towards the surface waters will detaedine

to be applied in the emission estimation calculations. As pictured in Figure 3.2, ENPs
emtted from point sources (households, industry and hospitals) will be discharged down
the dain into surface waters via WW$PWhen ENPs follow this pathwaya factor

must be applied based on the removal efficiency for the specific ENP and TP

in place. Alternatively, whenever the sewage system in place is a combined system and a
sewer overflow occurs, a fraction of sewage waper (O ) is directly discharged

into the rivers via CSO without passing through the wastewater treatméitiefaand
consequently n@ is applied. ENPs emitted frodiffuse sources (traffic, landover

and leisure) will enter surface waters either via SWOs from separate surface water
systems, and/or via CSO from combined sewer systems, or througtreliease (in the

case of leisure activities sources). As previously stated, the pathway of emission will
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determine théo that applies to the ENPs as well as their spatial distributioncThe
identified for the three established release pagsraaresummarised in Table 3.3.

Table 33. Retention coefficients for the three ENP release pathways

Pathway 1% 4 Description

Down the drain & The WWTPremoval efficiency fothe specific ENP and type ¢
WWTPin place

Runoff @ Road retention efficiency for the specific ENP

Direct release - No retention processes happen in this case

The values for eacth will need to be obtained from experimental studies, if
available, and will be ENP specific.

3.2.4 Surface water fate model

While the emission estimates serve to quantify ENP loads towards urban surface
waters, environmental fate processes will determine the final concentration and
distribution of ENPs within the water bodies (Figure 3.5). Furthermtre,
environmental impact and health risks associated with exposure to ENPs will be
strongly affected by the fAformo in whi
are freely dispersed, homand/or heteraaggregated, dissolved or whether they
have undergne transformations of their surface or surface coating. ENP
concentration and formas described in Section 2.4ill be determined by
processes such as hofmand heteroaggregation, photochemical transformations,
oxidation and reduction, dissolution, phgitation, adsorption/desorption of
macromolecules, biotransformation among otheiogbbchemically driven
processeg¢Nowacket al, 2012) Many environmental factors, biotic and abiotic,
play important roles in these transformation and transport processes: lonic strength
and composition, pH, water hardness and the presdraiesolved organic matter

and suspended particulate matter (SPM) will alter aggregation and transformation

processes and are expected to ultimately influence ENPs toxicity by altering their
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availability for uptake and distribution within organisms, araiateractions with

other pollutantgHandy, Owen and Valsardiones, 2008)

Waste Water Run Off ' _ R!ver Rea‘{h_l ' . Waste Water Run Off
> Process affecting free TiO, NPs only > Process affecting SPM-bound TiO, NPs only Input Water Input
InPUt water 'npUt >  Process affecting both free an d SPM-bound TiO, NPs p
box #1 ‘
3 3 ¥
boxjl
heteraggregaion g
River Reach j-1 * X = X River Reach j+1
wl
pH River flow e Ti0,NPs River flow pH .
Conductivity 4 bound to SPM Conductivity
m) v B ) o
TOC slncoion exchg "o e TOC
[Caz*], [ng river flow g {[l ;t e fiver flow g [Caz‘], [Mg*]
sedimentation w2
‘ umn( \ mgw ‘
NPs loss bed oad burial bedload NPs loss
(From sedimentation, NPs o > v mmem 9 an» “ (From sedimentation, NPs
adsorption to river sediments)

adsorption to river sediments) ‘

Figure 35. Schematic representation of the ENP transport into, out of and throughout the defined
river reaches and fate processes inside the river system. Source: adapteBr&etorius,
Scheringer and Hungeg(2012.

To account for the importance of environmentalefagirocesses on the final
exposure estimates of ENPs a comprehensive model framework for ENPs in
surface waters needs to integrate a mechanistic river model where relevant
transport and fate processes such as advective transport, sedimentation,
resuspensignhetereaggregation and dissolution of ENPs are simulated at high

spatial and temporal resolution.

An approach to yield this level of temporal and spatial resolution in river basins
was presented byVarren et al.(2005) They propose a flexible approachor
simulating the behavig of chemicals in river basins based tire use ofa
conrectivity matrixdescribing the river system. The connectivity matvasbuilt
based ora numbeisegmentsn whichthe basirhad been divided, andeh of the
matrix cells would be characterisedith the properties of the&orresponding
segmentdi.e. lengths, volumes and flow ratgsinformation onthe connectivity
between thenwas also providedin this way a tailored spatial resolution was
achievedWarrenet al,, 2005)
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A similar approach, based on raodular multimediebox mode] but that also
includes nanoparticlespecific process descriptions for water and sedimevds,
developediy Praetorius et a(2012) Here we proposed the use us such model to
be directly linked to the emission estimation model. This river model caadky
adjusted and parametszd to represent the properties (e.g. dimensions and
discharge) of the specific river(s) of a given city. In the model, spatial resolution is
provided by the subdivision of the model into individual boxes, each of which is
divided into three compartmentstggnant and flowing water compartmeatsd
sediment compartment). This model approach takes into accountsp®tHic
properties (composition, size, density, attachment efficiencies for aggregation etc.)
to parametrise their fate processes in an aquadéidivim. Variations in aquatic
properties (discharge, water depth, pH, water composition etc.) can be included by
subdividing the river model into individual sections of distinct conditions. For
optimal parameterization of the model, we recommend to acconmpa@nmodel
development with local monitoring campagyof surface waters to provide actual
data on the key water parameters (e.g. pH, conductivity, ion concentration and
concentrations of dissolved organics and suspended solids) which will affect the

fateand distribution of ENPs around the surface water system of the city.
3.2.5 Challenges in model parametrization

As seen throughout the modelling framework descriptiosigaificantamount of
data is required for full parametrization of the modelling approdethle 3.4
summarises examples of data that could feed into each of the modelling framework

steps, as well as some potential data sources.
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Table 34. Summary of potential parametrization data and sources for the modelling fraknewo

Framework steps

Related data

Sources

1. City analysis

Surface water distribution, flow directions, catchm
areas (digital elevation maps, surface water maps)

Urban wastewater and surface water distribution a
connections with surface water bodiggdty drainage
network maps, WWTRNd CSO locations)

ENP emission source locations and distribution in
studied area (location of Industrial areda&WTPs,
traffic networks, leisure areas, etc.)

Governmental geographical or environmental agencies (SGS,
EEA, EPA, etc.). National or regional mapping agencies
Ordnance Survey)

City council urban planning department or local water managel
companies (e.g. Yorkshire Water Ltd.)

City council urban planning department, open source city cot
resources (e.g. YorkOpenData) and/or regional mapping age
(e.g. Ordnance Survey)

2. NPI

List of commercialized ENfeontaining products

ENP-containing products informatio6( RY Hh'O h
v )

ENP characteristics (size distribution, surface/coat
properties, etc.)

Online naneproduct inventories (i.e. CRlance et al, 2015a)
Nanodatabasg@-oss Hanseet al, 2016), commercial, consumer an
industrial survey¢Dimitroulopoulouet al., 2015)and market studie:
(i.e. Global Nanotechnology Market Outlook 20@2arkets, 2015)

Manufacturer specifications, technical guidelin€BGD, 2003)
consume(Dimitroulopoulouet al, 2015)and market surveys, marki
reports(Markets, 2015)

When no data is available usage rates can be extrapolated fro
cycle assessment studies (e.g. usage of ENP contained ir
additives can be @mated from traffic data and vehicle performar
as specified in Table 2)

Manufacturer specifications, patent registry or in situ lab analys
the product

3. EEM

Release rates from products or applications

Sewage fraction to go to connecWTP (Fwwre)

Experimental studies (i.e. release of TENPs from paint¢Kaegiet
al., 2008) release of CeOENPs from fuel additives apphtion
(Batleyet al, 2013)

Local water management companies (e.g.Ksbire Water Ltd.)
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Retention coefficient (&) Experimental studies (e.g. Kaegi et al. 2(Kdegiet al, 2011)and
Limabch et al. 2008Limbachet al, 2008)

Lag time {Tiag) Local water management companies, local weather stations
Yorkshire Water Ltd.) and ENP dynamic atmospheric trans
models(Kumaret al, 2011)

4. SWFM

Water parameters (pH, flow, ionic strength, etc.) Water quality monitoring campaigns (environmental agencie:
performed independently)

ENP characteristics (size distribution, composition, e Product speéications from manufacturers, or product analysis
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The model parametrization is indeed one of the biggkatlenges in exposure
modelling (Nowack, 201Y. This is because experimental data is often scarce or
missing, especially in the case of emerging pollutants, such as ENPs, that are not
conventionally monitored or regulated. To date, solely some -spacifc
provisions in produetentric regulations (e.g. EU cosmetics, food information and
biocide regulations) for products containing nanomaterials €Bigtvman, van
Calster and Friedrichs, 2010; Amergaal,, 2015) However uniformity in ENP
regulations in terms of product labelling and notification requirements is still
lacking, which makes the estimation of ENP emissionsetdaon production and

usage volumes, hard to perform.

New strategieshereforehave to be found in order to bridgestle data gaps. Some
strategies are described within this modelling framework, where we propose the
use of a bottom up approach for theedeination of usage and release rates at the
local level (Table 3.2). Local data, such as traffic patterns for the estimation of
ENP-traffic related emissions, or local weather information for the estimation of
local release rates of ENPs imbibed in mialsrexposed to weathering such as
outdoor paints, are more easily accessible and accurate than using average ENP

production estimates and steashate release coefficients for example.

Additionally, it is worth noting that one of the advantages of mauglis its
flexibility in terms of scenario analysis. In this sense, different tiers of assessment
are always possible. For example, one could start with a rather rough estimation,
using market data for consumption and averaged environmental conditions and
later move to a more refined assessment (as data becomes available), using data
collected specifically for the given city through the use of local consumption
surveys and local water monitoring data. These different tiers can be assessed at

different restutions, both in terms of space and time.
3.3 Conclusions

The modelling framework here pentechas been designed to serve as a guide for
estimating exposure of urban environments to ENPs. Taking into account the
complexity of such systems and the level @édl resolution targeted, it is worth
pointing out that th@recisionof the PECs estimated will highly depend on the data

availability and quality for the city studied. Our framework proposes an integrated
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methodology to follow but has been designed inighly flexible way so that it can

be adapted to various types of cities and be workable for different levels of data
availability. Furthermore, this urban modelling framework can be easily adjusted
to other types of emerging pollutants, being particuladyed for other particulate
contaminants such as microplastics. The modular nature of the framework makes
it very versatile in terms of its inherent flexibility to integrate additional modules
or release pathways that have not yet been identified butdbbd become relevant

in the study of other emerging pollutants.
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Chapter 4

Modelling spatial and temporal trends of ENP emissions in
York (UK)

4.1 Introduction

As previously discussed @hapter 3, there are many industrial and domestic applications
of naroparticles, many of which can result in emission to the environrérg.chapter
builds on this by presenting the application of the proposed modelling framework to

predictthe spatial and temporal trends of ENP emissions in a city case study (York, UK).

Within cities there are two types of emission sources (i.e. point source and diffuse source)
that create spatial variability. Point sources are concentratecharerecognizable
sources with specific lotansfrom which pollutants are emitted. The mamint source

of emission in urban environments is the discharge of treated effluent froMiReP,

or untreated when coming from a sewer overflpvaebi and Droste, 2004piffuse

sources (also called ngno i n't sources) on the other h
localization within the cityout allow particles to be deposited in such a way that rainfall
induced runoffcan carry them into natal surface watesystems(Zoppou, 2001)
Examples of diffuse emission sources are vehicle exhangdvehiclewear, soil erosion,
constrution material and coatingsrosion(Zoppou, 2001) The combinatiorof these

emission sourcesill result in unique spatial profiles for individual cities.

Additionally, the emissions generated from the aforementioned sources will vary over
time due to their associated release pathways. Point sources usually follow ghdown
drain emission pathway (e ENPs contained in personal care products, textiles, cleaning
products, etc.), and can be either released continuously or with some sort of seasonal
pattern with wastewater effluent. Diffuse emissions usually happ®ugha runoff
pathway (i.e.emissions triggered by rainfall) and are highly time variable, causing
repeated and intermittent pulses of pollutants reaching surface wWAstrauer and
Brown, 2013) Examples include the leaching of ENPs from EddRtaining outdoor

coatingsduring rainfall (Zuin et al,, 2014) or the runoff of traffieassociated releases of

73



Chapter 4 Modelling ENP emissions

CeQ ENPs contained in fuel ddives (Johnson and Park, 201d)emporal and spatial

resolution are therefore important aspects in the degaeripf emissions in cities.

To cover thee temporal and spatial aspects related to ENPs emissions and the complexity
of the urban composition, a highsolution approach, suals the one proposed in Chapter

3, is needed. With this approach, a full chéeaezation of the city is performed from a
bottom up perspective (from the source to the receptiogye naturahnd anthropogenic
factors are accounted for when estimating ENP emissions. This approach recommends
the evaluation and prioritization of the storelevant emission sources (i.ENP-
containing products) within the targeted cityughalocal characterization of the chosen
emission sources regarding their usage is propd3edlly, an analysis of the release
pathway is envisaged using the detieation of rdevant source characteristics (e.g
composition, market penetration, etc.). This would be augmented by accounting for the
interplay of the various natural (weather patterns, land cover composition, etc.) and
anthropogenic (drainage networksaste water treatment facilities, etc.) aspects of the
city influencing ENP discharge. For example, outdoor paints and coatings are exposed to
variations inweather conditions (i.e. different intensities of rainfall, sunlight or changes

in temperature), saveather factors will determathe extent of emissions and will have

to be accounted for.

In this context, and with the objective of proving the usefulness of the proposed modelling
approach in deciphering the temporal and spatial ENP emission trendiyirthe model

was appliedo characterize ENP emissiomsthe city of York. Temporal and spatial
variations inemission sources and their contributions to total ENP loeWso r k 6 s r i v
systemwere investigatedThis includedidentifying the main entting areas (hot spots)

and the conditions under which emissions are expéeotbehighest.

A variety of ENP types, emission sources, and different emission pathways have been
covered. These included several personal care products (sunscreens, makeup and
toothpaste), land cover material (outdoor paint) and a potential traffic emission source
(fuel additives). The emission pathways studied were down the drain (for the personal
care products) and run off (for the land cover and traffic sources) and ttieeerdiENP

types were investigated (T#0Ag and Ce@ENPS).
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4.2 Methods

The calculations of ENP emissions in York were performed usirgeript written in
Matlab software (MATLAB ver. R2018a that integrates thepatial andtemporal
information oNENPs usag and release in Yoik form of excel spreadsheets. This script
calls to each specific input to beatted according to the case study and scenario chosen
and performs the emission calculations in loop per day and HZ, according to the
established emissigpathwayequations (Figurd.1.1 of the Appendix).

4.2.1 Description of the study area

The area selected for this study was the urban area of the city of York, located in the
northeast of England (latitude of 53A9606]!
it integrates the complexity of an urban system (with a network of bus lines, a train station,
a central historical area, two universities and some industries), but is a manageable size
for exposure analysis investigations where information such as tladiits, sewage
system networks or local weather, are needed. York covers an area of 27 aredkim

2016 had a population of 2167#ihabitants. York is located at the confluence of two
rivers, the River Ouse and the River Foss, which run in a southeglitidn and which

are fed by a number of differently sized tributaries. THVé&/TPs serve the area
(Rawcliffe, Naburn and WalbuttsThe area modelled in this study wasundedby the
cityds outer ring r oadsewiones (whee ostof tbetbmsd st
lines and major traffic concentrates) but also includes the major adjacent municipalities
of Strensall, Poppleton, Haxby, Bishopthorpe and Naburn, which fall outside the ring
road.This selected area comprised approximately 40 27dfiouilt surface i e. excluding
theareas covered lgardens and other green extensiofile modelled area was chosen

so that all population served by the three named WWTPs were included.

The WWTPs of Rawcliffe and Naburn emit treated effluent into the riveseQa the
Northwest and South of the cgityespectivelyand the WWTP of Walbutts discharges into
the river Foss to the North East of the digjgure 4.1). Information on the population

served by each WWTP was obtained from Yorkshire Water Services dimite
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4.2.2 York Hydrological zones and river sections

The study areafollowing the city analysis method proposed Saction 3.2.1,was
subdivided into 10 rivereaches or rivesections (RS) and 12 silatchment areashe
so-called hydrological zones (HZs), bysing the Open Source Geographic Information
System QGIS 2.18.13 with GRASS 7.2.1 software. The river sections were selected to
include sections located upstream and downstream of the three WWTPs serving the city
as well as before and aftére confluenceof the two rives in the city centre (Figure 4.1

thus providing sufficient spatial resolution to account for potential water quality changes
along the modelled area.

Three sets of informatioguided the manual delimitation of the HZ&srstly, information

on theextension and flow directions of tlirainage networks of Yorknd its outlets
locationswas obtained from Yorkshire Water Services Limited. Maps of the combined,
surface and foul drainage networks serving the city, as well as the location<C&@ise

and SWOswere provided. The foul water network is designed to carry contaminated
water from households to WWTPs whereas the surface water network carries streets
runoff water to local streams, rivers or soakaways via SWOs. The combined network,
which mainly exists in old parts of the city (city centre), takes both foul water and surface
water to the WWTPs, but whenever there is an overflow it will discharge to the rivers
directly via a CSOUsing the spatial analysis tool v.net.alloc from the GrasS gickage,
which allocates subnese. sectionspf a networkio selectedhearest centers, was used

to identify the portions of the surface and combined drainage systeen subnet}
discharging into the SW&and CSQlocated in the prgously stablishd RSsof interest.

In this way10 subnets were distinguishalbng the study area of the city of Yarke per

RS (Figure 41.c).

Secondly, Lidar Digital Terrain Model (DTM)ataat 1 m spatial resolution was obtained

for the York area from the onlimeap and data delivery servideigimap(OS MasterMap.
Accessed: Feb ®8) The DTM was analyzed using the (@5Grass hydrologic
modelling tools to obtain thdominantflow directionfor each 1 m cekndto identify the
drainage basins of the area. Firstly, the function r.fill.dir was used to remove all
topographic depresms and flat areas. Then, the newly generated elevation raster map

was analyzed with the watershed function (r.watershed) to generate an accumulation
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raster map, a drainage direction raster map, a stream segments raster map atitefinally

basins raster ap (Figure 4.1).

