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RESUME ETENDU

Les nanomatériaux (NMs) font aujourd’hui partie intégrante de nombreux produits de consommation,
constituant ainsi une part de plus en plus importante du marché mondial. Les NMs de TiO; sont
produits a hauteur de 550 a 5500 tonnes par an, se plagant au deuxieme rang européen et mondial en
termes de production industrielle de NMs (Piccinno et al. 2012). Ils sont utilisés notamment dans les
crémes solaires pour leurs capacités d’absorbance des rayons ultraviolets, ainsi que dans les procédés
de traitement des eaux et les revétements de fagade pour leurs propriétés photo-catalytiques. Ils
pourraient donc se retrouver en quantités non négligeables dans les différents compartiments
environnementaux (air, sol, eau, sédiments). Les NMs sont définis comme des matériaux contenant au
moins 50 % de particules dont au moins une des dimensions est inférieure a 100 nm (European
Commission 2012). Du fait de leur petite taille, les nanoparticules (NPs) ont une grande réactivité, ce

qui les rend intéressantes pour le développement de nombreuses applications industrielles.

Bien que I'opinion publique s’inquiéte de I'exposition potentielle des hommes et de I'environnement
a ces NMs, la législation peine a réglementer leur utilisation. Ceci est dil au manque de connaissance
que I'on a de leurs propriétés spécifiques, de leur devenir et de leurs effets potentiels dans
I’environnement. Le programme européen REACH (Reglement sur |'enregistrement, I'évaluation,
I’autorisation et les restrictions des substances chimiques) reconnalt que ces matériaux ont des
propriétés spécifiques, et travaille a leur prise en compte dans la législation (European Commission
2008). En France, la loi du Grenelle de I'Environnement (2010-967 du 3 Ao(t 2009, section 42.2009 et
2010-788 du 12 Juillet 2010, section 185.2010) s’applique en termes d’information du public, mais ne

régule pas le marché des NMs manufacturés.



La demande sociétale pour une meilleure compréhension du devenir des NMs et de leurs impacts et
risques potentiels a été a I'origine du lancement du programme MESONNET (Mesocosm network for
Environmental Nanotechnology Risk Assessment) de I’Agence Nationale pour la Recherche, dans
lequel s’inscrit cette these. MESONNET réunit différents laboratoires de chimie, d’hydrologie et

d’écotoxicologie, ceuvrant a l’évaluation des risques environnementaux des NMs.

L'objectif principal de cette these est donc d’évaluer les impacts et risques environnementaux
potentiels des nanomatériaux manufacturés de TiO,. Pour ce faire, deux méthodologies ont été
choisies et combinées en un outil unique, ’ACV-ER : I’Analyse du Cycle de Vie (ACV) et I'Evaluation des
Risques (ER). L'ACV est une méthodologie normalisée (ISO 2006a; ISO 2006b) permettant d’évaluer les
impacts potentiels d’un produit, d’'un service ou d’une substance sur les différents compartiments
environnementaux, tout au long de son cycle de vie, c’est-a-dire depuis la production des NMs jusqu’a
la fin de vie des nanoproduits dans lesquels ils sont insérés, en passant par leur fabrication et leur
utilisation. L’évaluation des risques environnementaux est une méthode d’évaluation
environnementale donnant des magnitudes ou des probabilités d’occurrence de dommages causés
par les activités humaines ou les catastrophes naturelles (Savolainen et al. 2010). La combinaison de
ces deux méthodologies est facilitée par le fait qu’elles requiérent le méme type de données : une
analyse du devenir des NMs et une analyse de leurs effets. Le devenir des substances comprend leurs
émissions, leurs transferts au sein d’'un méme milieu mais aussi entre différents compartiments
environnementaux et leurs transformations (agrégation, dégradation). Ces parametres sont modélisés
afin d’estimer leurs concentrations et leurs temps de résidence dans les différents compartiments
environnementaux (air, sol, eau, sédiment). Les effets potentiels des substances sur les organismes
sont évalués par des tests de toxicité. C'est la combinaison de ces données de devenir et d’effet qui

permet de calculer I'impact ou le risque environnemental de la substance considérée.



Afin de réduire les incertitudes liées au devenir des NMs dans les différents compartiments
environnementaux, une échelle « site-spécifique » a été utilisée. Elle permet de prendre en compte
les parametres environnementaux et anthropiques spécifiques au site étudié et d’évaluer les risques
et les impacts des NMs de TiO; a I’échelle locale. La mise en ceuvre de cette échelle « site-spécifique »
a été possible grace a une collaboration avec une entreprise de production de NMs de TiO; (CRISTAL,
localisée a Vieux-Thann en France). Cette entreprise nous a permis d’échantillonner leurs effluents
industriels rejetés vers lariviere et nous a fourni des échantillons de production sur lesquels nous avons

pu réaliser des expériences en laboratoire.

L'aire d’étude comprend ainsi I'usine de production de TiO; et le site de traitement des déchets qui y
est associé, ainsi qu’une surface d’une dizaine de km? autour de cette usine (Figure 1). Plusieurs types

d’effluents industriels provenant de I'usine sont dirigés vers la riviére Thur :

o Les effluents T collectent les eaux de pluie et de refroidissement des procédés. S'ils répondent
a certains criteres de conformité, telle la turbidité, ils sont rejetés dans un canal usinier, qui
rejoint la riviére au point 4 (Figure 1).

o Les effluents acides, provenant directement des chaines de production, sont envoyés vers la
station de traitement des déchets de I'Ochsenfeld, qui les neutralise a la chaux avant de les
diriger vers la riviere, au point NN.

e Les eaux de ruissellement du terril de I'Ochsenfeld sont rejetées en NNR.

Cette these traite donc deux étapes du cycle de vie des NMs, qui sont leur production et leur fin de vie

a cette étape de production.



Figure 1 : Localisation de I'aire d’étude et points d’échantillonnages des eaux, sédiments et sols

Les objectifs spécifiques de cette these, sont :

e comprendre le comportement des NMs manufacturés de TiO, dans le milieu naturel
environnant I'usine de production, par la quantification des masses de NMs de TiO; disponibles
dans I'environnement et par I’étude du comportement d’agrégation de ces NMs dans le milieu
naturel (approche analytique) ;

e construire un modele combinant ACV et ER en utilisant une méthode probabiliste de
modeélisation, I'lapproche bayésienne.

Pour y parvenir, une double approche analytique et de modélisation a été menée. Ces deux approches

sont étroitement liées, puisque les résultats obtenus sur le terrain et en laboratoire ont permis



d’alimenter le modele, qui a lui-méme permis de déterminer les paramétres devant étre obtenus par

des mesures et des expériences de laboratoire.

L’approche analytique : présentation et résultats.

Deux volets composent cette approche :

1) Les analyses d’échantillons d’eaux industrielles, d’eau naturelle, de sédiments et de sols ont
permis de déterminer les concentrations en TiO, auxquelles les organismes sont exposés dans chaque
compartiment du milieu, et I'influence potentielle des rejets de I'usine sur la composition chimique
des eaux, des sédiments et des sols. L'échantillonnage a été réalisé de fagon systématique, sur une
dizaine de kilomeétres le long de la riviere dans laquelle les effluents industriels sont rejetés, d’amont
en aval de I'usine (Figure 1) et a chacune des saisons de I'année 2014 (janvier, mai, ao(t et novembre)
ainsi qu’en mars, lorsque seule la chaine de production des NMs de TiO; fonctionnait dans 'usine. Les
concentrations en Ti ont été déterminées par ICP-AES, aprées attaque acide des échantillons d’eau et
fusion alcaline des échantillons de sols et de sédiments. L’analyse quantitative des NMs de TiO; a été
complétée par I'imagerie en microscopie électronique a balayage (MEB) et en transmission (MET) des

filtres utilisés lors de la préparation d’échantillons d’effluents industriels (Figure 2).
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Figure 2 : Techniques utilisées lors de la préparation et de I’analyse des échantillons d’eau, de

sédiments et de sols

2) Une caractérisation précise de ces NMs a été réalisée afin de comprendre leur
comportement d’agrégation dans I’eau. Les NMs de TiO; ont été analysés en diffraction des rayons X
pour déterminer leur cristallinité, en microscopie électronique en transmission pour déterminer leur
taille et leur forme et par la méthode Brunauer-Emmet-Teller pour obtenir leur surface spécifique.
Leur stabilité en suspension a été étudiée en spectrométrie UV-visible et en turbidité sur plusieurs
jours. L’évolution de la taille des agrégats de TiO, au cours du temps (= 30 minutes) a été analysée en
diffraction laser et en diffusion dynamique de la lumiere (Figure 3), dans I’eau distillée et dans I’eau de
riviere filtrée (0.22 um) pure, apres ajout de matiére organique dissoute (acides fulviques), et en
présence de particules d’argile (illite). Cette argile a été préalablement identifiée comme étant

présente en proportion importante dans la matiére en suspension transportée par I’eau de riviere.
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Figure 3 : Conditions expérimentales des expériences d’agrégation des NMs de TiO, dans I'eau de

riviere. DDL : Diffusion dynamique de la lumiére.