Finally, the map of the delimited WWTP catchmergas was also plotted (Figure 4l

to visualize the extension gerthe area of interest. The results from these two analyses
(the drainage basins map and the subnets map) and tinsiertef WWTP catchment
areas, guided themanualdelimitation of the 12 HZs. Each H#as set tacover thearea
delimited by the boundaries of the obtained drainage badmus that will at the same
time, coincide in some extent widach of the@verlappimg subnetextensiorn(Figure 4.).

The new shape file of theZs was created in QGI®&ith the manual editing todloggle
Editing. EachHZ may be connected to more than one outlet that drains into a common
RS. A total of 12 hydrological zones connected ® 10 established RS, were created
(Figure4.1).The list of connexions between HARSsand WWTPs igresented in the

Table Al.1 of the annexes
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xby Walbutts

2.5 km

* wwrp

Figure 41. Delimitation of HZs for York with a) delimited basins areasy\AVTPcatchment areas and dyainage subnets allocated to the delimited river
sections. d) Constitutes de final delimitation of the 12 HZ of York with the WWTP located with the red star and the RiSlimibéuak.
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4.2.3 Definition of case studies

Several differenfENP-containing product types were chosen as case studies, namely
sunscreens, cosmetics (toothpaste and makeup), fuel additives, outdoor paint and textiles.
These were selected to cover a variety of different city emission sources (i.e. vehicle
emissionspaints and coatings, personal care products and clothing) and two different
emission pathways (run off and down the drain). The case study products were selected
based on the results of previous prioritisation exercises by Tiedg20Hb)and RIVM
(Wijnhoven, Dekkers and Hagens, 200Both exercises identified cosmetics and
sunscreens to have a high potential to enter surface waters through down the drain
emissions, due to the high usage rates and high market penetration of those products as
well as the incorporation of the ENPs in liquid suspension. Also, coatings (e.g. exterior
paints) and productfabelled as automotive products (mainly fuel additives)ergv
classified in the top of their rankings, having high probability of being released through
run off processes to surface waters. In terms of the nanomaterials considerede@gano
nancTiO2 and naneAg were chosen, as these materials are the most colympresent

in the studied products. Table 1 summarizes the chosen case study by ENP type, and ENP
product types, emission sources and pathways covered in this study.

¢-ofvB Mxad 2F aGdzRASR 9DbtLAXE A DK IARIYAYDEREANDISH
SYAaarzyo

ENP Type Product (case study) Source of emissions Emission pathway
CeQ Fuel additives Traffic Runoff
TiO> Outdoor paint Land cover Runoff
Makeup Household Down the drain
Toothpaste
Sunscreen
Ag Outdoor pint Land cover Runoff
Textiles Household Down the drain
Toothpaste
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4.2.4 Emissions model framework

ENP emissionfrom the ENPcontaining products studied were estimated uaingdel
written in Matlab that integrates tailored emission estimation equatiottssftwo urban
emissionpathways here explored (run off and down the drain) and for the different
product types studied (cosmetics, fuel additives, paints and textAegjetailed
description of the emission pathways, the emission estimation equatiotieaaduired
inputs is provided in Chapt&. Those required inputs are case study and product type
dependentand in some cases (i.Hprod), Can also vary spatially. Thegomprise the
concentration the ENP in the produck{®), the amount of product ed per capita over

the time step of the model {idy), the market penetration of the ENBntaining product
(Fpen), the productspecific release rate {Rasg, the ENP retention coefficient (&, the
corresponding lagime factor (Tag), and the fractin of the generated sewage that is
directed to the corresponding WWTRM&re). The input information was integratedan
database in form oMicrosoft Excel spreadsheetShis model was built to perform
calculations of ENP emissions in loop for each dagnastablished calendar for the time
period simulated and per H&hd RS by following a series of commands structured as

presented in Figure A4.1 of the Annexes.
4.2.5 Model parametrization and assumptions

To parameterise the model for the different case studiput information was obtained
from different sourcessuch aspublished literature, technical guidelines, consumer
surveys and local informatiaof weather and traffic patterns of the citlydthe extensia

and composition of its urbamd areas (i.eype of buildings, building dimensions, etc).
The specific sources of informatiarsed toparametrisehe different case studiese
described in the following sections aligted in Table 4.2 as well as in the Appendix
Al.2. From this information a maximumminimum and an average emission scenario
were generated and the summary of all inputs for all case studies and their threesscenar
are summarized ifable 42. Full details on the criteria followed for the selection of these
input values are presentedthe Apendix Al.2 (Table 4.2, 4.3, 4.4 and 4.5 fQenp,
Fpen, Releaseand Usage respectively)h& approach followed for the estimationWod

for each case study [sesented iffable 42.
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Table 42. Equations of produaisage (Wqd) estimation for the different product types studied.

Case study Uprod
Fuel additive =B &F.E

F: fuel consumed (L) per vehicle type (j) per day,
N;: average number of vehicles of type j circulating in the
area studied per day
Outdmr paint =U-SA
U: product usage (in mass or volume) per surface area of
material exposed
SA: building facades surface area exposed to weathering
Sunscreen, makeup, = U-Pop
toothpaste, textiles U: usage per capit@c) per day
Pop: population of the aretudied
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Table 43. Summary of selected values of model input parameters (ENP concentration in the pregiictr(@ket penetration of the product.éff, ENP
release rate from the product{Rasd, ENPs retention coeffient (Ge) and product usage (Usage)) for the maximum (Max), minimum (Min) and average (Ave)
scenariosThe values for the parameters of the Ave scenario were estimatedaaishimetic mearof the Max and Min.

Case study Cenp Fpen (Market sharef? (%) Rrelease Cret Usage
Max 7.5x 10% kg/L® 5% HZ specific Uproq (estimated based o
Fuel additive CeQ Ave 6.25x 10° kg/L 1009 3% o performar_wce and daily distant
Min 5 x 10° kg g/L® 105@ travelled)in L of total fuel combustec
per day
Max 6%wt©
Outdoor paitTiO, | Ave 4.5%wt 10 lrain/3881* 0* 0.35kg/nt®)
Min 3%wi®
Max 0.1%wt9
Outdoor pairtAg Ave 0.05%wt9 10 I rain X 0.3/554* o* 0.248 kg/m®
Min 0.001%wt9
Max 0.89 1.9x 10° kg/pc/dW
SunscreenTiO; Ave 4.17% wi 23.3° 939%4" 0.895 0.97x 10° kg/pc/d*
Min 0.99) 0.04x 10° kg/pc/d¥
Max 0.8» 0.6x 10° kg/pc/d¥
Makeup TiO, Ave 3.24% wi 52.39 72.7%wit) 0.895 0.33x 10° kg /pc/d
Min 0.99) 0.06 x 10% kg /pc/d¥
Max 0.8v 4.0x 10° kg /pc/d¥
ToothpasteTiO, Ave 0.003% wf? 50 100%wt) 0.895 2.4x 10% kg /pc/d
Min 0.99) 0.8x 10° kg /pc/d¥
, ] Max 0.27 % wt 0.85)
ng“'es (clothing) = ave 0.14 %wt <10 2004 0.92 89x 10° kg /pdd®
Min 0.005 % wt 0.99)
Max 0.89 4.0x 10° kg /pc/d¥
ToothpasteAg Ave 0.00032% wf 0.10 100%wt" 0.92 2.4x 10° kg /pc/d
Min 0.99 0.8x 10° kg/pc/d¥

(a) Johnson, and Park, 2012.; (b) Hischeeal. 2015; (c) AKattan et al. 2013; (d) rivm; (e) Kaegi, et al. 2010; (f) KellealeR014; (g) Tiede et al. 20t&h) Lorenz et al. 2012; (i) Sun et al.
2016; (j) Dumont, et al. 2015. (k) Biesterbos et al. 2013ud%,marked with * were assaah beinglwin the daily rainfall intensity in mmFurther details on the assumptions in Table Al.4 of the
Appendix.
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Specific assumptions had to be made for the different casessartiearalso specified

in the followingsectiors.
4.2.5.1 Fuel additives

In this gudy, we focused on the estimation of the potential emissions of ENPs generated
by the bus fleet of the city when using GEENP-containing fuel additives. The reason

for this was to evaluate the use of such products in a relevant market. Since the product
has been previously reported to have been used by bus companieqJoHsKon and

Park, 2012)but no informabn of other vehicles was available, we chose to work on this

hypothetical scenario.

To parametrize this case study, a market penetration value of 1 was assumed in order to
study the worst case scenario. Due to a lack of experimental data, a conseahagef

zero was given tCret. The values o€enpandRreieasevere taken from Johnson, and Park,
(2012)and used to build the max and min scenarios, as well as the average scenario by
calculating the average of both parameters. In the casgsafwhich will be the amount

of fuel used per day and peEZ, specific values had to be esatedfor each HZ To do

so, information on York’s bus fleet such as the performanganMm travelled per L

of fuel used of the different bus types (j) operating in Yoptkeir distance travelled per

day (in Km per day)andthe bus frequenciewhiting each HZAN;, in number of buses

per day, during weekdays and weekenags collected from the local bus companies

and York ciyy council (Table 4.B

Table 44. List of Bus companies operating in York, number of routes airdodgréormances

Bus company Number of bus routes Vehicle performance KmL ™)
(average)
First 19 2.39
Arriva 4 3.98
Connexions 3 3.20
Transdev 8 2.10
EYMs 5 2.01
Utopia 2 2.73
Stephenso 2 2.73
Reliance 3 2.73

*Value taken from the avege of the othefive companies since data was not available from the companies

Then, with the use of the geoprocessing QGIS tools (toggle editing), the bus lines were

mapped with allocated information of the bus types uskdir performanceand
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frequency Then,with the use of the vector clip tool, the neededrnfationof distance
travelled (L in km) per HZ was extracted as shown in Figure 4.2

\ N

q
Y
Bus_Lines HZ2:
Bus_con
— Bus_eym 893 buses per day .
—— Bus_step Bus performance: 6 bus companies
Bus_first_14 Distance travelled: 49.195 km
—— Bus_first
— Busydl Urban extent area : 6042460 m?
Bus_tran
Bus_utop_37
Bus_utop
Bus_arr

Figure 42. Methodology of extraction of bus traffic information (i.e. budydfiequencies,
distance travelled and bus company)

This information was then used for the estimation gédds follows:

. (4.1)
YR G U

4.2

e U[)h (4.2)

Where "G, isthe amount of fuel used per vehicle tyjeand per dayn the HZ studied
(LdY, 0 the number of bused each typdravellingin the HZper day 0 is the
distance travelledin km d) by eachbustype in the selected HZ pedayand( the

performance of the bus type (in krif). Table 4.4 present&e full list of rumber of buses
circulating per HZ from Monday to SaturdayVeek) and on Sundays and the

correspondinglistanceravelled and fuel consumption.
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Table 45. Number of buses circulating per HZ from Monday to Saturday (Week) and on Sundays
and the corresponding fuel consumption (L)

HZ N° buses per day Total fuel N° buses per Total fuel Distance
on week days Usage (Ld)  dayon Usage (L d") travelled
onweek days Sundays on Sundays  (km)
Hz1 1044 1768 511 802.5 86.4
HZ2 1038 942.6 504 440 492
HZ3 4909 1397.4 2328 717.4 476
HZ4 1724 712.7 811 276.6 31.4
HZ5 999 583.5 469 237.5 302
HZ6 1100 1062.4 541 513.3 489
HZ7 2092 1818.1 991 827 79.5
HZ8 836 1809.3 342 644.7 75.7
HZ9 224 165.4 59 60 8.4
HZ10 105 97.8 51 47.5 45
HZ11 196 98.2 54 29.5 7.4
Hz12 588 549.9 255 199.1 30.2

Finally, based on experimental research find{{@gtleyet al, 2013, it was hypothesized

that ENPs are emitted with exhaust and directlyodé¢ed onto the road surfaces. EENP

are assumed taccumulate on the road surface during dry perigtis emission only
occuring once a rainfall event happens. No atmospheric transport of the ENPs was
considered, as this was kept out of the scope ddttiey However, future consideration

of such processesenvisagedln this case studws explained in Section 3.2.312;,gwas
thereforesetas0 onthe dry days (indicatingro ENPs discharge to the riversandon

rainy daygo be equal to 1 + the nurar of precedinglry days (accumulation ga),

to account for the ENPs build up.
4.2.5.2 Outdoor paints

For the estimation of the amount of ENPs released from outdoor paints in the delimited
HZs of YorkFpen Cenp, Rreleass Cret, Uprod @nNdTiag, had to be calcutad or assumed. The
Fpenof paints wagstablished as 1%, reported by Tiede e{2016)as the corresponding
market share extracted from the Observatorynano EU project
(https://www.safenamorg/research/observatorynandZenpe values were found in two
different experimental studigg\l-Kattanet al, 2013; Hischieret al., 2015)for TiO2

ENP-containing outdoor paints and the case of Ag ENEontaining outdoor paints,
these values wettaken from the ENP exposure study performed by Tiede é2Gil6)

In both cases the two differe@tnp values were used to build the max and min scenarios
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and to estimate the average fbtietaverage scenari@s indicated in Table 4.3J0
estimateRreleaseit Was assumed thabr TiO, ENP-containing paintsall ENPs contained

in the applied paint were emitted during an established usage duration of 7 years (from
Sun et al. 2016) in a prportional manner according to the rainfaitensity of the
simulated dayIan) and the total rainfalbver that period. In this sensBielease Was
calculated as theainfall intensity of thestudied day (in mm) divided ke total rainfall
generatedn York over thepreviousseven years (from 2009 until 2016 ti¢al depthof
rainfall was 388 mm (Weather Pages, Department of Electronics, University of,York
access datd?2/2019; Rrelease= Irain (mMm) /3881 (mm)). For Ag ENRcontaining paints,
however, it was assumed that only the 30% of the contained ENPs were relesasae
year periogdas estimated by Kaegi et g2010) and also proportionally to the rainfall
intensity Therefore Reelease= lrain (MmM) /388L (mmY7). Uprod Was calculated for each
HZ, according tahe approach proposed in Tabl@.4lo estimate the amount of paint

used for outdoor facades in each HZ of tlg, ¢he following information waseeded:

Extension of surface area (SA) of the building facad@®sed to weathering éin
The ratio of houses using outdoor paint in the city

Rate of SA painted vs ngmainted

A w0 Dd P

Amount of paint used pemit area (kg/rf)

The informatiam used for to estimate each of the points listgeésented in Table 4.6.
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Table 46. Datasets employed for the characterization gédf the outdoor paints case studies

Dataset

Description

Source

Building composition

York buildings stock profile, categorised is 5 ma
categories: flats, terraced, detacheskmidetachec

houses and others.

London data store (Dwellings by Property Build Period and Type, LSOA
MSOA). https://data.london.gov.uk/dataset/propéudild-periodisoa

Surface area (SA) of buildin

facades

Mapped polygons of the buildings in théycand their
heights, from which the surface aredhsir facades art

obtained.

OS MasterMap Building Heights Layer [Shape geospatial data], Tile(s): <
SEG65, SE54, SE64 , Updated: October 2017 , Ordnance Survey, Using: E
Digimap Ordnance Survey Séce,

https://dgimap.edina.ac.uk/roam/download/os , Downloaded: February 2018

Rates of SA painted pe
building type

Ratios of painted area of the facade surface per buil

type were obtained for the city of York

Onsite survey and image processing

Frequency of outdoor pair
use in the different HZ of th
city

The frequency of use of outdoor pain was estimatec
building survey of one representative street per H:
the city. Frequency of paint use was estimated per s
and assumed as the repraséive frequency of the

specific HZ were the street is located.

On site survey

Amount of paint used pe

surface area

0.35 kg/n? for TiO, ENPs
0.248 kg/m for Ag ENPs

From (Hischieret al, 2015)and(Kaegiet al., 2010)
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1. Extension of surface area (SA) of the building facades exposed to weathering

The mapped polygons of the city buildings with allocated information on their heights
was obtained from Ordnance Survey Mastermap (OS MasterMap Topodraydryi

Building Height Attribute). This dataset was projeci@dQGIS interface and, using
geoprocessing tools, the building polygons were extracted per HZ and projected in new
layers. For each HZ layer, the building polygons were dissolved into singigonsl

when sharing walls (i.e. mainly terraced and semidetached houses) and then the perimeter
of the facades exposed to weathering were calculated. Using the perimeter information
and the building heights (AbsH2 from OS MasterMap Topography LaBerlding

Height Attribute), the SA extension of each building fagade was obtained and could be
added per HZ.

2. The ratio of houses using outdoor paint in the city

A building survey was carried out along the city to determine the percentage of houses
using outdoor @int in York. A sample of 10 streets from differemtighbourhoods
representing the HZs around the city were chosen and an average ratio of painted
buildings of 37% was obtained. This ratio was then applied to the building facades SA of
all HZs except theeity center (old town, HZ3) wer@most allof the buildings have some

sort of outdoor paint.
3. Rate of SA painted vs nguainted

The facade paint ratio per building type was also estimated to account for the areas of the
facade that are not covered inmidi.e. doors, windows and other building artefacts). For
that, thirty pictures of buildings representing the four main building types in York
(terraced, detached, semidetached ffats represented in Table ¥véereanalysedising

the image processorfsware Image JSchneider, Rasband and Eliceiri, 2012)

Firstly, the imayes were calibrated (AnalyZg set scale) by using and averagandard

UK door measure300 mmwidth (Department for Communities and Local Government,
2013). Then,with the area selection tools, sections of the images were created so that the
total facade surface area and the surface area of theamnwed artefacts could be
measuredAnalyzeA measure)With thisinformation, paint usagetioswere obtaned

as area painted divided by total fagade SA area. Finally, the obtained building type paint
usage ratios were applied to each HZ based on the buildingrtjgenation on property

type (terraced, detached, semidetached and flats) for the city ofnsrkbtained from
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LONDON DATA STORE pttps://data.london.gov.uk/dataset/propdnyid-period

Isog and extrated per HZ using QGIS software.