Les résultats de microscopie ont révélé la présence des NMs de TiO, produits par I'usine dans I'effluent
T et dans I"échantillon d’eau prélevé au point 4. Les analyses des échantillons naturels montrent que
les mesures réalisées lors de la campagne de mars sont similaires a celles réalisées lors des autres
campagnes. Tous les résultats d’analyse des échantillons sont donc représentatifs de I'activité de
production des nano-TiO. Il a ainsi été montré que les eaux et les sols prélevés sur |'aire d’étude sont
significativement impactés par cette activité industrielle, alors que de plus faibles variations de I'amont
vers l'aval des concentrations en Ti ont été mesurées dans les sédiments. La faible conductivité
mesurée dans I'effluent T ne favorise pas I'agrégation des NMs de TiO,, ce qui explique le transport
préférentiel des NMs vers I'aval plutot que vers le fond de la riviére, et donc les concentrations en TiO»
relativement faibles qui ont été mesurées dans les sédiments du point d’échantillonnage 4. A'opposé,

de fortes conductivités ont été mesurées dans les effluents NN et NNR, ou les NMs sont certainement




présents sous forme de gros agrégats a la sortie du tuyau et pourraient ainsi sédimenter
immédiatement aprés rejet. Pour mieux comprendre le comportement des NMs de TiO, dans la riviére,

des échantillons supplémentaires pourraient étre collectés plus prés des points de rejets industriels.

La concentration relevée dans I'eau de riviére atteint 60 pg.L? au point d’échantillonnage 4. Cette
concentration est suffisante pour induire des effets sur les organismes (Ma et al. 2012). L'écosystéme
aquatique pourrait également étre significativement impacté, bien que trés localement, par les

augmentations de température et de conductivité qui ont été mesurées, induites par les rejets.

Cette étude a montré que l'utilisation d’eau synthétique n’est pas suffisante pour comprendre le
comportement des NMs de TiO, dans la riviere. Plusieurs parametres physico-chimiques de ces eaux
sont contrélés (par exemple pH, la concentration en sels et la teneur en matiere organique sont
ajustés). Mais il est important de réaliser les expériences d’agrégation dans de I’eau naturelle, afin de

prendre en compte la grande diversité des molécules organiques et des ions présents dans cette eau.

Dans I'eau de riviere prélevée en amont de |'usine étudiée et de ses rejets, la présence d’acides
fulviques en concentration suffisante entraine une diminution de la taille des agrégats de TiO,. De plus,
lorsque la concentration en TiO, est inférieure & 10 mg.L?, les NMs ne s’agrégent pas, ni par homo-
agrégation, ni par hétéro-agrégation avec l'argile. Ces résultats suggérent que dans ces conditions les
NMs de TiO, sont d’une taille facilement transportable le long de la riviere étudiée (< 600 nm) et

peuvent étre assimilés par les organismes aquatiques vivant dans la colonne d’eau.

En présence de Ca®* en concentration plus importante, aucun effet de la teneur en carbone organique

dissous (COD) n’est observé a des concentrations inférieures a8 5 mg.L ™. Cependant, il est montré que



les NMs de TiO; s’agregent systématiquement aux particules d’illite, méme a de faibles concentrations.
Ces résultats permettent de conclure que dans des eaux ou les charges cationiques sont importantes,
la sédimentation des NMs de TiO;, et leur transport le long de la riviere sont déterminés par le
comportement des particules d’argile. Ce pourrait étre le cas, sur le site d’étude, au point
d’échantillonnage 5 (en aval des points de rejets NN et NNR), ou des concentrations pouvant atteindre
1,73 mM ont été mesurées. A cet endroit, les organismes benthiques seraient ainsi plus facilement

exposés au NMs de TiO,.

La caractérisation précise des NMs, des paramétres environnementaux du milieu dans lequel elles sont
rejetées, et la détermination de leur agrégation potentielle dans ce milieu permettent de réduire les
incertitudes concernant le devenir des NMs dans |'eau. Toutefois, I'approche « site-spécifique » utilisée
ici ne permet pas de les éliminer en totalité. En effet, la stratégie d’échantillonnage et les outils
analytiques mis en ceuvre n’ont pas permis de déterminer avec certitude la totalité des valeurs des
parametres nécessaires a la modélisation du comportement des NMs de TiO, dans les eaux, les
sédiments et les sols. En outre, il existe des incertitudes concernant les effets écotoxicologiques de ces
NMs. C’'est pour cette raison que la modélisation des risques et des impacts des NMs de TiO; a été

abordée avec une approche probabiliste : le réseau bayésien.

L’approche de modélisation : présentation et résultats.

Les réseaux bayésiens (RBs) se présentent sous forme de graphes acycliques. Cette structure relie des
variables par des liens de cause a effet : les états des variables-parents déterminent les états des
variables-enfants. Pour chacune des variables, une table de probabilité conditionnelle est déterminée.
Elle définit la probabilité que chacun des états d’une variable se produise, en connaissant les

distributions de probabilité des variables-parents (Figure 4). Les états des variables, ainsi que les



probabilités qui leur sont associées, peuvent étre déterminées d’aprés la littérature ou par

expérimentation en laboratoire, ou encore par calcul.
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Figure 4 : Construction d’un réseau bayésien

L'utilisation de distributions de probabilités permet de prendre en compte les incertitudes inhérentes
au modele, de les visualiser directement sur le modeéle, et donc d’identifier les variables nécessitant
des recherches plus approfondies. De plus, les informations relatives a chaque variable peuvent étre
facilement actualisées a mesure que la recherche avance et que de nouvelles données sont produites.
Ce sont ces deux points qui font la force d’un tel modéle, et qui justifient son utilisation pour

|’évaluation des risques et des impacts des NMs de TiO..

Comme cela a été dit précédemment, le risque d’une substance s’évalue d’une part grace a des
parametres influant sur son devenir, et d’autre part grace a des valeurs d’écotoxicité. Un premier RB

a été construit, modélisant le devenir des NMs de TiO, dans les effluents industriels et dans les eaux



naturelles. Il aboutit a la détermination des concentrations en nombre des NMs et de leurs
distributions en taille dans I'eau et les sédiments de la riviere étudiée (Figure 5). Deux effluent (T et
NN) et deux sections de riviere (du rejet T au point 4 et du rejet NN au point 5) ont ainsi été considérés

(cf. Figure 1).

Propriétés des NMs Propriétés de Peffluent

| |

EFFLUENT

Partie |
Distribution en taille des NMs de TiO,
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Ry

SEDIMENT
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de TiO, dans |'eau et les sédiments

Figure 5 : Conceptualisation du modele de devenir

La structure de ce réseau a été construite a partir de la littérature disponible et de discussions avec
des membres du CEINT (Center for Environmental Impacts of Nanotechnology). Les données
concernant les variables sont basées sur des expériences de laboratoire et des analyses d’échantillons
collectés sur le site étudié ainsi que sur différents modeles comportementaux des NMs précédemment
établis. Les calculs de concentrations et de distributions en taille ont été réalisés a I'aide de code
Fortran, en utilisant des équations cinétiques développées par Thill et al. (2001) et Praetorius et al.
(2012). Les paramétres anthropiques et environnementaux, ainsi que les concentrations en TiO;
mesurées dans les effluents a chacune des campagnes ont été intégrés dans les calculs, de facon a

réaliser des simulations correspondant a chague campagne d’échantillonnage et a chaque effluent et



section de riviere étudiés. Les simulations ont été réalisées avec plusieurs valeurs du coefficient
d’efficacité d’attachement et de la dimension fractale des agrégats, car ce sont ces parameétres qui
présentaient des incertitudes. Cette modélisation a donné lieu a deux types de résultats, obtenus dans

les effluents industriels et dans I’eau et les sédiments de la riviére :

e Les concentrations en nombre des NMs de TiO, dans chacune des classes de taille étudiées,
calculées a partir des codes Fortran ;
e Les probabilités d’occurrence de ces NMs dans chacune des classes de taille considérées,
calculées a I'aide de I'application Netica v. 4.16 (Norsys Software Corporation, Figure 6).
Une analyse de sensibilité a ensuite été réalisée, permettant de déterminer I'influence de la variation
du coefficient d’efficacité d’attachement et de la dimension fractale des agrégats sur les résultats

obtenus.
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Les résultats ainsi obtenus sont cohérents avec les mesures réalisées sur les échantillons naturels,
puisqu’ils indiquent de plus faibles concentrations en NMs de TiO, dans les sédiments que dans la
colonne d’eau. Toutefois, a une dimension fractale de 2,9, la sédimentation des NMs de TiO, semble
plus rapide que les processus d’homo- et d’hétéro-agrégation. Par ailleurs, I'analyse de sensibilité du
modele a mis en évidence le besoin de caractériser précisément la dimension fractale des agrégats,
surtout lorsqu’elle est supposée élevée et lorsque les concentrations en TiO, sont importantes. Ce
parametre est encore difficilement déterminé, alors qu’il est déterminant dans la modélisation de la
vitesse de sédimentation des agrégats, et donc dans I'estimation des concentrations et des

distributions en taille des particules auxquelles les organismes pélagiques et benthiques sont exposés.

Pour calculer le risque associé aux NMs de TiO,, il est nécessaire de lier les données de devenir avec
des données d’effets. Or a I’heure actuelle, aucune donnée écotoxicologique n’est disponible
concernant les effets potentiels des NMs de TiO; libérés dans la riviere étudiée. Toutefois, des tests
ont été réalisés dans le but de déterminer en mésocosmes, simulant un milieu d’eau douce, les effets
de NPs d’anatase de forme cubique et en batonnets (Figure 7). Ces expériences ont été menées a bien
par les partenaires écotoxicologues du projet ANR MESONNET. Ces tests ont été réalisés sur deux
especes vivant en eau douce : Gammarus roeseli et Dreissena polymorpha, qui ont été exposées a des
concentrations de NMs de TiO; inférieures a 1 mg.L™ pendant 21 jours. Plusieurs biomarqueurs ont été
mesurés, a l'échelle cellulaire (capacité antioxydante totale, peroxydation lipidique, production
d’especes réactives de I'oxygéne, viabilité cellulaire et performance de phagocytose) et a I'échelle
individuelle (filtration, ventilation, osmolalité, locomotion et mortalité). Un second réseau bayésien a
donc été construit, permettant d’inclure ces paramétres écotoxicologiques dans I’évaluation du risque

des NMs de TiO, (Figure 8).
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Les résultats ont montré que la forme des NPs d’anatase influence surtout la filtration de D.
polymorpha. De maniére générale, G. roeseli est plus sensible aux NPs cubiques, alors que chez D.
polymorpha, les toxicités les plus élevées sont induites par les NPs en batonnets. Les effets les plus
importants ont été mesurés sur la locomotion de G. roeseli et sur la viabilité cellulaire de D.

polymorpha.

Il existe donc un risque potentiel des NMs de TiO; sur ces organismes. Cependant, une mortalité plus
faible a été mesurée chez D. polymorpha lorsque ces organismes sont exposés aux NMs que dans le
témoin, ceci pour les deux types de NMs testés. Ces NMs pourraient donc avoir un effet protecteur
concernant ce biomarqueur. Ceci montre que la mesure des biomarqueurs a I’échelle de I'individu (tels
qgue la mortalité) n’est pas suffisante pour I'évaluation du risque, puisque ceci peut mener a des
conclusions différentes des observations faites a I’échelle cellulaire. De plus, méme si la toxicité
cellulaire peut étre visible a I’échelle de I'individu a des temps d’expositions plus longs, il peut étre
difficile de mettre en ceuvre de telles expérimentations. Il est donc nécessaire de déterminer les
relations de cause a effet entre les résultats obtenus au niveau cellulaire et ceux obtenus au niveau
individuel, afin de conserver les temps d’exposition et le nombre de tests d’écotoxicité nécessaires a

|’évaluation du risque aussi bas que possible.

La construction de ce réseau a également souligné le besoin de caractériser de facon précise les NMs
étudiés et les milieux-tests, particulierement leur charge de surface et leur distribution en taille dans
le milieu. Les relations entre I'ingestion des NMs par les organismes et leur écotoxicité doivent aussi

étre déterminées, en se basant sur la quantification des NMs dans les organismes. Ceci est nécessaire

pour la détermination des liens entre devenir et effet des NMs, et donc pour la prédiction du risque.



Le développement de ce réseau appliqué aux mésocosmes a donc montré I'importance de continuer
la recherche dans des conditions environnementales pertinentes, puisque des risques potentiels ont
été démontrés a de faibles concentrations en NMs, sur des temps d’exposition de plusieurs semaines.
Il est toutefois nécessaire de réaliser ces mémes tests avec les NMs produits par CRISTAL, puisque
I'intégration de ces résultats dans un réseau qui compléterait celui élaboré pour la modélisation du
devenir des NMs de TiO; sur le site étudié, permettrait d’évaluer les risques environnementaux

associés au TiO, propres a ce site.

Les deux modeles construits pendant cette these ont permis de calculer des constantes d’agrégation,
de sédimentation et de transport des NMs de TiO; a I'échelle site-spécifique. Ces résultats pourront
étre intégrés a des méthodes de calcul d’impact en Analyse du Cycle de Vie, répondant au besoin
exprimé par la communauté scientifique (Salieri et al. 2015). L'utilisation des réseaux bayésiens s’est
montrée pertinente, puisque ce type de modele permet d’intégrer a la fois des valeurs mesurées de
facon précise (par exemple pour les variables de température ou de concentration) et des valeurs pour
lesquelles des incertitudes sont encore a prendre en compte (par exemple I'efficacité d’attachement

ou la dimension fractale).

Les résultats obtenus par I'approche analytique et par I'approche bayésienne concordent a montrer
que la colonne d’eau est le compartiment aquatique le plus impacté. Dans ce compartiment, il existe
un risque environnemental potentiel, puisque des concentrations allant jusqu’a environ 60 pg.L™? ont
été mesurées dans I'eau, alors qu’il a été montré dans la littérature que les NMs de TiO, sont toxiques
envers les organismes a partir d’'une concentration d’environ 30 pg.L™. Toutefois, pour confirmer ou

infirmer cette hypothese, il est nécessaire :

e D’une part, de déterminer de fagon précise la part nanoparticulaire de TiO, présente dans les

compartiments environnementaux, par I'utilisation d’outils analytiques complémentaires (tels



que I'lCP-MS et la FFF - field flow fractionation) et par le perfectionnement du modeéle, pour
éviter de surestimer cette concentration ;

Et d’autre part, de réaliser des expériences de toxicité sur les NMs de TiO, produites par l'usine
étudiée et dans des conditions les plus proches possible de la réalité, c’est-a-dire dans I’eau de
riviére, a des concentrations inférieures ou égales a 60 pg.L™ et & des temps d’exposition longs,

pour évaluer précisément le risque propre au site étudié.