Table 47. Sample of building types of York picture in the performed survey

Building type Picture sample

Detached house

Semidetached house

Block of Flats

Terraced House
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The SA painted, building composition and paint use frequencies obfameach HZ of
the city of York are presented in Tabfel.7 of the Appendix

4. Amount of paint used pemit area (kg/r)

To estimate the final SA painted per HZ we applied the paint use frequency of each HZ
and an average ratio of SA painted of 0.2 estitchatem the image procsmg survey A

factor of 0.35kg/n? and 0.248kg/n? of paint applicationfor TiO, and Ag ENP
containing outdoor paintsere used as stated in Tabl8.4 he final values of kg of paint

used per HZ (L) are presented in the follomg table.

Table 48. Amount of outdoor paint used per HZ of York in Kg

HZ Uprod Ag-Outdoor paint (kg) Uprod TiO 2-Outdoor paint (kg)
HZ1 40932 57766
HZ2 16471 23245
HZ3 17975 25368
Hz4 10318 14562
HZ5 5980 8440
HZ6 6163 868
HZ7 36033 50854
HZ8 23463 33113
HZ9 7981 11263
HZ10 8950 12631
HZ11 618 871
HZz12 11855 16731

ForTiag, in the case of land cover ENI®ntaining products, such as construction materials
and outdoor surface paints and coatings, it was assumdeNPRatreleasss triggered by
rainfall and happerhrough weathering over time and propamadly to the rainfall
intensity. Acording to Al Kattan et al. (2014the exposure to variable weather
conditions enhances the ageing of paints and triggers #aseebf the ENPs contained
in their matrices along with rainfall water. Therefdrethis case study it is assumed that
duringdry days no emissionkappen andhen theY factor would adopt a value
of 0, whereas omainy days “Y would acquire the value of 1 to indicate that the

emission is taking placégain, a conservative value of zero was givente C
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4.2.5.3 Household products

Sunscreens, makeup, toothpastel @extiles are products that are used and released from
households. The ENP release mechanism consists of emissions down the drain after
washingoff of the ENP from the produ¢Keller et al, 20143. For tre parametrization

of these case studieBpen and Rreease Values for sunscreen, toothpaste and makeup
(foundation) were takerfrom the studyon release of engineered nanomaterials from
personal care products (PG#erformed by Keller et a{2014). Ther estimatedractions

of producton the market that contains ENReretaken to parametrise th&en of each

of the product types, artthe transfer fact@to WWTPs reported from tiresurvey on

PCP diposal in the U.Svereused aReecae. In addition, the information given on the
ingredient concentration and the fraction of ingredient that is 100 nm or less was
combined togenerateCenpe values for these products. Information on maximum and
minimum usge per capita per day was found in Biesterbos €R@al3 report for the
cosmetics (toothpaste, sunscreen and makeup) and used to build the max, min and average
scenarios. For textilelSpen, Cene and usage values were taken from Tiede .ef2816)
Whenmore than one value was foun@efrin this case), the maximum and minimum
values were taken to build the max, min and average scenarios. The population served
per WWTP reported by Yorkshire Water Ltd was used to estimate total product usage for
the city (Table S1). For the toothpaste, textiles, and sunscreens case studies, it was
assumed that :bawas proportional and even for all of York population (and given in mg
per capita per day), with no gender or age differences. However, for the makeup
(foundaton) case study, it was assumed that the female population betweex 15

years old the80% oftheY o r kl®&cdemaleopulation according to 2011 census) were

the only userghttps://www.yorkopendata.otgceo). Also, a maximum and mimum

value of wasteater retention efficiency for Tiand Ag ENPs were found in Biesterbos
et al. (2013 and used for the three scenariémally, it was assumed that all of the
generated sewage wdsected to the correending WWTP(Fwwte = 1) and that the

emissions happened constantly with no delay between release and disthgrdgb).(

All the input parameters established per prodym tynd scenario (summarized iable

4.3) were then fed into the emissions modall emissions were calculated per day for

the year of 2016. Resultd emission in mass of ENPs per day of the simulated year were
obtained for each of the HZs and by product type. The final discharged emissions to each

RS were estimated as well per protiype as the cumulative of the emissions received
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per HZ connected. Total emissions of each ENP type to the RSs were estimated as the

total contribution per day from each of the Efgéntaining products considered.
4.3 Results
4.3.1 Emission ranges of ENPs in York

The total amount of the threefférent ENP types studied (i.€eQ, TiO. and Ag ENPS)
dischargedrom all the product types considered (i.e. fuel additives, outdoor paints and
cosmeticst o Yor koés river system over muldied si m
scenarios of maximuniMAX), aveage (AVE) and minimum (MIN) emissions, is
presented in Figure 4.3

Total annual emissions to York
1.E+09
1.E+08
D 1.E+07

(m

MAX
» LE+06 AVE

n

MIN
© 1 E+05

issi

g 1E+04
L
o 1.E+03
(@]
-
1.E+02
1.E+01

1.E+00
Ce02 TiO2 Ag

Figure 43. Estimated total emissions of Ce@iO, and Ag ENPs to York's river system during
the year 2016 for thenaximumMAX), average(AVE) and minimum(MIN) emitting scenarios
from darker to lighter tones in the bar chart

Over the three scenarios, BIBNPs present the highest emission values from the three
ENPs studied. Thestimatedotal amount of ENPs disahr ged t o Yor kdés 1
over the simulated yeas presented in Table 4.4 together with the estimated amount of
ENPs usedi.e. available for loss)n the city (only from the considered most relevant
products: outdoor paints, toothpaste, makeup, lésxand fuel additivesjluring that

period. It can be observed that TiBNPsarethe highest in usagendalsolead to the

highest emissiondollowed byAg and Ce@ ENPs.In terms of loss rates, TKENPS

have the highedor the three scenaripandin this caseCeQ ENPs loss rates are highest

92



Chapter 4 Modelling ENP emissions

than those associatedAg ENPs. Emissions were estimated in a daily basis and per RS

and then added for the whole year and the whole river system.

Table 49. Estimated total mass efich ENP type studied available for loss and actual
estimated mass loss in York during the period studied (from*tbé January until the
15" of December of 2016).

ENP  Scenario Mass of available Estimated aumulative total % Loss
type ENPs for loss in York  predicted emissions in York
during 2016 in Kg during 2016 in Kg

CeO: MAX 27 1.2 4.5%
AVE 22 0.6 2.7%
MIN 18 0.16 0.9%

TiO2  MAX 1878 323 17.2%
AVE 1009 95.4 9.4%
MIN 141 8.57 6.1%

Ag MAX 184 5.67 3.1%
AVE 95.4 1.61 1.7%
MIN 3.39 0.01 0.3%

When comparing the median values of daily emissions found for the average scenario of
the three ENPs, we can see that;IHNPs daily emissions ate/o ordeis of magnitude

higher than those d€eG and AGENP emissionsbeing these two last onesthin the

same order of magnitude (althougly ENP emissions beintyvo times higher) (244

g/day, 2g/day and4 g/day respectively). Variabilityn the total mass emitteoetween
scenarios is observed for the three ENP types, being more pronounced &mdAg)>

thanfor CeO2 ENPs.This variability represents the uncertainty associated with the model
inputs. In some cases the values found for certain inputs, sucena$o€ Ag ENP
containing products (e.gextiles or outdoor paints) were quite differenttpwn three
orders of magnitude), while in the case of FEINP-containing products, the information
found was more consistent (within the same order of magnitude). The median values of
daily ENP emissions obtained for the MIN and MA¥enarios of Ag and @e ENPs

differ in threeand one ordess of magnitude respectively0(02 g/day andl6 g/day, 0.5

g/day and.7 g/day), while for TiQ the median values of the/d scenariogiffer in two

ordess of magnitude (i.e5.8g/dayand886 g/day respectively).

Thetotal emission generated per case study (ENPpypduct type) during the simulated

year and for the whole rive system of York for the three simula&bsios is presented
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in Figure 44. In this figure and in Table 40, it can be observedhe different
contributionsof each productype to the total ENP emission$hese contributions vary
depending on the scenario simulatédr the worst case scenario (i.e. MAX) and average
scenario (i.e. AVE)the highest emissions are associated thighproducts ertted down

the drain(i.e. for TiO2 ENPs, sunscreemnd makeupemit more tharthe outdoor pairg;

for Ag ENPs, textilesare highest contributors of Agmissions) However, for the best
case scenario (i.e. MIN), total ENP emissions are dominated by thectscehaitted
through run off (i.e. C® ENP-containing fuel additives and TiOENP-containing

outdoor paints).

ENP Total Emissions per product type to York
1.E+09

1.E+08
1.E+07
1.E+06
1.E+05

1.E+04

Emissions (mg)

1.E+03

1.E+02

1.E+01

1.E+00

MAX AVE MIN

CeO2_Fuel additiv_ TiO2_OutdoorPain. TiO2_Makeup' TiO2_Sunscreen
TiO2_Toothpaste m Ag_OutdoorPaint = Ag_Textiles Ag_Toothpaste

Figure 44. Total estimated emissions in mg to York for the year 2016 per product type (fuel
additive, outdoor paint, makeup, sunscreen, toashg and textiles) for the three ENPs studied
(CeQ, TiO; and Ag ENPs), and for the maximum emitting scenario (MAX), the average emitting
scenario (AVE) and minimum emitting scenario (MIN).

Table 410 also presents the estimated total amount of ENPs hvhaila f or | os s
river system over the simulated year for each product type, for the-gasestscenario

(i.e. MAX), and the estimated amount of ENPs emitted and their corresponding loss rates.
The contributions of the product types for the MIN andBAscenarios can be found in
tables A1.8 and A.1.9 of the Appendix.

94

t



Chapter 4 Modelling ENP emissions

Table 410. Estimated total mass of each ENP available for loss and actual estimated mass
emitted in York during the period studied (from the 1st of Januaiytike 15th of December of
2016) for the MAX scenario per case study (ENP-Brueluct type).

ENP |\E/ISSPS ?fra \L/a”ap:we Cumulative o, %ntr'b tion
[ : ibuti
type Product Type Yorksdl?ringogzm in ]cotal pr_edlcted L(())ss fc? totalu °
Kg osses In Kg emission
CeO, Fuel Additive 27 1.2 4.5 100
TiO,, Outdoor paint 158 16 10 4.9
Sunscreen 1400 261 19 80.6
Makeup 315 45.9 15 14.2
Toothpaste 5 0.9 20 0.3
Ag Outdoor paint 1.87 0.19 10 3.354
Textile 182 5.5 3.0 96.643
Toothpaste 1x10° 1.4x10* 15 0.003

4.3.2 Spatial variation of emissions

The spatial variability of the mass of ENPs discharged over the different RSs of York per
dayis presented in Figures 4.5, 4.6 and 4.7Get%, TiO2 and Ag ENPs respectively.
These figures represethie mediaremission valuesf thethree scenarios (MAX, Average

and MIN) for each RS. To visualize the spatial variation of ENP emissions along the
delimited HZs of the city, median daily emission valoéshe average scenario per HZ

aremappednext to each plot presed on the figures
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Figure 45. Median receivingCeQ ENP emissions (in log scale) for the maximum (MAX), the
average (Average) and minimum (MIN) emitting scenarios, per river section (OUSE1, OUSEZ2,
OUSE3, OUSE4, OUSES5, OUSH&)SS1, FOSS2, FOSS3 and¥54) and maps of median
CeQ ENP emission values per day and per HZ.
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Figure 46. Median receivingliO. ENP emissions (in log scale) for the maximum (MAX), the
average (Average) and minimum (MIN) emitting scenarios, per river section (OUSE1, OUSEZ2,
OUSE3, OUSE4, OUSE5, OUSHBDSS1, FOSS2, FOSS3 and FOSS4) and maps of me&dan

ENP emission values per day and per HZ.
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Figure 47. Median receiving Ag ENP emissions (in log scale) for the maximum (MAX), the
average (Average) and minimum (MIN) emittingrerios, per river section (OUSE1, OUSE2,
OUSE3, OUSE4, OUSES5, OUSE®)SS1, FOSS2, FOSS3 and FOSS4) and maps of median Ag
ENP emssion values per day and per HZ.

Differences in ENP emission patternstime HZs of the citywhich only reflect the runoff
emissions)and their receiving RSsvhich reflect the total emissions from WWTP and
runoff), are observed between CeBENPs and Ti@and Ag ENPs. For the Ce@NPs
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traffic related emissions, the highest emissions concentrate in the East and Northeast of
the city (hydrozones HZ7 and HZ8 respectively) with also high contributions from the
West and Northwest (HZ2 and HZ1 respectively). ;Tédd Ag ENP emissions follow

the same spatial pattern HZ emissions distribution, with the highesmoff emitting

area dcaed in the West of the city (HZ1) followed by the East (HZ7) Northeast (HZ8)
and the city centgHZ3). These areas enniinoffto five main RS out of the ten delimited

in this study, these are Foss3, Foss4, Ousel, Ouse5 and OokeBiree river se@ns
receivedirect down the drain emgons from the city, being thesbe oneswvhere the
outfalls of the local WWTPs are located (i.e. Ouse2, Ouse6 and Fassitlhe ones
receiving the highest emissions of Ag and JENPs. Generally, the river sect®n

receiving the lowest runoff emissions (e.g. G&DPs) are Fossl and Foss2.
4.3.3 Temporal variation of emissions

The temporal variability of the total E NI
system ishownin Figure4.8as cumulative distributiofunctions (CDF). Each curve per

ENP type represents the probability of a certain mass to be emitted over the {fe@efor
simulated scenarios (i.MIN, AVE and MAX).
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Figure 48. Cumulative Distribution Functions (CDF) of the estimated total emisgiog in log

scale) to the York river system for each day from the first of January until the 15th of December
of 2016 in which emissions happen (350 days fop @&id Ag ENPs, and 216 rain days for GeO
ENPs), for max (blue), average (orange) and minigyglscenarios for the 3 ENP Types.

High temporal variability in the rages ofENP emissios along the year is observéor
CeQ ENPs and for TiQ ENP in thebestcase scenario (i.e. MINjepresented as the
steepness of each CjFe. the steeper the ghiant the less variabili)y The variability
of CeQ ENP emissions withieachsingle scenarioepresenta variationof two orders
of magnitude while for TiO, and Ag ENP®missions are always within the same order
of magnitudgexcept from TiQ ENPs athe MIN scenario, were the variability is of three
orders of magnitude)his is due to the composition of such emissidmshisstudyonly
runoff emissions (i.e. fuel additives and outdoor paints) have beasidered as
temporary variable (associatedrtonfall variability). On the other hand, down the drain
emissions were assumed to be homogermwmes time (i.e. constant rates of emission
along the year)n this sensebecaus€Ce® ENP arehere considered to only be emitted
throughrunoff, temporalariations in CeQ ENP emissions arexpected. FomiO2 and

Ag ENPshowever emissions come from both pathways, runoff and down the drain,
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therefoe, a contribution of botlpatternss expected. For example, filve MAX and AVE
scenarioghe down the drairemissions dominate the total ENP emissions, beirttis
casethetemporal variationpredictednot as pronounceals for Ce@ ENPs On the other
hand for the MIN scenario of emission of TI&NPS, outdoor paint&unoff emitting
productsdominate the cdnbutions to total TiQ ENPs emissions (Figure 4.5 and Table

A.1.9) and hence thbig temporal variability observed in the CDF.

Further details of the temporal variations of the ENP emissions are presented is Figure
4.910 4.13. Figures 4.9 and 4.10 mentthe total daily emissions ovethe year 2016&f

TiO2 ENPsand the contributioffrom their different productgi.e. toothpaste, makeup,
sunscreen and outdoor paitd)a RS withWWTP discharge@use?2) Figure4.9), andto

a RSwithout WWTP dischege (Quse3) (Figure 4.10Figures 4.11 and 4.12 represent
the temporal vaations of receivingotal emissions irthe same two RSs respectively but

of the emittedAg ENPs and the contributiondrom textiles, outdoor paints and
toothpasteln Figures 4.10 and.#2, the rainfall pattern of the year 2016 is also plotted

in blue against the runoff emissions. Figdr&3presents the daily Ce@®NP emissions

to OUSE2 along the year 20&§ainstrainfall.

TiO, ENP emissions in OUSE?2
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Figure 49. Daily ENP emissions from Ti&ENP-containing poductsand total amounémitted
to the river sections OUSKRe. Outdoor paint, makeup, sunscreen and toothpadste)g 2016
for the average scenario
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Figure 410. Daily ENP emissions from T{CENP-containing products emitted to the river
sections OUE3 (i.e. Outdoor paint) durig 2016 for the average scenario agairtst rainfall

pattern for
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Figure 411 Daily ENP emissions from AGNP-containing productsind total amounemitted
to the river setions OUSE2 (i.e. Outdoor pajntextilesand toothpaste) during 2016 for the
average scenario.
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Ag ENP emissions in OUSE3
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Figure 412 Daily ENP emissions from AgNP-containing products emitted to the river sections
OUSES (i.e. Outdoor paint) during 2016 for the average siem@ainst the rainfall pattern for
the same year (plotted in blue in the secondary axis).
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Figure 413. CeQ ENP estimated emissions for the RS OUSE?2 and the average scenario over

the year 2016 in mg (in grey).

The river section OUSE2 only receives offremissions (from outdoor paints or traffic),
while OUSES receives emissions also from the products released down the drain due to
the location of the WWTP outflow. The down the drain emissions are coostanthe
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year and theiemissiongangefrom afew micrograms per dagi.e. Ag ENRcontaining
toothpaste), to tenths of grams per day (i.e.2TENP-containing sunscreens).h&
emissions coming from products releasing through runoff vary throughout the year from
a few grams to tens of grams per daynR&f emissions vary proportionally to the rainfall
intensity for outdoor paints (Figure 4.10 and 4.,12nd proportionally to the rainfall
frequencyfor traffic emissions (Figure 4.1.30n dry days, no emissions from rroiff
emitting products are predictaad therefore ENP emissions are dominated byakad

the drain emitting product®©n the rain days, thefluence of the runoff patter is predicted
and peaks dhigher emissions are expected.