Différentes perspectives de recherche se dégagent également concernant le modele ACV-ER. Il

pourrait en effet étre :

Affiné, grace la complexification des études du comportement de ces NMs : d’une part en
simulant de mieux en mieux la réalité lors des études de devenir dans I'eau (ajout d’autres
types de matiére particulaire, d’'un compartiment de sédiment, d’un flux d’eau), et d’autre part
eninsérant des données écotoxicologiques a long terme associées au TiO; produit par CRISTAL,
a partir de tests réalisés a faibles concentrations (< 1 mg/L).

Complété, par la prise en compte des rejets a la cheminée de I'usine et par la construction d’un
modele détaillant les processus en jeu dans les compartiments atmosphérique et terrestre. Ce
modele, associé a celui construit ici, permettrait de modéliser de fagcon plus complete les
processus environnementaux en jeu. Par ailleurs, la construction de modeles similaires pour
les autres étapes du cycle de vie (manufacture, utilisation et fin de vie des nanoproduits)
permettrait également de compléter I'évaluation des risques et des impacts.

Adapté, a d’autres sites de production (en adaptant les valeurs des parametres) ou a d’autres
types de NMs manufacturés (en adaptant les variables nécessaires a la modélisation).
Simplifié, en confrontant les résultats de I'analyse de sensibilité avec les besoins et les
utilisations potentielles des différents acteurs concernés (industriels, collectivités,

législateurs). Ceci permettrait d’en faire un outil d’aide a la décision.
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GLOSSARY

Agglomerate: ensemble of weakly linked particles, aggregates, or of a mix of both, whose resulting
external surface is similar to the sum of the surface areas of each of the components (ISO/TS
27687:2008).

Aggregate: ensemble of particles composed of weakly linked or fused particles, whose resulting
external surface may be significantly lower than the sum of the surfaces areas of each of the
components (ISO/TS 27687:2008).

Nanoscale: Size range extending from about 1 to 100 nm (ISO/TS 27687:2008).

Nano-object: Material having at least 1, 2 or the three dimensions at the nano-scale (ISO/TS
27687:2008).

Nanoparticle: Nano-object whose three external dimensions are at the nanoscale (ISO/TS
27687:2008).

Nanosheet: Nano-object having one external dimension at the nanoscale and the two others
significantly larger (ISO/TS 27687:2008).

Nanofiber: Nano-object having at least two of its external dimensions at the nanoscale and whose
third dimension is significantly larger (ISO/TS 27687:2008).

Nanomaterial: Material having one dimension at the nanoscale or having an internal structure or an
external structure at the nanoscale (ISO/TS 80004-1:2010).

Manufactured nanomaterial: Nanomaterial intentionally produced with specific properties or
composition for commercial purposes (ISO/TS 80004-1:2010).

Nanoproduct: Final product containing manufactured nanomaterials.

NOAA: Nano-objects and their aggregates and agglomerates of more than 100 nm (ISO/TR 13014).
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INTRODUCTION

Context and motivation

Nanomaterials (NMs) are emerging as a technical revolution for the past few years. Today, they are
ubiquitous in our daily life and represent an important market, as up to 11.5 million tons are produced
each year at the global scale (Matrix Insight Ltd 2014). They are used in various products, from
automotive industry (e.g. catalyzers, sensors) to textile industry (e.g. “smart” textiles, antibacterial
clothes), through building materials (e.g. thermo-isolation, fagade coatings, flame retardants) or food
industry (e.g. whitening agents, fruit juice clarifiers) (The Royal Society & The Royal Academy of
Engineering 2004). Among these, TiO, NMs are the second most produced NMs at the European and
global scales, with an annual production of 550 to 5500 tons (Piccinno et al. 2012). They are used in
sunscreens because of their UV-absorbent properties and in fagade coatings and water treatment
processes because of their photocatalytic properties (Hendren 2010). They present some benefits,
especially in medicine (e.g. targeted drug delivery, improved diagnosis and imagery methods,
antibacterial material) and in the remediation of contaminated soils and groundwater (The Royal

Society & The Royal Academy of Engineering 2004).

However, like any new technology, it supplies the most diverse feelings about the new risks they could
induce. In France, as an implementation of the commitments adopted at the end of the Grenelle of
Environment, a public debate on nanotechnologies was organized by the National Commission for
Public Debate (CNDP), from October 15, 2009 to February 24, 2010. These discussions focused on the
socio-economic prospects of the development of nanotechnology, but also on their health,
environmental and ethical issues. But they did not bring concrete answers to questions about the
societal risk and in the end, the debate turned short and did not provide more answers in the field of
regulation. The European REACH program has no specific provisions for NMs, even if it recognizes that
these materials have specific properties (European Commission 2008). In France, the Grenelle of
Environment law (2010-967 of August 3, 2009, section 42.2009 and 2010-788 of July 12, 2010, section
185, 2010) applies in terms of reporting and public information, but it does not regulate the market of
manufactured NMs. This lack of regulation can be explained by the lack of knowledge about the

behavior and the effects of NMs in the environment.

This highlights the need to develop research in NMs characterization, toxicology and ecotoxicology. It

allows to question the impacts and risks associated with nanoproducts (i.e. the final products
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containing manufactured nanomaterials) throughout their life cycle. Indeed, NMs are defined as
materials containing at least 50% of nanoparticles (NPs) of which at least one dimension sizes less than
100 nm (European Commission 2012). NPs present a high surface/volume ratio, which gives them a
high reactivity and allows them to be transferred in significant concentrations to various
environmental compartments at each step of their life cycle, that is from the extraction of raw
materials to the waste treatment, via the production of NMs, the manufacture of nanoproducts in
which they are inserted and their use. The general objective of this thesis is to understand the transfer
of titanium manufactured NPs in the environment and their effects in water, soils and sediments, in

order to assess quantitatively the associated impacts and risks.

Rationale and originality of this work

With the help of Cristal, a nanoparticulate TiO, producer, the study was conducted at a site-specific
scale. The specific objectives of this research were (1) the characterization of the industrial TiO; NMs
and the experimental assessment of their behavior in water, sediments and soils and (2) the impact

and risk modeling of the industrial TiO2 NMs in the aquatic compartment (water and sediment).

Both these approaches were conducted simultaneously: the modeling requirements determined the
type of experimentation to be performed in the laboratory and the measurements to make in the field;
in turn, the data produced in the laboratory were used to feed the model, in the objective of modeling

as precisely as possible the NMs, the environmental compartments and their interactions.

The modeling approach was based on two impacts and risks assessment tools: Life Cycle Assessment
(LCA) and Risk Assessment (RA), respectively. Both these methodologies require the same kind of data:
(1) data relative to the fate of the studied substance in the different environmental compartments
(transfers and transformations), which are transformed into exposure values and (2) ecotoxicological
data, enabling the evaluation of the potential effect of a substance on the organisms. Combining both
these methodologies allows taking the best of each of them and answering the need for models

homogenization (Flemstrom et al. 2004).

Because of the uncertainties regarding the NPs behavior in the environment, a Bayesian probabilistic
approach was used. The strength of this kind of model lies in the use of probability distributions. In this
way, the inherent uncertainties of NMs data are integrated and directly visualized, so that the model

can be easily actualized as new data are produced (Money et al. 2012).
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The originality of this work relies both on the collaboration with an industrial producer and on the
building of a Bayesian network applied to a local scale, fed by data collected in the laboratory and in

the field.
Construction of the dissertation

The first chapter of this thesis presents the general background of this work. Two literature reviews
are included. The first one describes the NMs properties which are important to know for the
understanding of their behavior and potential effects, the analytical tools available for characterizing
these properties, and the way in which these parameters are implemented in the LCA and RA models.
The second review goes more deeply into the LCA and RA methodologies applied for the ecotoxicity of
TiO, NMs. The nano-TiO; production site, the characteristics of the surrounding environment (Thur
River, sediments, soils) influencing their behavior and the potential affected species living in the study

area are also detailed in this chapter.

The second chapter of this dissertation aims at understanding the behavior of TiO, NMs in the
environment in which they are released. The first part presents the estimated concentrations of TiO,
NMs in water, sediments and soils. Then the aggregation behavior of these TiO2 NMs is assessed in the

river water.

The TiO; NMs impacts and risks modeling is addressed in the third chapter. The probabilistic approach
and the Bayesian network building are detailed, before the risk scores of TiO, NMs are presented. This
last chapter is subdivided into three main sections: in the first one, the general Bayesian theory is
described, in the second one the nano-TiO; behavior is modeled in the Thur River by using the Bayesian
approach andin the third one, the risk linked to nano-TiO; is modeled within mesocosms by a Bayesian
network. It should be noted that because of a lack of ecotoxicological data of NMs in the river, their
effects on aquatic species and therefore their risks to aquatic species have been modeled by including

data obtained in mesocosms.
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CHAPTER | — GENERAL FRAMEWORK OF THE STUDY

The objective of this chapter is to set the background required for the environmental risk and impact
assessment of TiO, ENMs. The first requirements are to determine the NMs properties needed for the
modeling of their behavior, as well as to acquire some knowledge about the analytical tools available
for the NPs characterization and about the modeling tools enabling the evaluation of their impacts and
risks. This is the aim of the first section of this chapter. The second section discusses more deeply LCA,
RA and their combination, in order to choose the best methodology. Finally, the last section gives the
required knowledge about the production of the TiO, NMs and the environment in which they are
released and which needs to be modeled.
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I.A. CHARACTERIZATION OF ENGINEERED TIO> NANOMATERIALS IN A LIFE CYCLE
AND RISK ASSESSMENT PERSPECTIVE

This chapter consists in an article, which was published in Environmental Science and Pollution
Research (2015) 22(15): 11175-11192.
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Abstract

For the last ten years, engineered nanomaterials (ENMs) have raised interest to industrials due to their
properties. They are present in a large variety of products, from cosmetics to building materials
through food additives and their value on the market was estimated to reach $3 trillion in 2014
(Technology Strategy Board 2009). TiO, NMs represent the second most important part of ENMs
production worldwide (550 — 5500 t/yr).

However, a gap of knowledge remains regarding the fate and the effects of these and consequently
impact and risk assessments are challenging. This is due to difficulties in characterizing NMs but also
in selecting the NMs properties which could contribute most to ecotoxicity and human toxicity.
Characterizing NMs should thus rely on various analytical techniques in order to evaluate several
properties and to crosscheck the results.

The aims of this review are to understand the fate and effects of TiO, NMs in water and soil and to
determine which of their properties need to be characterized, to assess the analytical techniques
available for their characterization, and to discuss the integration of specific properties in the Life Cycle
Assessment and Risk Assessment calculations.

This study underlines the need to take into account nano-specific properties in the modeling of their
fate and effects. Among them, crystallinity, size, aggregation state, surface area and particle number
are most significant. This highlights the need for adapting ecotoxicological studies to NP-specific
properties, via new methods of measurement and new metrics for ecotoxicity thresholds.
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Introduction

Engineered nanomaterials (ENMs) are defined as ‘intentionally manufactured materials, containing
particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of
the particles in the number size distribution, one or more external dimensions is in the size range 1 nm
to 100 nm’ (European Commission 2013). These materials raised interest to industrials due to their
small size and high reactivity, and are now present in a large variety of products, from cosmetics to
building materials through food additives. The market value of these products was estimated to reach
$3 trillion in 2014 (Technology Strategy Board 2009). TiO, NMs are used in different products such as
sunscreens for their UV-absorption properties, and in facade coatings as photocatalysts. They
represent the second most important part of ENMs production worldwide (550 — 5500 t/yr (Piccinno
et al. 2012)) and in Europe (55 — 3000 t/yr (Piccinno et al. 2012)) and the most important part in the
USA (7800 - 38000 t/yr (Hendren et al. 2011)). They consequently represent a priority in impact and
risk assessments, and are the theme of this review.

Indeed, scientists point out remaining knowledge gaps concerning the fate of NMs in the various
environmental compartments, their effects on living organisms, and consequently their potential
impacts and risks on the environment and human health. Furthermore, NMs cannot be considered as
one single group of substances having homogeneous impacts on the environment, as they differ in
many ways, e.g. composition or shape, so potential risks and impacts of each NM need to be assessed
individually.

Impacts and risks of substances are assessed based on standardized methodologies, namely life cycle
assessment (LCA) and risk assessment (RA). Both LCA and RA rely on the modeling of the substance
fate in the environmental compartments and on the understanding of its effects on the biota. Thus,
the properties of NMs and their influences on their behavior (fate and effects) need to be determined
in order to predict their potential risks and impacts.

However, NMs small size, high reactivity and most often very low environmental concentrations raise
challenges to their characterization. Moreover, there is still discussion about the properties that should
be seen as most important for the modeling of their fate and the understanding of their ecotoxicity,
and no standardized analytical methodology has yet been published. Characterizing NMs should thus
rely on various analytical techniques in order to evaluate several properties and to crosscheck the
results.

The first part of this review will aim at understanding the mechanisms underlying of TiO, NMs with
water, sediment and soil compartments and identifying the properties that are necessary to know in
order to model and predict their behavior. The analytical techniques available to determine these
properties will be discussed in the second part. Finally, a critical review of available fate and effects
models will be performed in the third part of this work.
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1. Understanding the mechanisms underlying the interactions of TiO2 NMs with
environmental compartments

TiO2 NMs can interact with both biotic and abiotic components of the environment. These interactions
rely mostly on their agglomeration (or aggregation) state. This will determine the size in which they
are present in the environment, and consequently their potential for transport and sedimentation, and
for uptake by organisms. A distinction is made between homoaggregation (clusters made of TiO, NMs
only) and heteroaggregation (clusters made of TiO, NMs and other particles).

1.1. NP-NP interactions

TiO; NM-NM interactions rely on three main properties: surface charge, size and concentration
(Quaranta and Adam 2015).

By definition, at least one dimension of pristine nanoparticles (NPs) is of less than 100 nm: their very
little size makes them highly reactive. For NPs having the same shape and surface charge, the smallest
size gives the highest specific surface area (surface over volume ratio). High specific surface area means
high concentration of reactive sites at the surface of the particle, so high potential for reactivity (Bell
2007). The high reactivity of NMs makes them unstable under most conditions: they tend to be
attracted to each other, forming agglomerates (“collection of weakly-bound particles or aggregates or
mixtures of the two where the resulting external surface area is similar to the sum of the surface areas
of the individual components” (International Organization for Standardization 2008)) or aggregates
(“particle comprising strongly-bonded or fused particles where the resulting external surface area may
be significantly smaller than the sum of calculated surface areas of the individual components”
(International Organization for Standardization 2008)). Decreasing size has been found to enhance
aggregation of spherical anatase NPs (Pettibone et al. 2008; Aillon et al. 2009; Chowdhury et al. 2012;
Chowdhury et al. 2013; Zhou et al. 2013).

The aggregation rate of particles primarily depends on their collision rate. Obviously, the collision rate
is dependent on the NPs concentration, as chances to collide are higher with increasing number
concentration. Collisions between particles can be due to Brownian motion, shear flow or differential
sedimentation. Due to their small primary size, NPs are subject to Brownian motion. But as the
aggregate diameter increases, it becomes subject to shear flow collisions (relevant at sizes 1 — 10 um)
and differential sedimentation (relevant at sizes 1-10 um and 10 um or more, respectively), increasing
their collision rates (O’Brien 2003).

Forces involved in the aggregation of NPs can be attractive (van der Waals forces) or repulsive
(electrostatic repulsion, steric hindrance) (O’Brien 2003). The van der Waals forces directly arise from
the charge of two particles; the electrostatic repulsion is caused by the interaction of the particles
electrostatic double layers (EDL), that are the layers of ions (or charges) surrounding the particles; the
steric hindrance can be caused by the hydrophilic chains of polymers adsorbed at the surface of the
particles, conferring them a high stability. The aggregation of NPs is thus also determined by their
surface charge.

The aggregation (or agglomeration) state is often determined by the fractal dimension (Ds) of the
aggregate (or agglomerate). This parameter is defined as the distribution of the volume occupied by
an aggregate compared to its mass. Thus, a Ds of 1 is assigned to a line, a D¢ of 2 is assigned to a flat
surface, and a Ds of 3 is assigned to a sphere (Hotze et al. 2010). The Ds of an aggregate is also related
to its compactness: a high D¢ is assigned to a compact aggregate, in which strong bounds are present.
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The Dsis an important parameter to know for the prediction of the NMs transport, as NMs with higher
Dr will be more influenced by gravitational forces and settle faster down the water column.