4.4 Discussion

The applicability of the proposed spalfednd tenporally resolved ENP emissions model
was exploredor the city of York in order to characterize the city emissions. With the
results obtained, the expected ENP emission ranges for the city for a maximum (MAX),
average (AVE) and minimum emitting scenanidl{l) were estimat@. In addition,the
sources contributing the most to such emissions, theronusff emitting areas of the city
specific to the ENP type and the conditions under which highest emissions would happen

were identified All these findings aré&urther discussed below.
4.4.1 Emission ranges of ENPs in York

Rangesof TiQ AgandCeQENP emi ssions were estimated
characteristics (urban building structure, water collection and treatment systems, weather
patterns, popation,etc.) and activities (e.graffic dynamics) from the proposed bottom

up perspective. The main products containing the targeted ENPs in York were identified
and their emissions to each RS of York estimated to then obtain the total city ENP

emissions.

Resailts showed that TIOENPs are the most emitted ENPs of the three studied in York,
which correlates with several published global ENP emission studies wher&NE>

are considered to dominate ENPs emissions to the environment, and specifically to
surfacewaters(Keller et al, 2013 Keller and Lazareva, 2014; Set al, 2014) The
estimatedtotdE NP emi ssions to Yorkés river syst
9to 323kg for TiO; ENPs, from 0.16 to 1.20 kg for CeENPs and fron®.01to 5.7 kg

for Ag ENPs. When comparing our results with emission estimates from an alternative
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study performd for Germany(Gieseet al, 2018) we found that our estimates fall within

the same emission ranges after scaling their results by population (Germany 81197500
against York206207). Theprojected estimates for York obtained fromitldata would

vary between 1.6 and 4 kg of CeENPs, and from 0.18 and 0.27 kg of Ag ENPiseir

CeQ ENPs emissiorestimates fall within the upper level of our estimated range, which
Is expected due to the fact that in their study they took acadunivider list of CeQ
ENP-emitting productsFor Ag ENPs, we obtain a wider emission range but that would
include their predictionsT his suggestshat cespitethe use of a different approach, and
the fact thatour model was specifically parametrized for mited amount of ENP
applications (although the identified as most relevant) and for a very specific urban
scenario (the city of York), theverall approach and initial assumptions followare
probably reasonahlé&urthermore, we provimany more insightsito the composition

of the final emissions by performing a product specific characterisation of the emissions

with spatial and temporal resolution

For York, we were able to identify the main emitting sources from the list considered in
our study. From or findings, down the drainemitting products(mainly sunscreen,
makeup andextiles) result higher ENP emissions théme runoff emitting products
considered(outdoor paintsand fuel additives Again, this is in accordance with
previously performed modeig studies such as the one carrieddmttschalk et alon

the TiO2 ENPscontaining productscontribttions to final emitted concentration
(Gottschalket al., 2015. Gottschalk et al. reported a higher contribution of ;TENP
emissions from cosmetics than from outdoor paints due to their relative application
(according Sun et al2014) the mainapplications of the produced TiENPs are
cosmetics §9.4% of the nand@iO. produced whilepaints was estimated as 8.9%
However,in our study,under certain circumstangesich as the higher retention rates
(Crep and lower ENP content in household guots(Cenr) of the simulated MIN scenario

of TiO2. ENP, the opposite tendency was predicfedis difference results from the
chosen top down calculations usually followed by MFAs, against the bottom up approach
followed in our study. Traditionally MFA bastheir emission calculations in global
production volumes of ENPs and scaling factoesaive applicatioriactor) per product

type, without considering other relevant factors in the ENP emissions such as actual usage
volumes or experimentally obtaineglease rates. However, our model does not consider

production volumes but characterised proekprcific usage and release rates (Usage,
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Rreleasy Specific to the studied area (through population or extension of the area
considered), as well as releasehpatys characteristics {&cand Tag. We argue that at

the local level, this type of detail becomes essential since from the global mass flow
perspective certain sources (such as diffuse sources) could be underestimated.

Furthermore, usage in this casee®s to be a determining factor, since it varies
extensively between the product types (i.e. personal care products and outdoor paints).
When considering household products (makeup, toothpaste, etc.), usage rates are
estimated at few grams per capita pey, daut when looking at land cover products (such

as outdoor paints or fuel additives) usage is estimated in kg per meter square of the city
buildings surface area. In our opinion, these input parameters, chosdrycase and
according to the emissionw@e and pathway, provide a more refined approach compared

to MFA for the characterisation of ENP emissions that proves useful at the urban level.

4.4.2 Spatial variation of emissions

It was observed that significant spatial variability in the ENP emissionsnviib city
exist as well as an associated spatial v
system. This is due to the nature of the emitting areas (HZ) connected to them as well as
due to the location of th&VWTP outlets. Differences betweeneth HZ6s bui |
composition (types of buildings onaharea) and extension (Table.A)1 and traffic load
(indicated as fuel consumption) (Table 4.6vere identified as the main drivers that lead

to therunoff emission differences. Usage rafesflectedin Tables 4.7 and 4.6 for paints

and fuel additives respectivelyary according to those factors and influence emissions
accordingly which is reflected in Figued.7 to 49. For example, the spatial emission
pattern found for the CeCENP traffic emissins in York correlates with the fuel
consumption of each area, which depends in turn on the traffic load and distance travelled
within it (e.g. HZ7, which corresponds to the East of York, is the area of the citjheith
highestvolume of fuel consumed anbderefore generates the highest emissions). In the
case of TiQ and Ag ENPs, the spatial trend correlates with the usage rates of outdoor
paint of each HZ. The estimated paint usage per HZ is summanmidexble 48 andit

can be obsereithat the highst emitting areas (HZ1 and HZ7) are those with higher paint
usage due to their bdihg extension and compositio&imilarly, it is intuitive to
understand that the RSs receiving the lov@s® ENP runoff emissions (Fossl and 2)

are those that receive ruhwater from the smallest areas and that also have lower traffic
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loads in the city, in this case HZ9 and HZFmally, the RS predicted to receive the
highest emissionss expected according to the model set up, are those where the WWTPs
outfalls are leated (Ouse2, Ouse6 and Foskibwever, it is worth noting that the spatial
emissionpattern will exhibit temporal variation, which is discussed in the next section.

4.4.3 Temporal variation of emissions

Temporal variations of the ENP emissions throughout da weresimulatedfor the

three ENP types studied in Yoby integrating thenfluenceof the weather conditions.
Overall, higher emissions wepeedictedon rairy days of the simulated year (78% of the
time), while on the dry day®tal emissions arsonetimes expected two or three times
lower. The emission sources and emitted particles over time are associated with the
emission pathway and therefoie the case of runofflso with the weather conditions.
Weather patterns influence emission ranges titrahe release pathway mechanism. On
dry days, only point source emissicare assumed to occ(g.g.personal care products

and textiles released via WWTP effluerdn rainy daysdiffuse emissions triggered by

rainfall (i.e. outdoor paints and fuel atldes) dominatehe temporal variatian

Time variable emission patterns were apgedictedper product type. ENPs reledse
down the drain were simulates aconstantemission ovethe year, sincéhere wereno

time related factors to their usage notttieir ENP release mechanism (although some
temporal emissions trends can be expected for specific products such as sunscreens). On
the other hand, the diffuse emissions varied over time and proportionally to rainfall
intensity (for outdoor coatings and pts), or to theduration of dry (accumulation)
periods For traffic emissionsit was assumed that during dry days ENP emissions were
still happening although no runoff emission into the river takes place on those days (no
emissions to RS). Therefore, diays were taken as accumulation days where ENPs
accumulate on the surface of the city and when the rainfall event happen the ENP
emission to the RS is multiplied by a factor proportional to the numhmreoédingeNP

accumulation daygfy days3.

Therefoe, once more the bottom up approach used here, which includes weather factors

such as rainfall frequency or intensity, proves essential in local exposure assessments.
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4.5 Conclusions

In this chapterthe proposed®&ENP emissions mod@resented in Chapter 3 wapplied

for the first timeto a small case study citfew approacksfor integratingurban relevant
available datavere explored andtegrated to develop a thorough assessmeuathan

ENP emissions. The emissicanges from specific sources amingtot he ci t yo6s a
and from the estimated usage trenfl€NP-containing products were determinddhe

main sources, drivers and activities causing such emissemsidentified and localized

within the city. Finally,thetemporal trends of such emissgwere studiechnd the main

factors of influencedentified

These results show that temporal and spatial variations in the emissions of emerging
pollutants at a local scale can be expectedcandd, in turn,influence risk assessment
outputs. Thereforethis level of detail should be taken into account when performing
urban exposure assessments, rather than the predominant spatially averaged and steady
state models currently availalfleeller et al, 2013b; Gottschalkt al, 2015a; Sumet al,,

2016b)

The relative influence of specific emission sources or pathways in the determination of
theemission®of specific ENRand their temporal and spatial pattecas bealsoderived

from this approachdue to the bottom up methofibllowed. Here emissions are
parametrised in a case by case hasig emission estimates are derived from pathway
specific equationsl he resultgor the case styd presented here show thia¢ integration

of run off emissions must bensidered alongsiddgown the drairemissionsgspecially

under certainveather conditions, if urban exposure is to be evaluated accurately.

However due to the naire of modelling limitations do exist and have to be accounted

for when performing this kind of exposure assessments. They consist mainly of the
uncertainties attached to the use of assumptions and extrapolatioesample, data on
experimental parametr s such as ENPO&6s release rates
available (i.eoutdoor paints), which leads to making conservative assumptions such as
the one made in this study were all ENPs contained in paints are assumed to be release
over the usgeriod of the product. At the same tinpotential bias of the results might

be caused by the number and types of products considered in the study and their allocated

market penetration factors. In this sense, it is very important to carry out a thorough
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analysis of the study area so that the biasdscecbr at least the results are put in context

for their interpretation.

In order to identify and quantify the uncertainties in the model outpbés use of
sensitivity and uncertainty analysis (euging Monte Carlo Simulation) is envisage.
formal uncertainty analysis will provide informatiom allthe potential valuethat the
outputs can take,with their associated probability distributiodointly, a sensitivity
analysis would determine the inflnce of each input parameter on the model output
values, therefore indicating which are the inputs that will need to Hdeefuréfined in

order to get the mostccurate results.

We believe that with local scale modelling (such as urbadelling),such uertainty is
reducedsince more detail and control over the main uncertainty contributing factors is

present (through the use of case by case input parameters).
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Chapter 5

Modelling exposure of the YorRiver system to engineered

nanoparticles at high tgroral and spatial resolutions

5.1 Introduction

As discussed in the previous chapter, EMfIssios to urban surface watevary over

time and spacd-ollowing emissiono aquatic environment&NPscanundergo a series

of physical and chemical transformatio(haracterised by speciffate processes) that
willdet er mi ne t heir f i n atheir disfrimutiomwithin tbeomatere nt r
bodi es. These final e xnpwhishuheye arel egposed iis thea n d
different surface water compartnis (i.e. sediment, flowing water and stagnant Water

will be key factorsin determiningtheir environmental and health risksevad et al,

2012; Mitranoet al, 2015) In this chapter,the transport and fate process that ENPs
undergo irriversaremodelledfollowing the proposed urban model framework presented

in Chapter 3 and using the ENP emissions results obtair@&uhipter 4 §pecifically those
obtained for TiQ@ ENPs). Temporally and spatially resolved potential exposure
concentration®ver timeare generated arile potentiatisk posed byliO2 ENPs in the

river Ouse and Fossssessed

As presented irBection 2.4,most relevan fate processes that ENR&Il undergo in
surface waterare aggregation, sedimentation, dissolution, redox anttdénsformations
(Hartmannet al, 2014) As a consequence of these processes ENPs can be transformed
into dissolved, homo and/or heteroaggregated forms, undergo bio or redox
transformationsat their surface orat surface coating, remain freely dispersed in their
pristine form or settle (as homaor heteroaggregates) into the sediment layer. These
different formsmay have different toxicity levelsr be differently bioavailableand
therefore pose d#rent levels of environmental risk&Garner and Keller, 2014)
Additionally, these different forms will distribute differently along the various

compartments of the surface watedipgDale, Lowry and Casman, 2045 becoming

108



Chager 5 Modelling ENP exposure

more or les®ioavailablegfor the specific species inhabiting each pamment é.9., water
column or sediment)The importance of these differef@NP fateand transformation
processewill be dictated bythe ENPs physical and chemical characteristigwivedi et

al., 2019, and byenvironmental factors such as pidnic strength and composition,
water hardness and the presentdissolved organic matter and suspended particulate
matter (SPM)SaniKastet al, 2015a)

Spatial and temporal variations the water quality factoraffecting ENP fate and
behaviourare expected along the river courses due to natugarizer geomorphology)

and anthropogenic sources.dq. wastevater discharge areas from WWTP or runoff),
especially in local urban contexts where they are expdotgdry overshort times and
distancegSantKast et al, 2015a) Similarly, as demonstrated in the previous Chapter,
spatial and temporal variatioms the ENP emissiongver short distancesill occur in

city systemsBoth, the spatial and temporal variability of the water quality factors and of
the emissionswill provoke temporal and spatial variations in exposure and therefore in

the risk levels.

In this context, to fully characterize ENiBks at the local leveh urban systemspatial

and temporal exposure variations must be investigadsddiscussed in Chapter 1,
analytical limitations for the study of ENP occurrence in the environment still prevail,
andthe evaluation of the risksoped by ENB has therefore been so far approached
throughthe use of modelling toothat calculateredicted environmental concentrations
(PEC) in specific environmental compartmef@sndschutet al, 2018) Howeverthese
models often ldc spatial and temporal resolution. The most commonly used modelling
approaches, material floanalysismodels (MFA)(Mueller and Nowack, 2008; Kellet

al., 2013 Meesterset al, 2014; Suret al, 2014, 2016b; Gottschati al, 2015c) give
average exposure concentrations per environmental compartment that can potentially
underestimater overestimateisks at certainlocations such asmission hot spots(g.
WWTP effluents) or areas of low population densitye few studieshat attempt to give

some sort of spatial resolution have highlighted the importance of such considerations
(Dale, Lowry and Casman, 2015a; Dumattal, 2015) but they often also fail at
integrating the spatial and temporal variability of emissions (i.e. by asiagage ENP
loads), as well as the heterogéy of environmental conditions €L varying pH, water
hardnes or SPM concentration along the water body). Furtherntorelatevery few

modelling studies have linked spatially explicit emission estimatils spatially
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parameterised ENP fate modelsven by experimental da{®ale, Lowry and Casman,
2015a; Dumonet al, 2015) By linking these more realistic exposure scenarios can be
built locally and local and temporakposure trends can be identified. Having this kind
of information would help settingp measures to reduce exposure andagsociated
risks.

In this Chapterthe applicability and usefulness of the developed model framework
presented in Chapter 3 for atdiled local exposure assessment is explored by studying

the exposure concentrations of BNPs al ong Yor kés river s
and spatial resolutionfo achieve thisthe spatially resolved daily emissions of O

ENPs obtained folvork (Chapter 4),were integrated together witlocally monitored

water quality parameteisto a modified version of aBNP multimedia river fate model
developed by Praetorius et §012.

Spatial and temporal trends of exposure along both of the fiegrg throughYork
are reported with collated information on the distribution of the ENPs in the river

compartments (i.e. flowing water, stagnant water and sediment).
5.2 Methods
5.2.1 Modelling principles

A modified version ofthe river multimedia box model developey Braetorius et al.
(2012, written in Matlab codevas used to simulate the fate and transport of the TiO

ENPs released into Yorkdés river system.

This model framework was developed to investigate the transport and fate of ENPs in
surface waters by incluadg for the first time process descriptors specific to ENPs
(Praetorius, Scheringer and HungerB012). The main advantage of this model is its
flexibility. While models such as NanoDUFLOW (Quik, de Klein and Koelmans, 2015)
or the model developed by Dalsowry and Casman (2015), are specifically designed for
the water bodies studied (i.e. River Dommel and the James River Basin, respectively),
Praetorius et al. 6s model can be easily
framework has been previousglpplied to study the fate of TiO2 ENPs in the Rhine River
(Praetorius, Scheringer and Hungerl2012), as well as to investigate the key
environmental features (mainly SPM concentration and size distribution) affecting the
overall TiO2 ENPs fate in the kger Rhéne River, France (Sakast et al., 2015b). In
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t hi

have integrated temporal and spatial resolution to the emission loads and surface water

S study, we have adapted the multi med

parameters.

Themodelrepresets thetargetriver system of studgdescribed irBection 5.2.2)ps a set
of horizontally connected boxes, each of whiglurther subdivided ito a numberof
consecutive boxes of equal length (here: around 750 m) to ergaddial distribution for
the simulation of the particléstransport Each box is subdivided into three different
compartments representiagnoving water (wl)a stagnant water (w2) ara sediment
layer(sed).l n t he adaptation to Yorkos river s
were established as the diver sectionslelimited for the city{described irbection 4.2.3)

Figure 5.1. presents alematic representation of the river model, the transport into, out

of and throughout the defined river sections and river compartmedtiate processes

inside the river system for TKENPSs.
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Figure 51. Schematic representation of the river model conformation, the transport into, out of
and throughout the defined river sections and river compartmentsniioving water, stagnant

water and sediment) and fate processes inside the river system for TiO2 ENPs. Source: Adapted
from Praetorius et al(2012)

ENP transport between boxes (i.e. advective transport with moving water and sediment
bed

resuspension, and burial in the deep sediment), as well as the relevant processes

load transport)and between compartments (i.e. sedimentation, sediment
influencing the environmental behaviour and transport of the, THDIPs (i.e.
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heteroaggregation with suspended partieutaatter (SPM)) were simulated described
in Praetorius et al. (2012)

For the simulation of the processes all the compartments within each box are assumed to
be weltmixed. Water is exchanged between the moving water compartment (wl) and the
stagnant \ater compartment (w2) and vice versa at a ofit@xch 12and Ofkexchz1 (in S?)
respectively. Transport of water from the moving water compartment of one box to the
next occurs at the river flow velocity and with a transport rate consté&mtafw (in s ).

River velocities (in m/syaried daily andvere estimated by dividinthe dailydischarge

(m?/s) (from the National River Flow Archive (NRFA) (https://nrfa.ceh.ac.ukf) the

river cross sectioiiSection 5.2.2) The maximumvelocity was set to 2 m/§.e. if the
estimatedrelocity was larger than 2 it was set to 2 jJn/Sediment resuspension into the
stagnant water compartmemtcurs at a rate constantlafsusp(in st) andat anaverage
velocity (resusp Of 1.0 x 10° m 1 (Praetorius, Scheringer and HunggrB012) and is

buried in the deep sedimentrate constant dfyurial (in s?) and ata velocity (buria)) Of

3.42 x 10® m $*. Horizontal sediment transport at the surface of the sediment
compartment takes place at an avereae Vsedganster Of 3.0 kg &' and with a rate
constant okseatranter (Praetorius, Scheringer and Hunggr012) Table A2.2 to A2.5
summarizes all the inputs needed for the model andthewnodel rate constants are

estimated.