1.2. NMs interactions with water and soil — abiotic mechanisms

It has been stated earlier that the NMs surface charge is primordial for understanding their behavior.
But this charge does not rely solely on the kind of NPs, it also depends on the pH of the medium. The
point of zero charge (PZC) is defined as the pH at which the particle surface is globally neutral. It helps
predicting the behavior of the NMs in the environment, as in low ionic strength and low organic matter
content, TiO, NPs surface charges (or zeta-potential) are positive at low pH and negative at high pH
(Dunphy Guzman et al. 2006; Adam 2015). In this way, we can predict with relatively good reliability
that they will be more stable at these extreme pH values, being highly charged, and that they will
readily aggregate at pH values around the pHpzc, as their global charges are low to null.

The surface charge of the particles also depends on the ionic strength of the suspension (water or soil
solution). At high pH values, TiO, NPs are negatively charged, but dissolved cations can help neutralize
these charges, diminishing the absolute charge of the NPs surfaces and enhancing homoaggregation.
Divalent cations such as Ca®" are especially effective in forming large aggregates (French et al. 2009).

In soil, sediment or water, NPs will encounter natural components and form heteroaggregates. For
example, positively charged NMs will readily adsorb onto negatively charged montmorillonite (Zhou et
al. 2012). Once they adsorb onto clays, NMs transport and uptake will be greatly influenced by the clay
behavior.

Natural organic matter (NOM) has also been shown to play a significant role in the aggregation of NMs,
though in a more complex way. Organic components are most often negatively charged. So at acidic
pH, when NPs are positively charged, they can sorb onto the NMs surface, increasing their steric
stability and diminishing their aggregation (Johnston et al. 2009). At lower concentrations, NOM can
also enhance aggregation by diminishing the global charge of the NPs (Gibson et al. 2007). The
interactions of NOM with TiO, NMs are thus highly dependent on pH and concentrations of both
components. Furthermore, the presence of divalent cations (Ca* or Mg?*) in concentrations exceeding
the critical coagulation concentration (CCC) may form bridges between NPs and NOM, enhancing the
formation of aggregates (Chen and Elimelech 2007; Chowdhury et al. 2012). This occurs at pH values
above the pHpzc of the NMs.

1.3. NMs interactions with water and soil — mechanisms of toxicity

Depending on their surface charge, NMs can attach to organisms, e.g. algae, and may obstruct cellular
exchange with the medium, inhibiting cell growth and activity (Chen et al. 2012b).

Uptake of NPs partly depend on their size (or the size of the aggregate they are part of), smaller NPs
and/or aggregates being more readily internalized and transported in the organism (Larue et al. 2012;
Cho et al. 2013). NMs shape will also influence their uptake. For example, fibers (particles with a
diameter-to-length ratio higher than 1:3) (WHO/EURO Technical Committee for Monitoring and
Evaluating Airborne MMMF 1985) have extended dimensions, and lead to inflammatory responses of
the immune system (Hamilton et al. 2009). Thin fibers have small aerodynamic diameters, and can be
deposited beyond the ciliated airways in the respiratory tract, but they cannot be entirely processed
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by immune processes such as phagocytosis (Donaldson et al. 2010; Donaldson et al. 2013). Natural
sunlight, especially UV irradiation, can induce deagglomeration of NMs. Although when stronger forces
are entailed NPs remain aggregated, this UV-induced deagglomeration can increase the penetration
of NMs through skin (Bennett et al. 2012).

The most studied organisms in freshwater are the algae Pseudokirchneriella subcapitata (e.g. Lee and
An 2013; Mielke et al. 2013), the crustacean Daphnia magna (e.g. Kim et al. 2014; Mansfield et al.
2015) and the zebrafish Danio rerio (e.g. George et al. 2014; Fang et al. 2015). Fewer authors have
focused on benthic organisms such as Hyalella azteca (e.g. Gurkirpal S. 2012; Wallis et al. 2014) and
Gammarus fossarum (e.g. Bundschuh et al. 2011; Kalcikova et al. 2014). The terrestrial compartment
has received less attention, most studies focusing on mammalians (e.g. Chen et al. 2014; Meena et al.
2015), plants (e.g. Song et al. 2013; Larue et al. 2014) and bacteria communities (e.g. Nogueira et al.
2012; Simonin et al. 2015). In most of these organisms, the major mechanism of toxicity is the
generation of reactive oxygen species (ROS), enhanced under UV irradiation (Ma et al. 2012; Tong et
al. 2013; Nesic et al. 2014). ROS (e.g. hydroxyl radicals (OHe) or superoxide anion (#0,’)) are generated
by the excitement of electrons, inducing the separation of charges and strong reactions with oxygen
or water (Ma et al. 2012; Li et al. 2014). These free radicals can induce cell membrane leakage,
oxidation of lipids, proteins and DNA, and cell death (Braydich-Stolle et al. 2009; Li et al. 2011).

ROS generation depends on several of the NMs properties, including crystallinity: it has been shown
that anatase induces more toxicity than rutile to various organisms, because of its higher potential for
reactive oxygen species (ROS) generation (Jiang et al. 2008; Auffan et al. 2009; Lin et al. 2014b). In the
same way, decreasing particle size may induce more structural defects and more reactive groups on
the surface, leading to prooxidant effects, and increased ROS generation (Manke et al. 2013; Lin et al.
2014b). Increased toxicity of TiO, NPs with decreasing size was shown to bacteria and murine
macrophages (Jang et al. 2007; Xiong et al. 2013). However, the toxicity dependence on NMs size
cannot be shown in all experiments (Wang et al. 2007; Auffan et al. 2009; Kobayashi et al. 2009; Puzyn
et al. 2011). Moreover, according to Kobayashi et al. (2009), nano-TiO; size effects on pulmonary
toxicity in rats occur only within 1 week. Beyond this exposure duration, pulmonary effects do not
differ according to the size of the NPs. Furthermore, it has been argued that, rather than size, particle
surface area could be a better dose metric, because of its more direct relation with surface reactivity
(Oberdurster 2000).

The z-potential of NPs influences their oxidative potential and the production of ROS, inducing
increased cytotoxicity and inflammatory effects with increasing charge (Stoeger et al. 2006; Cho et al.
2012; Ma et al. 2012; Manke et al. 2013; Donaldson et al. 2013).

Also, higher number concentration may induce higher chances of contact with organisms, and higher
potential toxicity. However, NMs aggregation increases with number concentration, and if the NPs
aggregates are large enough, their entrance in organisms, e.g. via dermal penetration, may be less
probable.

NOM has been shown to reduce the toxicity of TiO, NMs to most organisms (Grillo et al. 2015). The
mechanisms involved are not fully explained, but authors suggest that (1) NOM could reduce NMs
toxicity by changing their surface charge, thus modifying their interactions with the surrounding
medium; (2) NOM may react with the ROS and act as an antioxidant; (3) absorption of NOM on the
NMs surface might passivate the NMs surface.
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Interactions of NPs with each other and with the environmental compartments are complex, and
mostly driven by surface reaction and aggregation/agglomeration processes. Crystallinity, size, surface
area, surface charge, and concentration of TiO, NMs are primordial for predicting their behavior, fate
and toxicity in the environment. In the next section, the analytical techniques available for the
determination of these properties will be discussed.