The heteroaggregation of ENRgth the naturally occurring SPM takes place at a
heteroaggregation rate constamt:dgg, obtained bymultiplying the collision frequency,
keon, O the particles by thattachment @efficient (Cheterg. It was assumed thtite overall
SPM concentration in the river does not chamgjgnificantly as a result of
heteroaggregation, so the processxigressed with a pseudiost-order rate constant by
multiplication by the SPM particle concentrati@s described iBection 2.5.1 Equation
2.1.

By using time and spatially resolved informationwater quality parametefsbtained
from a local monitoring campaigronducted during the first year of this projeshd on
ENP emissiongresults obtainednithe previouhapter) the system fate andatisport
equations were parametrise@oupled maséalance equations integrating all the
processes acting on the Bi@NPs in each river compartment (i.e. wl, w2 and seunfe
then solved numerically throughsdretisatiorby app !l yi ng t&estimate 6 s
the concentration of both free TA@NPs and TIQENPs bound to SPM along the rivers
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and as a function of time. These equatiare provided in the Appendix(®iver model
equationsA2.1 to A210). The malel wasrun dynamically for four types of TEENPS
(further described in section 5.2.3) and floe period from July 1st to Decembettii
with an integratingtime step of 2 minutes.

5.2.2 Description of the river system

The river fate model was setup forthea r i ver s compri sing Yor
the Ouse andhe Foss) (described iBection 4.2.1) The river Ousewith a catchment

area 0f3315 knt (Figure 5.3) reaches the city from the nosttest, joins the Foss
downstream of the city centre and thi#@ws southwards to leave the city. This river
passes through the main urb&disareas receivingunoff water from the surrounding

HZs and effluent from two wasteater treatment plants (WWEPR Rawcliffe WWTP,

located upstream of the city centrethateesv a popul ati on of 27 9¢C
| ocated downstream of the city and servi
Ouse extension was 22.7 Kang and it was subdivided in six river sections of varying
lengths The river Fosswhich has aatchment area of 118 Kr(Figure 5.4) flows from

the north of the city, mainly though rural areas, until it joins the Ouse. It is sinadiee

and receives watdrom the surrounding HZand effluent form the Walbutts WWTP

which is located upstreanof York and seresa popul ation of 18
modelledlengthof the Foss was 15.9 kimng and wasubdivided into four river sections

of varying lengthsFigure 5.2 pictures the study area and the RSs delinditesllist of
connecting HZ and RS are provided in T&abl2.
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Figure 52. Locdions of York'stwo mainrivers, the WWTPs serving the city, the delimited river
sectiongOusel to 6 and Fos4 to 4)andtheestablishedmnonitoring sites.

Table 51. Listof RSs and their connexions to the York delimited HZs and serving WWTPs.

River Section HZ WWTP (population served)
Ouse 1 HZ1 -

Ouse 2 HZ2 Rawcliffe (28022)
Ouse 3 HZ3 -

Ouse 4 HZ4 -

Ouse 5 HZ5+HZ6 -

Ouse 6 HZ11+HZ12 Naburn (168594)
Foss 1 HZ10 Haxby (20105)
Foss 2 HZ9 -

Foss 3 HZ8 -

Foss 4 HZ7 -

In order to adjust the fatmodel to the river system, the physical characteristics (e.qg.
length, width, depth and flow velocity) and water quality characteristics (i.e. temperature,
pH, dis®lved oxygen, electrical conductivity, total suspended solids, dissolved organic

carbon and ionic contentdf each river section were gatheréwm a variety of
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information sources and a local monitoring campé#agscribed in Section 5.2.3.Zhis
information was latetransformed into the required input parameters needefiill
description of the model parametrization is provided in the next section.

5.2.3 Model parametrization

5.2.3.1 River system physical parametrization

The width andlength of all RSswas neededo parametrize each modbbx These
parametersvere déerminedusing georeferenced data of Yoérkydrological network
obtained from EDINA Dgimap Ordenance Survey Servi@@rdnance Survey (GBR)

Using QGB software the georeferenced data was manipulated to measure the length of
the RSsand width was provided in the dataskte riveits depth vasassumed to b&@ m

and 2 m for the Ouse and the Foss respectively, based on the navigation information
provided by the Canal and River Trust (https://canalrivertrust.org.0iie RSs
dimensions and their segmatibn are summarized in Table A2of the Appendix.The

daly discharge of both rivers in the simulated year (2016) was obtained from the National
River Flow Archive (NRFA) (https://nrfa.ceh.ac.uk/) as gauged daily flow (GDFFin m
Both valuesvere obtained from the closest monitoring stations to the upstreaenadd

Foss delimited RSs (i.e. Ouse at Skelton station and Foss at HuntiStgton
respectively shown in Figures 5.3 and %.4hemean flowfor the Ouse, as reported by

the NRFA, is51.406m?/s, the95% Exceedance (G97.756m%s and has a base flow
index (BFI) of 0.45. Thenean flow ofthe Foss i9.875 ni/sand has &95 0f0.072 ni/s

and a BFI of 0.43
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Figure 53. Ouse at Skelton catchment area extension. Image from © NERC (CEH) 2019. For
Great Britain: Contains Ordnace Survey data © Crown copyright and database right 2019
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Figure 54. Foss at Huntington catchment area extendioage from © NERC (CEH) 2019.
For Great Britain: Contains Ordnance Survey data © Crown copyright and datalggge2019

The discharge of each RS was estimated as the addition of the receiving flow from the
previous river/s section/s, from the runoff generated in their surrounding areas and from

the WWTP discharge poin{as indicate in Table 51Runoff dishiarge was estimated
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daily by multiplying the surf aHZbythedadya e x't
rainfall ofthe year 2016 acquired from the University of York Department of Electronics

weather stationhttps://weather.elec.york.ac.uk/archive.tr8lome valuesf infiltration

of annual precipitation (%) can be found for urbaraaref different characteristics in the
literature (e.g. multistore blocs, detaahehouses or semidetachdwbuses,ranging
between 11, 17 and 24 respectively, asRzrarleit and Duhmg2000). However, uban
surfaces are very complex and runoff coefficients for differenfase types are very
different(Li et al, 2018) therefore, in thistudy thevery conservative assumptiomhere
all rainfall is translated into rungffvas made based on the indications thatoff
increases with increasing impervious coflaret al, 2018) A potentialanalysis 6 the

land cover compositioto include different infiltration rates is envisaged.

The WWTP discharge was estimated by using an average wastewater production per
capita per day of 13k (estimate provided by Yorkshire Watetd). and multiplied by
the populationnumberservedoy eachWWTP (Table 5.1)

5.2.3.2 River system monitoring campaign

Because ENP behaviour in aqueous suspension is heavily influenced by the
physicochemical characteristics of the medi(idomingos, Tufenkji and Wilkinson,
2009; Zhanget al, 2012; Quiket al, 2014; Sharmaet al, 2014; SanKastet al, 2015a)

the waterbody of each RS wagsarametrized with information gathered from a water
guality monitoring campaigrThe monitoring campaign was designed to provide data on
the spatial and temporal variatiom key water quality parameters. This was done by
taking measurementsice a month over a 6 months period (from theflJuly until the

15" of Decembenf 2016)over nine stablished monitoring sites (approximately one per
RS). Initially, a full year nonitoring campaign was planndalt logistical problems
shortened the campaigo six monthsThis campaign was designed with higher spatial
resolution than the available information on water quality parameters published at the

Environment al (Atgse/encirgninent.dateog.uk/ivateequality/).

The monitoring sites wergtrategically chosen based on their ease of access and position
in relation to thethree WWTP serving the cityThey werelocated upstream and
downstream of thB&VWTPs,before andafter the two rivers join in the city centrand at
further locations to give sufficient spatial resolution to build water quality parameters and

exposure concentration profiles. Table 5.1 lists the monitoring sites established, their
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description and thBS in which they are located. Figure 5.2 indiséle locations of the

sampling sites.

Table 52. List of monitoring sites along the rivers Ouse and Foss, their river sectiontmme
(RS) and description.

Monitoring site River section Description

F1. Strensall Foss 1 Downstream of Wallbuts WWTP
F2. Earswick Foss 2 Further downstream of Wallbuts WWTP
F3. Heworth Foss 3 River Foss before passing the city centre
F4. Tower Foss 4 Upstream of River Foss and Ouse junction
O1 A1237 Ouse 1 River Ouse upstream of Rawcliffe WWTP.
02. Rawcliffe Ouse 2 Downstream of Rawcliffe WWTP
03. Skeldergate Ouse 3 Upstream of River Foss and Ouse junction
O4. Millenium Ouse 4 Downstream where the Foss joins the Ouse, upstrez
Naburn WNTP

O5. Naburn Ouse 5 Downstream of Naburn WWTP

Ouse 6

The parameters monitored were temperature (T), pH, dissolved oxygen (DO), electrical
conductivity (EC), total suspended solids (TSS), dissolved organic carbon (DOC) and
ionic content (C&). These prameters were chosen bdn the identified parameters to
have bigger influencen the ENPs fate and transport processesurface watergi.e.
heteroaggregation, sedimentation and convective flrpetorius, Scheringer and

Hungerbuhler, 2012; Clavier, Praetorius and Stoll, 2019)

Measurements of T, pH, DO and EC were taken direttlye monitoring sites usingn
Aquaread Probe (Aquaprobe® AI00). Where the sampling point could be easily
accessedthe probe was directly submerged in the water body and three measurements
taken. When no easy access to the water body was possible for direct measurement, grab
water samples were collected in triplicate and measants done in the sample container

after thorough mixing. At each monitoring site, three 1 L samples replicates were
collected and stored in PVC bottles for a later TSS analysis. In addition, at each site three
50 mL samples replicates were drawn int®&G mL disposable syringe and filtered

through a 0.45¢ m  g-fibee ssgringe filters (Whatman® into 250 ml conical
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polypropylenecentrifuge tibes(F a | c¢)pmvously washed with a Nitriacid solution

(10%),and stored in the cold §& ) for DOC and iord content analysis.

On arrival in the laboratoryhe 1 L samples were filtered through a Buchner filtration
system with 0.2 m g-fibee dilter (GF/F) Whatman® (pre.combusted, 450 °C, 4 h).

The filters with the remaining filtrate were then combusteeroight at 103L05°C for

later estimation of the total suspended solid weight. Aliquots of the 50 ml samples were
analysed for DOC on the following day usiag Elementar Vario Toc total organic
carbon analyser. The remainisgmple volumes were acidified 5% by volume with
HNOs and stored atJC for a later analysis of cations usind laermo iCAP 7000 ICP

OES

Statistical analysis of the monitoring data wasducted in R (R Core Team, 201%.
determine whether significant spatitifferences of the easurements taken (i.e. a
DOC and TSS) existed between the two rivaard during the different monthisvo way
ANOVA testswere conducte@Tables A2.9 to A2.14 of the Appendix)

The concentration of DOC together with dissolved calcium concentrg@ad’]) were
usedas indicators for the determination béteroaggregatiomttachment coefficient
(Uneterd (Praetorius et al., 2014) as described in Table 5.1.

Table 53. Assi gned att ac kdevaues aecbrilingad teenconcentiation of
calcium ([Ca2+]) and the dissolved organic carbon (DOC) in water.

[Ca2+] (mg/L) [DOC](mg/L)  Uhetero

<35 - 0.001
3550 03 0.001
3550 <3 0.01
50-65 02.5 0.01
50-65 <2.5 0.1
65-80 02.0 0.1
65-80 <2 1
080 - 1

Temperature and SPM concentration affect the collision rate within the heteroaggregation

equationgas describe in section 2.5.1).
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5.2.3.3 Nanoparticle characteristics

The TiQG: ENPs considered in this study wergsumed to beeleased from four different
producttypes:sunscreens, makeup, toothpaste and outdoor paint. During their use phase
and along the release pathwayilthey enter the river waters, the ENPs likely undergo

a series of transformations, mainly involving aggregapoocesses; therefore, it was
assumed that rather than being discharged in their freely dispersed form, the ENPs enter
the river sections ia homeaggregated statéi.was also assumed that the primary IO

NPs are uncoated and spheri¢aformation on the sizes expected for these aggregates
was obtained from several experimental studies where ENP leachates from such products
have been analgd to characterize the ENP siZ&sller et al., 2014 Kaegi et al., 2008;

Weir et al., 2012t ewicka et al., 2011)The initial size of the aggregated BIENPs was

set to be 25 nm (particle diameter) for the ENPs released from makeup and sunscreen
(Keller et al,, 20144, 450 nm for those releasédm toothpastéKaegi et al., 2008WNeir

et al., 2012)and 150 nm for those released from outdoor péitasgiet al., 2008) The

shape of the aggregalt&iO. NPs (and the SPM) is approximated by spherical particles.
More details on the TIOENP assumed propersiare provided in the Appendix (Table
A2.4).

The mass flux of TIQENPs emitted was input for each day of the six month siiulat
period as rass per product type (naay?). Of the products studied, makeup, toothpaste
and sunscreen were considered to be emitted with the wastewater effluent from the three
WWTPs serving York andherefore only discharged into the RSs in which the WWTP
dischargepoints are located (i.e. Ou8eOuseb and Fos4). The TiQ ENP contained in

the outdoor paints on the other hand, are considered to be released with runoff and

dischargedt the beginning of each RS.

The emission values were derived from the resufttsioed in the previous chapter
through the application of the urban ENP emissions model. We assumagibheg|
upstream ENP loads for both rivers (Ousel and Foasd)he incoming TiQ ENP mass
flow was transformed to a particle flow. All model calcidas were performed on the
basis of particle numbers, both for the TiIPs and the SPM.
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5.3 Results and discussion
5.3.1 Measuredphysical and chemical characteristics

Measured values of the most relevant parameters affettimgfate and transport
processef TiO, ENPs (i.e. DOC, calcium ([C&']) and SPM concentration here
measured as total suspended solids (TSS)), over the monitored period and along the
monitoring sites, are summarized in Figures 56 and 57 (and in Appendix 2, Tables

A2.6 to A28).

DOC
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Figure 55. Arithmetic mean of theeasured DOC concentrations fitre Foss (F) and Ouse (O)
sampling sitesover the six months monitoring period (July to December 2016), with their
corresponding standard deviations estimated ftbenthree measured replicates.
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Figure 56. Arithmetic mean of the measumidsolvedCalciumconcentrationss (C&") for the
Foss (F) and Ouse (O) sampling sitegerthe six month monitoring period (July to December
2016), with their corresponding standard deviations estimated from the three measured

replicates.
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Figure 57. Arithmetic mean of the measured total suspended solids (TSS) concentrations for the
Foss (F) and Ouse (O) sampling sitagr the six month monitoring period (July to December
2016), with their corresponding standard deviations estimated from the three measured

replicates.
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The spatial and temporal variations of these parameters will influence the final exposure
levels estimatd by the model by affecting the extent of specific fate processes such as
the ones simulated here (i.e. heteroaggregation and sedimentation).

Firstly, statistically significantifferenceqp < 0.05)in DOC and calcium concentrations
between both riverOuse sites (O) and Foss sites (WPre observed, thesariables

also varied over timel-or SPM levels (estimated as total suspended solids (TSS)), no
significant differences between the two rivers were found. Generally, higher DOC
concentration valueseave found in the Ouse compared to the Foss (except for the month
of August, where Ouse DOC levels were lower than in the Foss). The opposite trend was
found for the calcium concentrationgalcium concentrations in the Fosgere
significantly higher thanni the OuseSince DOC and calcium conteation levels have

an influence on the attachment efficier{Ciewerg of the ENPs (seable 5.3) different
heteroaggregation and sedimentation rates would be expected in both rivers. Generally,
while thethreshold of influence of DOC &urpasseth both rivers (DOC is > 3mg/I for

most of the months and monitorisges) the Foss has higher calcium concentrations,
and , thus, would be expected to haigher heteroaggregation raté$efero= 1 / 0.001)
compared to th@use(Uhetero= 0.001 / 0.01).

Secondly, in terms of differences between monitoring siilsin each river,a Tukey

HSD testwith sampling siteas factoifor the three parameters was performed. The results
showed thafor the Ouse no significant differences between sampling sites were found
for the Cdcium and DOCconcentrations (p > 0.05), but tHar the Foss the @@um
levels of the different sampling sites were significantly differentajoe <0.0% (Section

2.3 of theAppendix2).

Finally, in terms of temporal variation, a seasonal trend in the valasund for the
threevariable,mainly observed between the warmer months (i.e. July and August) and
the colder months (i.e. November and December). Generally, July and Auayuest
higher TSS and DOC concentratiotihan November and December, and the opposite
situation is found for calcium caeentratios. However, theetrends and their level of
significance is river and parameter dependéetording to these monthly variations,
higher heteroaggregation and potential sedimentation would be expected for the months
of November and December fdnetriver Fos§Uhetero= 1) and for the month of September

in the case of the river Ougéheterc= 0.01).
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Further parametersuch as discharge and E&NEBmissiorloads will alsoinfluencethe
estimation of concentrations and their temporal and spatiaticar are presented in
Figures 5.8, 59 and 510.
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Figure 58. Daily discharge of the delimited RS of the river Ouse over the simulated petiod (1
July to 1% December 2016pbtained as described in Section 5.2.3.1 usiata drom NRFA
(https:/Inrfa.ceh.ac.uk/)
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Figure 59. Daily discharge of the delimited RS of the ritf@ssover the simulated period (1st
July to 15th December 2016ptained as described in Section 5.2.3.1 using data frolANR
(https://nrfa.ceh.ac.uk/)
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The dscharge in the river Ouse is around ten times higherithdre river Foss, and the

river Ouse is generallyider and deepethan the Foss, meaning that higher dilution

factors of the emitted particles will be expectedthe OuseWithin the Ousedischarge

increases with distanced downstredmam Ouse 1 to 6)Thedischargeat the start oRS

Ouse lis approximately half of that in Ouse Bhe highst dischargen 2016 inthe river

Ousewas recorded ilNovember fobwed by August. For the Foss, the discharge also
increases with distance downstreamalpproximately a factor of five from upstream to
downstreamThis effect would be explained by tkrery conservative assumption made

in this model, whichtranslates alfrainfall into runoff. A comparison of theunoff

catchment areasf each RS is presented in Table 5.40ing an indication of how much

discharge should increase by in these rivEne highest discharge in the river Foss was

measured in the month of Nawbe, followed by July and August.

River Section HZ Surface area runoff
catchment(Km?

Ouse 1l HZ1 10.26

Ouse 2 HZ2 6.04

Ouse 3 HZ3 0.82

Ouse 4 HZ4 2.18

Ouse 5 HZ5+HZ6 4.03

Ouse 6 HZ11+HZ12 2.37

Foss 1 HZ10 0.28

Foss 2 HZ9 1.80

Foss 3 HZ8 7.46

Foss 4 HZ7 5.45

Figure 510. List of RSs and theworresponding runof€atchment areas (connectinglinited

HZs).

The emissions ofTiO, E N P

t

(0]

Yor kos

river

system

estimated produedpecific TiO; ENP loads of the average simulated scendegcribed

in Chapter 4As discussed i€hapter3, the dominant source of Ti@missiondsrom the

ones considered in the York study (i.e. sunscreen, toothpaste, makeup and outdoor paint),

c

o

is the useof sunscreen in the worst and average scenarios, but the temporal variation of

their emissions iassumed to béominated by the runoff emissioesming from outdoor

paints,and thereforegontrolledby the weatherln Figuress.11 and 5.12ve present the

profiles of predictedtotal ENP emissions (considering the contributions from all

products), for both rivers (Ouse and Foss respectively) and each of their RSs over time.
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As already shown in Chapter 4, the runoff related ENP loads are rainfall intensity
dependentand will only happen orainy days, on the other hd, WWTP emissions are
constant This effect can be observed in Figures 5.11 and 5.12, on the dry days a constant
emission level is estimated, while on rainy days peaks of emission appear and are

proportional to the intensity of the rainfall event.
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Figure 511. Daily TiO, ENP emissions to the delimited RSs of the river Ouse over the simulated
period (F' of July to 1% of December 2016)
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Foss TIQENPs emissions
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Figure 512. Daily TiO, ENP emissions to the delimited RSs of the river Foss over the simulated
period (B of July to 1% of December 2016)

As shown in Figures 51 and 5.12the rivers Ouse and Foss receive emissions of the
same order of magnitude, adtigh the emissions to the river Ouse are slightly higher than
those of the river Foss. Tidghest emissions were estimated for the raimasts of the

studied periodi.e. 215 of November, 29 of July and 25 of August).
5.3.2 TiO2ENP concentratiinYor k6s river system

The concentrationsf TiO> ENPsestimated over the selected time period (i.e. from the
1%t of July until the 1% of December of 2016) anih the rivers Ouse and Foss, are
presented in igures 5.13 to 5.4 and 5.5 to 5.16, respectively.In thesefigures, the
concentrations of thieeely disperseé andSPM-boundTiO2 ENPsarealsoplotted for the
flowing water compartmerand the concentration of totailO, ENPsare showrfor the
saliment compartmentCalculations were performetith a time resolution o minutes

anda spatial resolutionf 750 m.
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Free TiO2 ENPs in flowing water in river Ouse
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Figure 513. Exposure profiles of freely dispersed TENPs (Free) in the flowing water of the modelled extension of the river Ouse over the simulated period
(fromthe F'of July until thel5" of December of 2016)
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SPM-bound TiO2 ENPs in flowing water in river Ouse
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Figure 514. Exposure profiles of TICENPs heteroaggregated with SPM (SBbund in the flowing water of the modelled extension of the river Ouse over
the simulated periofrom the % of July until thel5" of December of 2016)
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TiO2 ENPs in sediment in river Ouse
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Figure 515. Exposure profiles of TICENPs in the sediment compartments of tbeelied extension of the river Ouseer the simulated period (from the 1st
of Juy until the 15th of December of 2016)
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Figure 516. Exposure profiles of freely dispersed TENPs (Free) in the flowing water of the mibele extension of the river Fosser the simulated period
(from the # of Julyuntil the 15" of December of 2016)
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Figure 517. Exposure profiles of TiCENPs heteroaggregated with SPM (SBbund in the flowing water of the moliied extension of the river Fosser
the simulated period (from thé' af Juy until the 15" of December of 2016)

132



TiO2 ENPs in sediment in river Foss

x1073
35

2.5
24

1.5+

Concentration (mg/kg)

Foss 4

Mt K

. : 1
time (min) St8Dec  Foss 1 distance (m)

Figure 518. Exposure profiles of TiCENPs in the sediment compartments of tibeletied extension of the river Fosger the simulated period (from the 1st
of July untilthe 15thof December 02016)
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Chapter 5 Modelling ENP exposure

Figures5.16 to 5.18present théotal distribution of the estimatekposure concentratisn

of freely dispersed and SRhbund TiQ ENPs in flowing water and total T{ENPS in
sedimentalong eaclriver sectionover the simulated period’he monthy maximum
(Max), median, 98 and %" percentile of the exposure concentrations (mg/L) for each RS
is provided irnthe Appendix2 (Tables A2.9 to 211).
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Figure 519. Box and whisker plots of the estimated ranges of ElPsconcentations in the
flowing waterof all RSs of both rivers (i.e. Ouse 1 to 6 and Foss 1 ©Orteach box, the central
mark indicates the median, and the bottom and top edges of the box indicaté& tred 278"
percentiles, respectively. The whiskerdend to the most extreme data points not considered
outliers, and the outliers are plotted individually using the '+' symbol.
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Figure 520. Box and whisker plots of the estimated rangesSBMbound TiO, ENPs
concentraionsin the flowing wateccompatment of all RSs of both rivers (i.e. Ouse 1 to 6 and
Foss 1 to 4).
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Figure 521. Box and whisker plots of the estimated ranges of ElIPsconcentrations on the
sediment compartmenf all RSs oboth rivers (i.e Ouse 1 to 6 and Foss 1 to 4).
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The estimated concentrations were highly variable. In the river Ouse, concentrations
ranged from 1.840%* ng/L to 3.3 0?ng/L, while in the Foss varied from A8° ng/L

to 1.27A0° ng/L. Generallythe median concentratioresf freely dispersed TIOENPS in
flowing water rang between 0.93 ng/L and 5.14 ng/l for the Ouse and®0Zhg/L and

65 ng/Lfor theFoss.

The estimated medianoncentrations of the TKCENPs attached to SPM (SPbédund
ENPs) inflowing water were up to four orders of magnitude lower than the freely
dispersedENPs in the Ouse RSs. In the RSs of the river ,Fhegvever, similar
concentrations of the freely dispersed and S&vnd ENPs in flowing watewere
predicted This suggesthat in the river Ousthe probabilities of SPMENP interactions
were loweror thatless effective interactions occthrerecompared to the river Fas$
can be explained by the described heteroaggregation trends prediGection 5.3.1
from the monitoing data The attachment efficienayalues(Uheterg assigned for the Ouse
are lower than for the Foss due to the loeadcium concentration levels measured in the
Ouse (In the FoSsheteroranges between 1 and 0.001, whileéha Ouséheterogoes from
0.001 up t00.0)). Residence times of ENPs in tRessarealsohigher than in th®©use

thereforeincreasinghe probability of ENPSPM interactions in thEoss

From the estimated datand as observed in Figure 6.inaximum exposure leve{bot

spotg for the Foss are observed in the downstream river sections (i.e. Foss 3 and Foss4)
and durig the month of July, going up three orders of magnitude from the median
exposure concentrations of the riveg{L). This spatial distribution of exposure due

to spatial trends of emissions along the river Foss, since Foss 3 and Foss 4 receive the
highest levels of runoff emissionBigure 512). Temporally, the highest exposure levels
along the period studied coincide with the days where emissions were estionetach

peak levelgi.e. 27 of November, 29 of July and 2% of August).

For the river Ouse (Figure ), exposure hot spots were also observed for the
downstream RSs, which in this case are the RSs receiving lower ENPs emissions.
Therefore,th@®useds exposure prof jtheeffed of gdyeetvd s t
flow transport dominates ENPs fate, smooths the incoming emissions and promotes ENPs
accumulation downstream (i.e. residence times are much lower than in the Foss), which
again ca be explained by the higher discharge volumes causing faster flows and lower

residence times.
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The estimatecdtoncentrations of free TKOENPs in flowing water predictedere fall

within the same ranges BECs estimated bythermodelling approaches perfoedfor

other rivers (Table 5.4). The differences between models reflect the underlying
assumptions about the considered ENP sources, release amounts, pathways, and time
periods.Although the comparison doest serve aa model validation, isuggestshat

the modelling approachsedherepredictsaverage concentrations within a reasonable
range.Furthermore, while we are able to predict similar PEC values, this model provides

a much wider perspective into the ENPs emissions, providing information abd&tN &s
fate,transport andlistributionbetweersub compartmentsf the riverover time.

Table 54. Summary of predicted environmental concentrations (PEC) in surface water of TiO2
ENPs reported in the literature. Source: adapfeom (Peterset al, 2018)

TiO2 ENPs Method Matrix Year and reference

(eg/ L)

0.7116 Model Surface water (Nicole C. Mueller and Nowack, 200¢
0.012 0.057 Model Surface water EU (Gottschalket al, 2009)

0.0020.010 Model Surface water US (Gottschalket al, 2009)

0.016 0.085 Model Surface water CH (Gottschalket al, 2009)

1.45 Model Surface water (O6Brien and Cumr
0.00270.27 Model Surface water (Musee, 2011)

8.8 Model Surface water (Johnsoret al, 2011)

0.0171.6 Model Surface water (Gottschalk and Nowack, 2011b)
0.556.48 Analytical ~ Surface water (Nealet al, 2011)

0.7124.5 Model Surface water (Silvaet al, 2011)

0.4i1.4 Model Surface water EU (Sunet al, 2014)

0.54'3.0 Model Surface water CH (Sunet al, 2014)

0.0006 0.1 Model Surface water (Gottschalk et al., 2015)

0.00025 Model Surface water (Goodet al,, 2016)

2.2 Analytical ~ Surface water (Donovaret al, 2016)

0.194.4 Model Surface water (Sunet al, 2016b)
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5.3.3 TiO2 ENPs distribution within the river

As shown in the previous section, once ENPs enter thesyaem, they will distribute
betweerthe different surface wateompartments (i.e. flowing water, stagnant water and
sediment).

Figure 5.22 and 53summarizes thdistribution of the ENPs concentration through the
river compartment as percentage of the total exposure along the @Qivse and Foss
respectively. Thenaximumconcentrationgor the sixmonth period simulatedere used

to construct these profiles

River Ouse exposure distribution
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Figure 522. Mass distribution of the different forms of TIENPs (i.e. Free and SPEbund)in
the three river compartmentsdfling water, stagnant water and sediment) along the river Ouse.
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River Foss exposure distribution
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Figure 523. Mass distribution of the different forms of TiO2 ENPs (i.e. Free and-Bs&d)in
the three river compartments (flowing water, stagnant water adithest) along the riveFoss

Different distribution patterns were observed for both rivers. As picturégyure 523

a third of the ENPs in the river Ouse are transported into the sediment upon emission
(67%) and the fraction of ENPs bound to SPM inftbeing water is almost negligible.

For the Foss, 47% of the TI@&NPs areredicted to béransportedn the most upstream
reachinto the sediment and from the particles remaining in the water column (flowing
water), 25%to remain freely dispersed in tlilewing water while 28% areredicted to
beattached to SPM. Along the river Ouse, pinedictedENP distribution profile remains
almost unchanged from upstream to downstreédmavever in the Foss, a decrease of the
fraction of SPMbound ENPs in flowing ater ispredictedalong the rivefrom upstream

to downstreamThis isdue to sedimentation processhksthe applied fate modelENP
distribution rates between compartments are a function of the spatiotemporal variability
of theriver flow velocity, and hereforeyvary with dischargéPraetorius, Scheringer and
Hungerly, 2012) The river Fossdue to its smaller dimensipis more sensitive to
discharge fluctuations and the spatiotemporal variability of its stream flow becomes more
affected than the streamflow of the Oussich translatesnto bigger influence on the

sedimentation process.
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5.3.4 Riskassessment

To put our predictions agxposurento a risk context, we compared our findings with the
results ofaspecies sensitivity distribution analysis (SSDhe SSD is a well established
approach that can guide the assessment of the environmehkilposed by ENPs
(Gottschalk and Now&c 2013; Garneet al, 2015; Jacobst al, 2016; Cheret al,

2018) This method consists of ranking different species among a group according to their
sensitivity to a certain ENFGarneret al, 2015) The different specgesensitivities can

be quantified by different concentratioesd pointssuch as the so calledo o bser ve
effect concentration (NOECYhe 10% lethal concentration (LC10}he 50% lethal
concentration (LC50)the 10% effect concentration (EC10), arle 50% effect
concentration (EC5QYPacobst al, 2016) Once the ranking is developed with the chosen
end pointfor the group of species, a statisticadtdbution of these different sensitivities

is built into the secalled SSD curvdJacobset al, 2016) From the SSD curve the
potentially affected fraction of speciésr a particularconcentration of interestan be
extracted(Garneret al, 2015) A commonly used effect fractian the risk assessment

of chemicals(TGD, 2003)is the 5" percentile of the fitted distsution (HC5) This
concentration is then divided by an extra safety factor, also called an assessment factor
(AF) that can vary between 1 and(bGD, 2003) to obtain a predicted no effect
concentration (PNEC) that is assumed to be sufficiently protective for the ecosystem.
Finally, to quantify the risk, a Risk quotient (RQ) is determined tigloig the predicted
environmental concentration (PEC) by the PNEbenet al, 2018) When the RQ is
greater than or equal to 1, a@atial unacceptable risk of the ENP is assumed and further
assessment would be required or controls put in place to minimiseViibkes the RQ is

less than 1, the risk of the ENP is considered acceptabl®pean Chemicals Agency,
2008)

PNEC valuedor TiO2 ENPsin surface watewere generatelderefrom the SSD analysis
performed byChenet al.(2018) In their study, Chen et al. gathered toxicity records from
more than 300 published laboratory toxicological studies for severa tfpmetallic
ENPs (i.e. Ag, Ti@, CeQ, CuO and ZnO)includingLC50, EC50 and NOEC values for
crustacea, fish, algae, nemateded bacteria. The derived HC5 values for JJENPs

from their study are presentedTiable 5.5.
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Table 55. Mean, lower and upper limit of estimated HC5 mg/L for,EQPs derived from SSD
analysis performed bghenet al. (2018)

Endpoint Mean of HC5 (mg/L) Lower limit (mg/L) Higher limit (mg/L)
LC50 Ag O 538 1.6 38
EC50 0.57 0.16 2.8
NOEC 0.19 0.04 1.3

According to the data presented in Table 51&, $SDditted to the NOEC is the rast
protectiveof the presented endpoints. Therefore, PNECs were generated from the NOEC
SSD analysis. The provided data fr@henet al. (2018)for the construction of the T¥
ENPs SSD consists in NOEC valwues for 17
(EPA, 2018)was here used to generate the SSD distribution presenteguire 524.

PNEC values wre obtained by dividing thmeanHC5 by an assessment factor of 5 (i.e.
PNEC = HC5/5) in accordance with the technical guidgm&D, 2003)
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Figure 524. Generated SSD of Ti&NPs based on NOEC data frddienet al. (2018) The
dotted lines depicts the 95% confidence interval.
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Figures 5.25 and 5.3&esent the distributions of estimated PECs of free (considered the
bioavailable fraction) and total (freend SPMbound together) TI©OENPSs in flowing
water for the rives Ouse and Fossespectivelyincluding the derived PNEC,i.e. 380

pg/L (confidence interval 0.68.26 mg/L).
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Figure 525. Box and whisker plots of the estimatPECs of free TiO, ENPs the water
compartment (flowing + stagnant water theRSsof the Ouse and the Fo§s. Ouse 1to 6 and
Foss 1 to 4)n red the estimated PNERased on the HC&nd confidence interval in dashed
lines).
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Exposure concentration of total TiO2 ENPs in the water column
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Figure 526. Box and whisker plots of the estimatB&Cs of total TiO, ENPs the water
compartment (freely dispersed and SBbund ENPs in flowing and stagnant watef)theRSs
of the Ouse and the Fofise. Ouse 1 to 6 and Foss 1 told)red the esinated PNE(hased on
the HC5and confidence interval in dashed lines).

According to the plotted results, RQs are always below ltlaaederived risk of

TiO2 ENPs in York river system can be considered acceptable.
5.4 Conclusions

In this chapter, we have paratieézed for the first time the proposed ENP fate model at
the urban level bystimatingspatial and temporal variations okey input parameters
influencing ENP fate and final exposure. Tet@ncentratiorvariationsover time and
spae of two different ENPforms (i.e. freeENPs and ENPs attached to SPM) were
predictedfor the modelled river system, with specifications of their distribution along
three RS compartments (i.e. flowing watstagnant water and sedimerithe obtained
results,suggesthat, at the local levelhigh variability of PEC are expected within short
times anddistances. Thistresgsthe needor high resolution local modelling tools to
inform local authoritesHo wever , for the case study pr e
exposure toTiO> ENPSs), the risk assessment suggests no potential risk since the
concentrations predicted lie well below thstimated PNEC value and its confidence

interval.
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A fundamentaissue with the work presented here, is the lack of calibration and validation
of the estimated ENP concentrations. Calibration and validation of fate models are
hindered at present by the lack of field data due to the current analytical limitations in the
detection of ENPs in complex environmental samfiesvardet al, 2010; Dale, Lowry

and Casman, 2015a; Gondikesal, 2018) However, the principal objective of this
Chapter was not to predict ENPs concentrationk wettainty, but rather to illustrate the

use of the proposed modelling framework of Chapter 3 and to stress on the need of
exposure assessments at higher spatial and temporal resolution for the study of potential

environmental risks in urban environments.