2. Determining the prevalent properties of engineered TiO2 NMs for understanding their
behavior in water, sediment and soil

Nanomaterials properties are intermingled: size directly determines surface area, which, associated
with crystallinity and surface charge, will determine aggregation/agglomeration processes. The
aggregation/agglomeration state will in turn define the “apparent” size and surface area of NMs. All
these properties need to be determined in order to evaluate in the most accurate way their potential
impacts and risks on the environment. More than 35 analytical methods have been identified to
characterize NPs (Salamon 2013), but many of them do not cover wide size ranges (Figure 1) and none
is currently able to provide results on all these different properties within one single analysis. Thus,
most scientists agree that there is a need for a combination of methods to characterize NPs in the most
accurate way (Buffle and van Leeuwen 1992; Buffle and van Leeuwen 1993; Tiede et al. 2008; Ju-Nam
and Lead 2008). This also allows to cross-check results and to assess potential artifacts. It is also
recommended to use in situ analytical techniques that allow the analysis of natural samples with
minimal, and even no perturbation, in order to remain as close as possible to the natural environment
and to understand their behavior in the most accurate way. ENMs are often present in low
environmental concentrations, so methods with low detection limits are preferred. This section
reviews the analytical techniques available for the identification and characterization of NPs, focusing
on TiO; NPs in synthetic and environmental samples.
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Fig. 1 Analytical methods and their size ranges

2.1. Crystal structure and phase composition

X-Ray diffraction (XRD) is easily implemented, but requires powder samples. It is a non-destructive,
relatively quick and inexpensive technique (Burleson et al. 2004; Tiede et al. 2008) that was used by
numerous authors (Burleson et al. 2004; Dunphy Guzman et al. 2006; Boncagni et al. 2009; Chen et al.
2011).

For the analysis of aqueous samples, available techniques include nuclear magnetic resonance (NMR)
and Raman (Pottier et al. 2003; Bassi et al. 2005) spectroscopies, cryogenic transmission electron
microscopy (cryo-TEM) (Wagner et al. 2004), as well as X-ray absorption spectroscopy (XAS) (Chen et
al. 1997). NMR spectroscopy is a non-destructive technique, and can provide with the 3D structure of
NPs (Stone 2009). Cryo-TEM allows the imaging of a frozen sample at liquid nitrogen temperature
(Wang et al. 2004; French et al. 2009; Horst et al. 2010; Gmoshinski et al. 2013). TEM can be coupled
to electron diffraction in order to obtain structure information. In this case, electron energy loss
spectroscopy (EELS) has a better spatial resolution (about a fraction of an eV) than energy dispersive
x-ray spectroscopy (EDS, >100 eV) (Burleson et al. 2004).

XAS is most useful for semi-crystalline and amorphous NPs, and is one of the only methods that can be
used for characterizing NPs in soils (Tourinho et al. 2012). XAS techniques include extended X-ray
absorption fine structure (EXAFS), surface extended X-ray absorption fine structure (SEXAFS) and X-ray
absorption near edge structure (XANES). EXAFS and XANES both give information about the structure,
the interatomic distances, the coordination number, and the degree of disorder in the NP (Burleson et
al. 2004). EXAFS can give quantitative measurement of both the type and the percentage of the phases
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present in a sample. XANES is more sensitive, but less quantitative than EXAFS. X-ray photoelectron
spectroscopy (XPS) can give precise analyzes of crystal structure, though it can perform surface
analyzes only.

2.2. Size, size distribution and surface area

2.2.1. Microscopy techniques

Microscopic techniques are quite easily implemented. However, samples are very small, so problems
of representativeness can arise. TEM is usually considered as one of the most powerful techniques for
the characterization of NPs (Utsunomiya and Ewing 2003; Simonet and Valcéarcel 2009; Horst et al.
2010; Petosa et al. 2012; Zhou et al. 2012), partly because it has a better spatial resolution than
scanning electron microscopy (SEM) (Hassellov et al. 2008; Boncagni et al. 2009; Thio et al. 2011,
Petosa et al. 2012) and can be combined to various additional analytical measurements, e.g. with
energy dispersive X-ray spectroscopy (Lin et al. 2014a).

Some SEM and TEM techniques have emerged that allow imaging of wet samples, such as
environmental SEM (ESEM) (Horst et al. 2010), WetSEM, and cryo- and environmental TEM (ETEM).
These techniques allow the visualization of the NPs aggregation state in situ, though their resolutions
can be lowered by the water in the sample or by the membrane of the capsule used in WetSEM. Thus,
Doucet et al. (2005) recommend using both conventional and Wet or environmental SEM to obtain
complementary information.

Scanning transmission electron microscopy (STEM) allows the imaging of biological samples without
staining (Tiede et al. 2008), at a spatial resolution of less than 0.1 nm. Its optical apparatus is simple,
and thick objects can be analyzed (Eberhart 1997). It can also perform analysis of NPs at low
concentrations (ppm), which is useful when characterizing environmental samples where NMs
concentrations are often very low (Tiede et al. 2008). Dark field STEM allows the visualization of
biological objects without coating, and is most appropriate for locating NPs, whose characterization
can then be completed by high resolution-TEM (Utsunomiya and Ewing 2003). Wet scanning electron
microscopy (WetSTEM) can be used for the imaging in liquids (Bogner et al. 2005). This technique thus
presents many advantages, and should be regarded as a method of choice for the characterization of
TiO2 NPs.

NPs and aggregates can be imaged in three dimensions using scanning transmission X-ray microscopy
(STXM) and scanning probe microscopy (SPM). STXM allows the imaging of aqueous samples and can
be coupled to computer tomography to obtain 3D images (Ashcroft et al. 2008; Tiede et al. 2008; Ming
et al. 2011). However, its resolution of about 30 nm may not be sufficient for the imaging of small NPs.

Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) are the two SPM techniques
most commonly used for the analysis of NPs. These techniques have a spatial resolution of up to about
0.1 nm (Table 1) (Burleson et al. 2004). AFM can produce 3D surface profiles (Tiede et al. 2008; Simonet
and Valcércel 2009). It may be used for the imaging of dry, moist or liquid samples (Hassellov et al.
2008; Kumar et al. 2008; Tiede et al. 2008; Domingos et al. 2009; Thio et al. 2011), conductive and non-
conductive, so no coating is required (Simonet and Valcarcel 2009). Moreover, it can also be used to
visualize interactions of NMs with biomolecules, which is not the case with current electron
microscopy techniques (Lin et al. 2014b). However, it can induce severe overestimations of the NPs
lateral dimension (Kaegi et al. 2008; Tiede et al. 2008) and may cause damage to the sample through
contact with the AFM tip (Burleson et al. 2004). STM was used by Song et al. (Song et al. 2005) to image
synthetic TiO, NPs, and can also be used on aqueous samples (Ju-Nam and Lead 2008).
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Based on microscopy and automatic imaging, nanoparticle tracking analysis (NTA) allows direct
visualization of NPs ranging from 30 to 1000 nm in suspension (Petosa et al. 2012; Luo et al. 2013;
Fabricius et al. 2014). It presents a high resolution even for polydisperse samples and can be used on
dilute samples, as it tracks single particles (Chen and Elimelech 2007; Cho et al. 2013). It also induces
minimum perturbation of the samples, and can thus be used on environmental samples (Fedotov et
al. 2011). However, the concentration range is limited (107 — 10° particles/mL) and the measurement
requires more time than with dynamic light scattering (DLS) (Filipe et al. 2010).

Table 1: Resolutions of microscopy techniques (adapted from Burleson et al. [70])

Microscopy technique Resolution
AFM ~0,1nm
ESEM ~3-4nm
ETEM >0,1 nm

HRTEM ~0,1nm
NSOM ~30nm
SEM Inm-1pum
STEM <0,1nm
STM ~0,1nm
STXM ~30nm
TEM >0,1 nm

2.2.2. Light scattering techniques

Light scattering methods require larger samples than microscopic techniques, and thus give more
representative results. However, these methods are not applicable to complex environmental samples
due to their broad particle size distributions (US EPA 2011; Fabricius et al. 2014), unless samples are
fractionated before analysis (Filella et al. 1997). Indeed, larger particles tend to mask smaller ones, and
a too wide polydispersity may induce errors in the sizing of NPs.