As discussed irChapter 4the uncertainties attached to the use of assumptions and
extrapolations are inherent tbe use oimodelling tools and have to be accounted for
when evaluating the obtained results. For example, in the presented stwdyy
conservative assumption was made in which all rainfall is translated into,rigmaffing

any potential infiltration This assumptiorwould influence the finalconcentration
obtained for the different river compartments, since the ENP partition processes (
sedimentation, heteraggregation and advective transpatg dischargelependentin

order to evaluate the influence of such assumption as well as other paraseetstiy;ty
anduncertainty analysis emerge as very helpful todl®rmal uncertaity analysis will
provide information on all the potential values that the outputs can take, with their
associated probability distribution. Jointly, a sensitivity analysis would determine the
influence of each input parametand attached assumpticom the model output values,
therefore indicating which are the inplatssumptionshat will need to be further refined

in order to get the most accurate results.
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Chapter 6

General discussion and recommendations

The commercialistion of new technologies suas engineered nanomaterials often
occursahead of thedevelopment ofsufficient and adequate informaticabout the
potential environmental and heatibks that thg maycause. Recently, new regulations
such as REACH and@lassification, Labelling and Paaging(CLP) have been introduced

with the aim of deriving better and earlier identification of the intrinsic propeatiels
hazardous potential of new substances befwee commercializatior(Schwirn, Tietjen

and Beer, 2014)However, for emerging pollutants such as ENPs these regulatory
systems still need specific technical a@ddipins that will account for neconventional
parameters describing the fate and hazardous potential (e.g. size, shape, surface coating,
etc) of these materialfMeesterset al, 2013) To help develop such adaptations,
mathematical modelling tools have been proposed to gain adeegerstanding on the
sources of ENPs and their emissions, fate and ef{dtteller and Nowack, 2008;
Nowacket al, 2012; Kelleret al, 2013 Duesteret al, 2014) Predictions of average
environmental exposure concentrations have already been derived from modelling
approaches by studying their emission and fate processes in different g&ttitigshalk

and Nowack, 2011a; Daé al, 2015; Kleinet al, 2016; Meesterst al, 2016; Nowack,

2017 Williams et al, 2019) However assessmentt high spatial and temporal

resolutions haveot previously been performed

This PhD therefore focused on assessing the exposure toifcdBan surface waters at

high spatial and temporal resolutions. Urban waters are potential hot spots of use, relea
and exposure of these materials and are likely to show large variability in exposure over
time and spacelo date no nanopatrticlespecific model®f this sort at the urban scale,

have been developed. Therefore, the main aim of this project widesgo and apply a

new modelling framework to estimate ENP exposure in urban surface water systems at
high spatial and temporal resolution. Due to the complex composition of cities with

expected spatial and temporal variations of activity, population densityaad cover
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types, the integration of high spatial and temporal resolution to the framework was
considered essential for urban modelling. The different steps followed to fulfil this aim
are described in the next section with the key derived findings.

6.1 Summary and key findings

In order to begin tadesign the modelling framework, theey aspects affecting the
emissions and exposure of ENPs in urban river systems were reviewed in Chapter 2. The
chapter included a review of the main EN$es, emission pathwsaand fate processes

in aquatic media Firstly, the most produced ENPs and themain commercial
applicationsvere identified from the literature, and the challenges and limitations for the
estimation oftheir production and use volumédsscussedIt was bund thatthe main

ENPs of concern regarding production and use voluane3iO,, ZnO, CNT, Agand

SiO; ENPs, and that the main applications of these ENPs include paints, cosmetics and
personal care products. However, a high level of uncertainty in tha&ifipetion of
production and use volumes for these materials was identified from all reviewed materials
(e.g. use of market reportsnanufactureand consumer consultations and online
databases) which can be attributed to the lack of reguisgarding dbelling and claims

of the ENPs content by industi§econdlyjnformation onthe ENR emission pathways
andrelease mechanisnadong the different stages of the ENPs life cygte identified

and the factors influencing their release potentiatiewed From the reviewed
information, it was concluded thatnissions during the use phase of the ERtaining
productprobablydominate the release of ENPs into natlirevasalso highlighted that

the way in which ENPs are integrated into a product, andsigiven to it, are the most
relevant parameters that will determine their release potential. ENPs in aerosols and liquid
suspensioswere identified as the most likely to be emittidlowed by ENPs bound to
surfaces of the materials such as paints aadirugs. Finally, the main fate processes that
differentENPs undergo omcreleased into the environmemgrereviewedas well aghe
influence of such processes on theirafi fate and their potential toxicityrthe main
environmental and anthropogenictfas determining the extent of such processese

also reviewed, highlighting trmomplety of theinteractions between particle properties

and environmental factorand the importance of a detailed parametrization when

performing ENP fate modelling.
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Chapter 3 built on the information gathered in Chapter 2@ogose a novel modelling
approach for estimating the exposure of ENPgrbansurface waters It discussed the
complex nature of cities and argued the needrfi@ssessment of the spatial aachporal
variability of ENP emissions and exposure. The proposed modelling framework
combines aremission and a fate model for EN&® integrates a four steps strategy that
provideshigh spatial and temporal resolutidfirstly, it recommends a methodolofpy
performing a spatial analysis of the modelled city using GIS tools. Secondly,
recommendations on information sources needed for preforming an urbapr&dirRt
inventory are made and a classification strategy delivered. In the third step, three ENP
release pathways linked to the previously categorized sources were identified (i.e. runoff,
down the drain and direct release emissions) and equations for the estimation of the mass
of ENPs emitted through each of them proposed. Again, data sources tegiestrépr

the parametrization of these equations are listed. Firal¥;NP fate model that can
account for the spatialnd temporal variations of the ENPs emissions and of the
environmental parameterswas proposed (based on the model oPraetorius,
Scheringer and Hungerbihler, 201Zhe handling of knowledge gapsas also
discussed together with alternative information sources and the use of assumptidns, whic
will be further discussed in the next section. The prop&rsaseworkshould becapable

of identifying local emission hot spots and predicting exposure across a city, while
generating information on the final speciation of the emitted ENEsn@no fom,
aggregatesand other transformation products) within the studied environmental

compartments over time.

The application of the modelling framework for modelling spatial and temporal trends of
ENP emissions in a case study city (York, WKgspresented itChapter 4. Here several
ENPs types (i.e. Tie) Ag and Ce®) and a variety of emission sources (representing both
point and diffuse emissions) of priority concern were studied. First, the spatial analysis
strategy was successfully applied for York provitsgpotential for application to other
urban systems when readily available dataavailable (i.e. DTM and urban drainage
network information) Secondly, nevstrategiesor local parametrization of product type
specific usage and release rates were ptede and finally spatially and temporally
resolved emissions were estimated per product type and ENP type. The use of this novel
approach allowed the identification of thin sources, drivers and activities caushrey

highest emissions in the city. Fnermore, hot spots of emission were identified in the
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city and temporal emission trends derived for the period simulated. The results showed
that TiQG waslikely to bethe highest contributor to ENPs emissions in Ydikisagrees

with results obtained &m other studiege.g. Giese, Klaessig, Park, Kaegi, Steinfeldt,
Wigger, Von Gleichet al,, 2018) In addition,andin agreement with the previolyscited
studies the secalled down the drainemission pathway was identified as the main
contributor for such emissionglowever, temporal variations were led by the runoff
emission pathway, and therefore,wgather conditionsThis shows thapriority should

be placed onfurther studyng run off emissionsvhen looking at shoitierm temporal
exposure trends (instead of average yearly expadtiig)worth noting however, that
somehighly conservative assumptis weremadein this studyandwould need further
refining when information becomes availalfi®r examplethe assumptiomade on all
rainfall translated into runoff when estimatimgnissionsthrough weatheringcomes
useful whenapplying the precautiong principle, but could be refined when data on
infiltration rates for the studied terrain becomes availdhleally, the areas producing

the highest emissions were identified. These were areas where higher human activity was
localized (i.e. most constried, populated and busier areas), and the higher emitting dates
correlated with the days of higher rainfall intensity following long dry periedsmated
emissions on wet daysometimes doubled and even triplicated the estimated emissions
of dry days Spatial differences between areas were smaller but still significant (up to one
order of magnitude), confirming the spatial and temporal variability of ENP emissions at

the local scale.

Finally, the estimated total emissions of ZiENPs in the city of Yorkwere used in
conjunction with gathered water quality information from a six month local monitoring
campaign to model the exposureYafrk river system td@iO2 (Chapter 5). The proposed
river fate model(Praetorius, Scheringer and HungerbUhler, 20&2% adapted
temporally to run in dynamic mode and spatially to the area of study through the use of
the delimited river sections. Parameterisation was done daily or monthly, depend

the required paramet@re. daily ENPs emissions, daily water discharge and monthly
surface water parameters per river section) and spatially (per RS). The-spatial
temporal variations of the input parameters were analysed and concestoagon
time and space for the modelled river system were obtained for three RS
compartments (i.e. flowing water, stagnant water and sediment), and for two
different ENP forms (i.e. free ENPs and ENPs attached to SPM). Finally,
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Chapter 6 Discussion

preliminary conclusions about the inénce of the selected model parameters on
the ENPs exposure trends were derived for the York river system, and a first
assessment of the risk posed by the obtained exposasperformed. The results
demonstratedhighly variable concentrationsver time ad space. Generally, for

the two rivers in York , estimated median exposure concentrationsinver® ng

per litre rangeand maximum exposure values never exceeded the estiPldEC
(380pg/L). Therefore, RQs were always below 1tke derived risk of D2 ENPs in

these riveravas considered acceptable. The obtained resdts consistent witbther
model predictiongMusee, 2011; Suat al, 2014; Gottschallet al, 2015a)and recent
measuredalues(Peterset al, 2018)of TiO, exposure in surface water. The influence of
the river water quality properties (e.g. calcium and dissolved organic carbon
concentrations) on ENfate, as well as the dominance of the transport and fate processes
on the final exposure trends in both riveras as well investigated his suggests that
performing ehigher resolutionparametrization of ththe model in an urban context
could benefit pedicting spatiotemporal exposure trendewever, the validation

of these results is still missing, as well as the performance of a sensitivity analysis
that would help evaluatthe influence ofthe citedenvironmentalparameters to

determine whether thdyave more or less influenae thesecomplex systems
6.2 Research implications

Environmental risk assessment (ERA) requires the integration of exposure and
ecological effect assessment, and the use of modelling todetlopurposes is a
current common piice (Jager and Ashauer, 201&urthermore, in the context

of emerging pollutants such as ENPs, exposure modelling has become an essential
tool for their risk assessment senthey can provide information on PEC values in

the absence of analytical dgtdowack, 2017.

To perform an ERA, the comparison between an exposure indicator (e.g. PEC) and
an effect indicator (e.g. PNEC)ésmmon practicen order to derive a risk quotient
(RQ). Current regulatory practice typically uses averaged PECs fdn eac
environmental compartment (i.e. water, sediment, air, soil and biota) generally
estimated for standardized environmental scenaf@sentific Committee on
Emerging and Newly Identified Health Rsset al, 2013) However, this procedure

is currently under revision due to clasraf lack of realism(Francoet al, 2017)
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Its relatively simple strategy overlooks the complexity of environmental
conditions, ecosystems and biological communities and thertfesepredictions
have high levels of uncertaintgnd are often precautionarfrurthermore, the
integration of the complexity of spatially and temporally varying environmental
scenarios and dcharges is considered one of the key deficiencies of current ERA
practices(Scientific Committee on Emerging and Newly Identified HealthkRis

et al, 2013) One of the proposed revisions of ERA is the usae@thanistic effects
assessmentapproaches such a®xicokinetictoxicodynamic (TKTD) models
coupled tamechanistic fate modetbat wouldproduce timevarying exposurand

effects

In this contextthe proposed modelling tool presented in this thesis fits perfectly in

the transition into a more refined ERARger, 2016)Theintegrated methodology

for the assessment of ENPs urban emissions and surface water exposure presented
here can be adapted to othepag of pollutants of urban systems by means of
adaptation of its fate and transport equations. Therefore, it provides a potential
mechanistic fate modelling approach tlsauld feed TKTD models in the new

ERA paradigmproposedoy Jager (2016).
6.3 Challengeslimitations and future work

In this project, we havproposedan integrated methodolodgr the assessment of
ENPs urban emissions and surface water exposure. This methodology brings
togetheyfor the first time a spatially and temporally resolved emiss@stimation
model and a spatially and temporally resolved ENP fate model. This new
framework is able to predict local emission and exposure variations over time and
spaceand iscapableof identifying hot spots of emission and exposure as well as
tempoal variation trends. It also provides insights into the main sources, pathways
and drivers of ENPs emissions. However, the proposed framework is subject to a

series of limitations that adiscussedhere.

The main limitation of the model resides is itpdrdency on the input data quality
and availabilityand the need for some assumptioRsis will influence the quality
of the results obtained and the uncertainty associated with them. Also, the selection

of input parameters can translate into bias ofmtloelel results.

150



Chapter 6 Discussion

The quality of the model results are subject to the quality and precision of the model
parametrizationThe framework proposednd its integated methodology have
been designed in a highly flexible way so that it can be adapted to vaypmssdf

cities and be workable for different levels of data availabiitgwever, the degree

of uncertainty associated with the model calculations is highly dependent on the
specific cityunder consideratioand its data availability. For example, if armete

city is chosen, limitednformation availability may be encountered leading to
increaseduncertainty. On the other handfdfr largercities the complexity of its
structure, includingnore complex traffic and sewage networks, might challenge
the sp#ial analysis of the city and integration of further parameters not previously
considered for the analysis might be needed. Batlack or evenexcess of
information can lead to high degree of uncertainty dy®mnothe one sideg lack

of knowledge, andon the other, the cumulativeffect of uncertaintyin many
parameters and their interactiodonte-Carlo (MC) simulation based techniques

for the estimation of uncertainties, together with the use of sensitivity analysis to
better understand the influemof each input in the uncertainty associated to the

final results, is here proposed for future work.

Potential bias is another limitation of the proposed framework associatkd
parametrizationlt has been argued that modelling results could vary sixtey due to

the chosen source of information for the model parametrisatmoording to Bundschuh

et al. (2018), the available data on production volumes can differ greatly depending on
the method of data collectigiBundschuhet al, 2018)and thus lead to very different
results.In this sense, it is very important to carry out a thorough analysis of the input data
so that the bias is eliminated or at least the results are futcamtext for their
interpretation. In addition the use of again assumptions can lead to under or
overestimation of emission and exposure. Generally, in our proposed framework we
employedconservative approaches when assumptions are to be $uatheonservative

assumptions applied here include:

1. The retention of BPs byurban surfacefCiet) when emittedria runoff, was
assumed to be zerdlowever, runoff ratios for urban environments have
been reported to range betwekinand 24 (Pauleit and Duhme, (2000his
information based on the land cover type (e.g. greesas, paved areas,

etc.) could be usetb improveCet for different areas of the city.
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2. The atmospheric transport of certain ENPs, such as the ones emitted with
exhaust, was also assuméa be zero. Howevercurrently available
atmospheric transport mek$ could be integrated to generate more accurate
predictionsof the transport of these ENBEwough urban environmentk
fact, the modular nature of the framework makes it very versatile in terms
of its inherent flexibility to integrate additional moeéslor release pathways
that have not yet been identified but that could become relevamtriain
types of cities or other emerging pollutants.

3. Improvements in the onitoring campaignauld alsobemade by increasing the
length as well as its spat@ahdtemporalresolution. Also, some improvements in
the spatial analysis are previewed as future work. For example, specific location
of drainage system outlets were readily available and their integration in the river
model for a more accurate estimationtod £mission profiles is recommended.

4. Release rates from outdoor paints were stablished based on the assumption that
all ENPs contained in the product would be released during a stablished usage
duration periodHowever, less conservative valuesRuiease could be derived
from outdoor paints weathering experimental studies such as the ones performed
by Al-Kattan et al. (2013), or Zuiet al, (2014)

While the use of assumptions and extrapolatiaescharacteristic of mathematical
modelling, withlocal scale modeltig (such ashe urban modellingdepicted herethe
associateduncertaintycan bereduced, since more detail and control over the main

uncertainty contributing factors &hieved.

Finally, analytical methods such &sngle particle inductively coupled plasi mass
spectrometry (spICGIMS) and multi-element detection (timef-flight) spICRTOFMS

are becoming available asmerging techniquecapable of simultaneously measuring
nanoparticle size and number concentration of hwataining nanoparticlest
enviornmental levelfGondikaset al, 2018; Montoro Bustost al, 2018) Therefore,
future work could useghese techniques to validatee proposed model by carrying
sampling camaigrs in the modelledarea. Meanwhile, measurement of total Ti
concentration in surface waters could as well be used as upper limit on the estimated TiO

ENPs concentrations.
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6.4 Conclusions

In the introduction of thishesis,three main objectives weestabished and wthin this
PhD, each of them h&®en addressedhe three objectives were:

4) To develop a modelling framework that accounts for the complexity of urban
systems and allows the estimation of spatially and temporally resolved ENP
emissions, as wedls ENP exposure levels.

5) To parameterisehis framework locally for the characterization of the ENP
emissions of a case study city.

6) To parameterise the framework with the obtained emission results and the most
relevant water quality parameters of the stuamhga obtained from a local
monitoring campaign, in order to characterize the ENP exposure levels of the city

and the potential risks posed.

The main contribution of the research performed is #hD has been to shift from
national/regional scalessessme of ENPemissions and fate modelling to the urban locall
scale, providing emission and exposure estimates at high levels of spatial and temporal
resolution. For the first time spatidly and temporally resolved ENémission model has
been integrated with spatially reolved dynamic fate model, providirrghigh level of

detail about the sources, pathways and main drivers of emissioassuaate@xposure

of ENPs in cities. Tie presented modelling framework has the potential to be adapted to
other urbarcontaminants, becoming a potential enablenofe refined ERAs that are
able toaccount for the spatial and temporal variations of pollutant expoShee.
presented novel approach highlights the significance of providing higher-tpaporal
resolutionof emission and exposure estimates for a more comprehensive ENPs risk
assessment his approach could contribute &full probabilistic risk assessment (e.g.
expected total risk)y integratinghe distribution of environmental exposure and the SSD

to give a different mease of risk. This could providmore meaningfuinsights to the

ERA, althoughmight be contested aess pragmatic in regulatory risk assessment

schemes.
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Appendices

APPENDIX 1

Al. Supplementary information Chapter 4

Al.1 Study Area

Table All. Connections between hydrological zones (HZ), river sections (RS) and
Sewage treatment plants (STP) serving the city of York. Population served by each STP
according to Yorkshire Water Limited in parenthesis.

River Sed¢ion HZ STP connection (pop
connection  served)

OUSE_1 HZ1 -

OUSE 2 HZ2 Rawcliffe (28022)
OUSE_3 HZ3 -

OUSE_4 Hz4 -

OUSE_5 HZ5+HZ6 -

OUSE_6 HZ11+HZ12 Naburn (168594)
FOSS 1 HZ10 Haxby (20105)
FOSS 2 HZ9 -

FOSS 3 HZ8 -

FOSS 4 HZ7 -
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Al.2 Emissions model parametrization

Table A12. Selection criteria of the values of the maximum (Max), minimum (Min) and average (Ave) scenarios of ENPs concentration in the
product (CENP) per case study.

Case study Cenp Estimation

Fuel additive CeQ Min= 5mg/L From Johnson and Park, (2012). Min and Max values are the ones claimed
Ave=6.25 mg/L* two producers (Rhodia and Envirox)
Max=7.5 mg/L

Outdoor pairt TiO2 Min=3 % wt Min value takerfrom Hischier et al. (201%nd max from AlKattan et al. (2013
Ave= 4.5 % wt*
Max= 6% wt

Outdoor paintAg Min= 0.001% wt Min and max values taken frofiiedeet al, 2016)
Ave= 0.05% wt*
Max= 0.1% wt

SunscreenTiO; 6.95% wt x 60% = 0.0417 From the consumer survey perform&etller et al, 20144 (US).

Ceneis estimated as by multiplying the ingredient concentration by the fracti
ingredient that is100 nm or less.

Makeup TiO2 5.4% wt x 60% = 0.0324 From the consumer survey performed(Kgller et al, 20143 (US).
Ceneis estimated as by multiplying the ingredient concentration by the fracti
ingredient that is <100 nm or less.
ToothpasteTiO- 0.5% wt x 0.6% = 0.00003 From the consumer survey performed(kgller et al, 20143 (US).
Cenris estimated as by multiplying the ingredient concaitin by the fraction o
ingredient that is <100 nm or less.
Textiles (clothing) Ag  Min=0.005% wt From(Tiedeet al, 2016)
Ave=0.1375%*
Max=0.27 % wt
ToothpasteAg 0.0008% wix 39.7% = 0.000003176 From the consumer survey performed(kgller et al, 20143 (US).
Cenris estimated as by multiplying the ingredient concentration by the fracti
ingredient that is <100 nm or less

Values marked with * were estimated as the awerag
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Table A13. Selection criteria of the values of the maximum (Max), minimum (Min) and average (Ave) scenarios of the market pentteation of
product (Fpen), per case study.

Case study Fpen (%) Estimation
Fuel additive CeQ 100* Values coul dndét be found in the |[Iit
Outdoor paint TiO- 1% From(Tiedeet al, 2016). Reported value of market share by the observatorynan

project: "Today aproximately 1% of the construction related products on the n
have nanoenhanced features"

Outdoor paintAg 1% From(Tiedeet al, 2016) Reported value of market share by the observatorynan
project: "Today aproximately 1% of the construction related products on the n
have nanoenhanced features"”

SunscreenTiO; 23.30% Average valuds taken fornm(Keller et al, 20143 estimated fraction of product on tt
market that contains ENM

Makeup TiO2 52.3% Average value is taken forifKeller etal., 201443 estimated fraction of product on tt
market that contains ENM

ToothpasteTiO- 50% Average value is taken forifiKeller et al, 20144 estimated fraction of product on tt
market that contas ENM

Textiles (clothing) Ag 1% From (Tiede et al, 2016) 1% corresponding market share extracted from
Observatorynano EU project

ToothpasteAg 0.10% Average values taken forn{Keller et al, 201443 estimated fraction of product on tt

market that contains ENM
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Table Al4. Selection criteria of the values of the maximum (Max), minimumn) @id average (Ave) scenarios of the ENPs release rate (Rrelease),

per case study.

Case study

Fuel additive CeG

Outdoor paint TiO-

Outdoor paintAg

SunscreenTiO;
Makeup TiO2

ToothpasteTiO-

Textiles (clothing) Ag

ToothpasteAg

Rrelease
Min=1%
Ave=3%*
Max=5%
I rain /3881

Irain X 03/554

93%
73%wt
100%
20%

100%

Values marked with * we estimated as the aveeag

Estimation
From (Johnson and Park, 201Nlin and Max values from independent tests base:
2,000 miles of driving indicate tha

removing between 95 and 99% of-16500nm particles.

Rrelcasewas estimated athe rainfall intensity of the dafl..in ) divided by therainfall
generated during the use release duration of the product (assuming all ENPs are
during this period of time}rom(Sunet al,, 2016a)use release duration is 7 years. |
York 388 mm of rainfall generated in the last 7 years

From the experimental study (faegiet al, 2010) 30% of paint was released ovel
year period. Rrelease= 0.3/rainfall of 1 year. (average yearly rainfall Yorkn888 =
554 mm)

From (Keller et al, 2014) transfer factor to WWTPs reported from the survey on |
disposal in the US.

From (Keller et al, 2014) transfer factor to WWTPs reported from the survey on |
disposal in the U.S

From (Keller et al, 2014) transfer factor to WWTPs reported from the survey on |
disposal irthe US.

From (Lorenz et al, 2012) the fraction of Ag released in one washing/rinsing c\
compared tohe initial amount was 20%, 14.8%, 23.5% and 17.6% for texfilés 4
From(Keller et al,, 2014), transfer factor to WWTPs reported from the survey on |
disposal in the US.
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Table A15. Selection criteria of the values of the maximum (Max), minimum (Min) and
average (Ave) scenarios of the product usage (Usage), per case study.

Case study
Fuel additive

CeQ

Outdoor pairt

TiO2

Outdoor pairt

Ag

Sunscreen

TiO2

Makeup TiO2

Toothpaste

TiO2

Textiles

(clothing) Ag

ToothpasteAg

Usage
HZ specific

0.35kg/m
0.248 kg/n

Max = 1.9 g/pc/d
Ave = 0.97 g/pc/d
Min = 0.04 g/pc/d
Max = 0.6 g/pc/d
Ave = 0.33 g/pc/d
Min = 0.06 g/pc/d
Max = 4 g/pc/d
Ave = 2.4 g/pc/d
Min = 0.8 gpc/d

89g/pc/d
Max = 4 g/pc/d

Ave = 2.4 g/pc/d
Min = 0.8 g/pc/d

Estimation

From(Hischieret al, 2015)
From(Kaegiet al, 2010)

From(Biesterbost al, 2013)

From(Biesterbost al, 2013)

From(Biesterbost al, 2013)

Assumption made byTiede et al, 2016)
based on the UK consumptions of texti|2§

t per year)

From(Biesterbost al, 2013)

Values marked with * were estimated as the averag

Table A16. Number of buses @ulating per HZ from Monday to Friday (Week) and on
Sundays and the corresponding fuel consumption (L)

HZ N° buses Fuel Usage (L) N°buses Fuel Usage (L) Distance
Week days Week days Sundays Sundays travelled (km)

HZ1 1044 1768 511 802.5 86.421
HZ2 1038 942.6 504 440 49.195
HZ3 4909 1397.4 2328 717.4 47.576
Hz4 1724 712.7 811 276.6 31.411
HZ5 999 583.5 469 237.5 30.194
HZ6 1100 1062.4 541 513.3 48.896
HZ7 2092 1818.1 991 827 79.55
HZ8 836 1809.3 342 644.7 75.725
HZ9 224 165.4 59 60 8.452
HZ10 105 97.8 51 47.5 4.463
HZ11 196 98.2 54 29.5 7.415
HZz12 588 549.9 255 199.1 30.246
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Table A17. Building composition by building type percentage (i.e. Detached,
semidetached, terraced and flats) and paint use frequencies ethtteaneach HZ of the
city of York.

HZ %Detached %Semidetached %Terraced %Flats Paint use SA

frequency painted
(m%)

HZ1 26.9 24.6 25 23.5 34.7 2283982.4
Hz2 33.1 36.6 16.5 13.8 21.8 1494383.1
HzZ3 19 28.5 33.2 19.4 100.0 345820.9
Hz4 7.5 23 46.4 23.1 311 626170.3
Hz5 11.2 21.7 36.4 30.6 26.8 417796.0
HzZ6 12.4 21.2 36.5 29.9 16.7 707299.4
HZ7 26.3 34.8 22.5 16.4 49.2 1436482.3
HzZ8 11.9 27 36.2 25 24.0 1878420.8
HZ9 13.6 22.1 40.8 23.5 41.2 367528.8
HzZ10 37.7 15.9 31.3 15.1 52.5 321102.8
HZ11 22.4 17.7 43.7 16.2 14.7 78350.9
HzZ12 13.9 20.9 42.7 22.6 37.2 601220.6

Al.3 Results of emission estimates

Table A18. Estimated total mass of each ENP available for loss and actual estimated
mass emitted in York during the peristdidied (from the 1st of January until the 15th of
December of 2016) for the AVE scenario per case study (ENFPtggleict type).

Mass of available %

ENP Product Type ENPs for_ Loss in _ E)l':ezrl]glraet(lj\{gte d % contribution
type York during 2016 in losses in K Loss to t_ota_l
Kg 9 emission

CeO, Fuel Additive 22.1 0.60 2.7 100

Tio,  Outdoor paint 118.6 12 10.2 12.7
Sunscreen 714.9 70 9.8 73.2
Makeup 173.1 13 7.6 13.9
Toothpaste 2.73 0.29 10.5 0.3

Ag Outdoor paint 0.93 0.10 10.2 5.921
Textle 94.5 151 1.6 94.076
Toothpaste  5.8x10* 4.6x10° 7.9 0.003

159



APPENDIX

Appendix 1

Table A19. Estimated total mass of each ENP available for loss and actual estimated
mass emitted in York during the period studied (from the 1st of Janoakyhe 15th of
December of 2016) for the MIN scenario per case study (ENPPxquiict type).

Mass of available

%

. Cumulative S
ENP ENPs for Loss in . % contribution
type Product Type York during 2016 in total pr_edlcted Loss  to total
losses in Kg o
Kg emissin
CeO, Fuel Additive 17.7 0.16 0.9 100
Tio, Outdoor paint 79.1 8.06 10.2 94
Sunscreen 29.5 0.27 0.9 3.2
Makeup 31.5 0.23 0.7 2.7
Toothpaste 0.91 9.1x10° 1.0 0.1
Ag Outdoor paint 0.02 1.%10° 10.2 22
Textile 3.4 6.7x10° 0.2 77.98
Toothpaste 1.%10* 1.%10° 1.0 0.02
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Al.4 Schematic representation of Emissions Model

Appendix 1

Emissions Estimation Model

MAIN Emissions Model

* Scenario set up
Uncertainty analysis set up

Select case study by selecting:
. Product type
. ENP type
. Time period of study
Load relevantinformationforthe chose case study

Emissions Model function F1

YV VVYVY||lWV

Load pathways table and direct to the corresponding pathway emission function depending on the producttype
Load the required inputs for estimating the emissions: Cret; CENP; Fpen; Rrelease

Load HZ table (emissions are estimated per HZ and then translated to RR)

Load calendar table (emissions will be obtained as loads of ENPs per calendar day)=> tlag

) ( %rr;iss_ HZ_1 HZ 2
ret) + PEmiss * (1 — Fs B = = .
01/01/2015 ED'"t'ss—D —
02/01/2015 2e = i
ERo = PEmiss * - Crer) . Tlag 01/01/2015
Emiss_RO 02/01/2015
Ep = Pemiss * Tiag Date HZ_ 1 HZ 2
01/01/2015
02/01/2015
HZ FuelUsage L d river_secti STP_kg_da road_runo other_kg_t
Pemiss = Cenp * Uprod * Fpen * RRel ——
e pro@ “bem THeReas HZ_1 1651.226872 832?—; g g'g;: g
HZ_2 771.1166745 = .
Ugrod Prr:iduct dependent: HZ 3 1240.885633 STP k RO kg D kg QUSE_3 0 0.057 0
. Cosmetlss_a nd. personal care products: Uyroq=0 - Pop HZ 4 631.4040467 7 ey OUSE_4 0 0.0295 0
+ Fueladditives: Uyoq=F -; OUSE_S 0 0.0731 0
* Maintenance products: Upog=u-sa:- 1 - - HZ 1 OUSE 6 0 0.0326 0
» Construction materials: U o= u-sa/t \A HZ PaitUsage_L_d HZ 2 FOSS_l 0 0.00426 0
* Paints and surface coatings: U ,q =u-sa/r HZ 1 16872 HZ73 " -
HZ 2 771.1 = FOSS_2 0 0.00756 0
HZ_3 1563 LA FOSS_3 0 0.0777 0
HZ_4 631.67 FOSS_4 0 0.0793 0

Figure A.11. Schematic representation of Emissions Model
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A2. Supplementary information Chapter 5

A2.1 River fate model pameterisation

Appendix 2

Table A21. River sections connectivity, dimensions and segmentation

RS Flow into Length (m)  Width (m) Depth (m)  N° of boxes
Ouse 1 Ouse 2 5600 38.5 3 7
Ouse 2 Ouse 3 1770 43.6 3 2
Ouse_ 3 Ouse 4 1236 45.5 3 2
Ouse 4 Ouse 5 479 44.8 3 6
Ouse 5 Ouse 6 2071 28.3 3 3
Ouse_6 - 2383 135 3 3
Foss 1 Foss 2 5853 6.9 2 8
Foss 2 Foss 3 3977 6.5 2 5
Foss 3 Foss 4 454 11.8 2 6
Foss 4 Ouse 4 15% 17.6 2 2
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Table A22. River parametersSource: adapted frorfPraetorius, Scheringer and Hungghter, 2012

Parameter Symbol Value Unit
Depth of moving water (w1) 0 3 (Ouse), 2 (Foss) m
Depth of stagnant water (w2) 0 0.4 m
Depth of the sediment (sed) 0 0.02 m
Cross sectional area of fiflgbx of moving water 0 hwi X widthw, m?
Cross sectional area of last box of moving water 6 j 1D j m?
Volume of box n of moving water (wl) W 0 n 0 § AN m’
Volume of boxn of stagnant water (w2) W pglk Eﬁb B m
Volume of box n of sediment (sed) W § LPED m?
Sediment density " 2.5 gcm?®
Porosity of sediment 0.85 -
Mass of sediment in box n of river sexnt a p J M j kg
River flow velocity (VI Estimated per RS mg!t
Velocity of sediment transfer (bed load shift) 0 3.0 kgs?
Sediment resuspension velocity 0 1.0 x 10° mg!t
Sediment burial velocity to deep sediment 0 3.42 x 16° mg!t
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Table AZ3. Rate constant of processaghe river model. Source: adapted frgRraetorius, Scheringer and Hungghrler, 2012)i=1..i

Parameter Symbol Value Unit
Water exchange rate constant between moving water and stagnan 'Q 1x10° st
Water exchange rate constant between stagnant water and moving 'Q 0 w st
h —
()
River flow rate constant of box n KO 0 st
“ 0§ %G
A
Heteroaggregation rate constant between @@ SPM o) | Jo D st
Settling velocity of TiO2 ENPs \ g " st
g veloclty O 25— 900
Settling velocity of SPM ‘ g " ! st
g velociy : S5 om
Sedimentation rate constant of TiO2 ENPs in moving water Q 0 st
o
Sedimentation rate constant of TiO2 ENPs in stagnant water Q 0 st
o
Sedimentation rate constant of SPM in moving water Q v st
o
Sedimentation rate constant of SPM in stagnant water Q v st
Ccn
Sediment rsuspension rate constant ko) u st
Q
Sediment burial rate constant to the deep sediment ko) v st
Q
Rate constant of horizontal sediment transfer (bed load shift) of bo. "Q U h st
a i
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Table A24. ENP and SPM parameters. Source: adapted ffBraetorius, Scheringer and Hungghler, 2012

Parameter Symbol Value Unit
radius TiQ ENPs makeup 1 j 25/2=12.3 nm
radius TiQ ENPs sunscreen [ 25/2=12.3 nm
radius TiQ ENPs toothpaste [ 450 nm
radius TiQ ENPs paint i 5 150 nm
Diameter & TiO2 ENPs 0 i X nm
Fractal dimensions of TEENP aggregates O 2 -
Density of bulk TiQ " 4.23 g cnt
Density of aggregated TYENPSs " ” an ” 2w g cnm®
W

Vector with input TiO2 ENPs flow for each bc n Specific tothe day m3s?t
Radius of SPM 1 8500 nm
Average density of SPM ” 2 g cnm®
Sc_)lid volulme in the fractal aggregate filled wi ¢ . 0 o m®
primary TiO; ENPs - — 0 JE—

o C C
Total volume in the fraal aggregate & S 3” vas s DO By G me

W "0 o0l e

a(Keller et al, 20143; b. (Kaegi et al., 2008Neir et al., 2012k. (Kaegiet al, 2008)
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Table A25. Table of constants needed for the river model. Source: adaptedPhiaetorius, Scheringer artlingerizhler(2012

Parameter Symbol Value Unit
Shear rate O 10 st
Dynamic viscosity of water : 1.002 mPa s
Water density " 1000 kg nt3
Boltzmann constant Ko) 1.38x10%° JK?!
Gravitational acceleration on earth "Q 9.81 m s?
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A2.2 River fate model equations

From Praetorius et al (2012), the first order differential equations to express th

concentration changes per river compartment are listed here:

1 Free TiQ ENPs n the first box of moving water

Q & Q v v Q i Q aw 0
] (A2.1)
0 i 3—::10 EOn
1 Free TiQ ENPs inboxes 2 t0 kbxesOf moving water:
i Qs QR Qs D ;0
Q 3—:31) S I o aLh:u PO (A22)
Forn=2, ..., fxes
1 Free TiQ ENPs in stagnant water:
i QT ; Q: 0 Dy 0 Q
Q 3—::11) P 0 (A2.3)
Forn=1, , thdxes
1 Free TiQ ENPs in the first box of sediment:
h Q Q Q 0 Q0
5 (A2.4)
h 3:) R O
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