Dynamic light scattering (DLS, also called photon correlation spectroscopy - PCS) allows the
determination of a particle hydrodynamic radius, which is the radius of the particle equivalent sphere.
It is a fast, in situ, non-destructive, real-time sizing and cost-effective technique (Ledin et al. 1994;
Filella et al. 1997; Tiede et al. 2008), which needs little to no sample preparation, so it is one of the
most commonly used techniques (Stone 2009; Ottofuelling et al. 2011; Petosa et al. 2012; Zhou et al.
2012; Liu et al. 2013; Rottman et al. 2013). However, this technique is most suited for monodisperse
suspensions, because large particles produce higher signals than small ones, inducing biases in the
analysis of heterogeneous suspensions (Lin et al. 2014b). Moreover, the particles size usually appears
to be greater when obtained by DLS than when resulting from microscopy or BET techniques (Stone
2009), so Filella et al. (1997) highly recommend checking DLS results with another method, such as
TEM. Other disadvantages of DLS are that samples must be in suspension (Burleson et al. 2004) and at
a particle concentration exceeding 1 mg/L (Kammer et al. 2012).

Static light scattering (SLS) or multi angle light scattering (MALS) is used to determine the radius of
gyration of particles. As with DLS, the major limitation of this technique is its sensitivity to large
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particles, as the signal varies as the sixth power of the particle diameter. Results may thus be biased
for heterogeneous suspensions (Egerton and Tooley 2014).

2.2.3. Chromatography techniques

Chromatography and related techniques allow the separation of particles according to their sizes, and
can be used to prefractionate samples. In this way, the concentration of NMs present at different sizes
and aggregation states can be determined.

Size exclusion chromatography (SEC) and hydrodynamic chromatography (HDC) perform the
separation of particles according to their hydrodynamic volume, depending on their size and shape
(Song et al. 2004; Helfrich et al. 2006; Hassellov et al. 2008; Tiede et al. 2008). SEC presents good
separation efficiency, good resolution (less than 1 nm) and requires small sample volumes. However,
there are possible interactions of the solute with the solvent and the column (Tiede et al. 2008). In
addition, SEC is relatively slow (Powers et al. 2006), requires good calibration, and presents a limited
separation size range (Figure 1). In HDC, the separation occurs in a column packed with non-porous
beads, which reduces the solid phase interactions when compared to SEC. The size separation range is
larger, of about 5 to 1200 nm, but the peak resolution is low (Tiede et al. 2008). HDC has been coupled
with ICP-MS and UV-visible spectrometry for the characterization of different ENPs in environmental
and sunscreen samples, including TiO, NPs (Philippe and Schaumann 2014). These authors emphasize
the need for further investigation on the accuracy of the size determination of HDC, as weak
agglomerates could be broken down at the entry of the column.

Field-flow fractionation (FFF) performs the mild fractionation of particles ranging from 1 nm to sub-
um size(Tiede et al. 2008; Samontha et al. 2011) based on their position in the cross section of a thin
(100 to 500-um thickness) open channel when affected by an applied field (Hassellov et al. 1999; Tiede
et al. 2008). Advantages of FFF include non-destruction of the sample and minimal exposure to
surfaces (Dubascoux et al. 2010). However, there may be interactions with the apparatus, increasing
the possibility of aggregation in the channel and subsequent biases in the determination of particle
size distributions (Bendixen et al. 2014). In addition, dilute environmental samples need
preconcentration for NP characterization (Dubascoux et al. 2010). Furthermore, NPs in natural samples
may not be spherical, or may not have a homogeneous shape, so their position in the channel section,
and so their FFF separation, may rely on other properties than size only (Kammer et al. 2005; Kammer
et al. 2011). However, it is one of the most sensitive separation methods based on detection limits,
especially when coupled with ICP-MS for quantitative elemental analysis (Simonet and Valcarcel 2009).
Among the various FFF sub-techniques, sedimentation (SedFFF) and flow FFF (FIFFF) are the most
commonly used for the characterization of NPs. FIFFF is easier to implement, has a wider operating
range (nm-um), a lower minimum size limit, and induces very few interactions with the analytical
system. But SedFFF has higher size selectivity, although it is not applicable to particles smaller than
about 50 nm (Dubascoux et al. 2010; Samontha et al. 2011). Due to its wider size range covering, FIFFF
may be best suited for the analysis of environmental samples.
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2.2.4. Other techniques

Confocal correlation spectroscopy (CCS) performs the-real time sizing of small volume (pL-nL) and very
dilute samples (Kuyper et al. 2006a; Kuyper et al. 2006b). SAXS and SANS can be used to determine
the size of solid materials and NPs in suspensions (Ridley et al. 2006). Both methods can be used to
determine the size distribution of monodisperse or polydisperse samples (Tiede et al. 2008).

Raman spectroscopy can be used in aqueous samples, for in situ experiments (Popovic¢ et al. 2011).
However, Pottier et al. (2003) found that the sizes of TiO> NPs obtained with Raman spectroscopy were
systematically smaller than those obtained with XRD and TEM, due to particle size effect. Li Bassi et al.
(2005) showed that this technique needed significant improvements before it can give reliable results
for TiO, NPs.

Advantages of NMR spectroscopy include little sample preparation, and non destruction of the sample.
However, large samples are required to compensate for the low detection sensitivity of the method
(Sapsford et al. 2011).

Conventional XRD can be used on dry samples only (Teleki et al. 2007; French et al. 2009; Godinez and
Darnault 2011), though it is also possible to perform analysis in a controlled atmosphere (Burleson et
al. 2004).

The BET method is an inexpensive, direct and quick technique, relatively easy to perform, which
requires very little sample preparation for the measurement of particles size and surface area
(Burleson et al. 2004). However, the estimation of particles size is based on the assumption of
monodisperse spherical particles, and can thus be inaccurate for some samples (Powers et al. 2006).

Among all the sizing techniques, if we consider the size range, detection limit and sample perturbation,
LIBD seems to be the most appropriate technique. However, TEM, BET, DLS and FIFFF are the most
commonly used techniques. Among these four methods, BET induces the highest sample perturbation
(cf. Table 2): moist samples need to be desiccated, which may affect the aggregation state of the
particles. DLS induces less sample perturbation than FIFFF, and has equivalent size range (~1-1000 nm),
but FIFFF can be coupled to other techniques to allow further characterization of the sample. Also, it
is important to keep in mind that microscopic techniques require a large number of particles to be
analyzed. According to Egerton and Tooley (2014), 400-500 crystals need to be analyzed in order to
have a small standard deviation (5 %) in the sizing of the particles. An auto-scanning technique can
avoid spending too much time on the samples.
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Table 2: Measurement characteristics of sizing methods from Hassellov et al. (2008)

Sizing technique Approximate size Limit of detection Level of sarrlple
range (nm) perturbation

BET 1to > 1000 dry powder high
DLS (PCS) 3 to> 1000 ppm minimum
FIFFF 1to 1000

UV detection: ppm; low
SedEEF 50 to 1000 ICP-MS detection: ppb
HDC 5to 1200 detection dependant low
LIBD 5to > 1000 ppt minimum
NTA 30 to 1000 107 particles/mL minimum
SEC 0,5to 10 detection dependant medium
SLS (MALS) 50 to > 1000 minimum
XRD 0,5 to > 1000 dry powder high

2.3. Surface charge

Surface charge measurements mainly consist in zeta potential measurements (Stone 2009). The zeta
potential of a particle is the electric potential at the plane of shear of the particle, and is assimilated to
its surface charge (Pyell 2010). This potential is derived from electrophoretic mobility (EPM). This
technique induces minimum perturbation of the sample, and performs rapid and simple
measurements (Thio et al. 2011; Chen et al. 2011; Zhou et al. 2012; Rottman et al. 2013).

Phase analysis light scattering (PALS) systems were used by Lecoanet et al. (2004), Kim et al. (2009),
Boncagni et al. (2009), Keller et al. (2010), Chowdhury et al. (2012;2013) to determine the TiO; NPs
zeta potential via EPM. Capillary electrophoresis is another subtechnique for EPM measurements. The
separation is sensitive and fast, but there may be interactions of the sample with the mobile phase,
and the data obtained are difficult to interpret (Tiede et al. 2008). Laser Doppler electrophoresis has
the same limitation as DLS that makes it most suitable for narrow size distributions (Murdock et al.
2008; Thio et al. 2011; Liu et al. 2013; Fabricius et al. 2014).

2.4. Concentration

2.4.1. Mass concentration

UV-visible (UV-vis) spectroscopy is an in situ characterization technique, with a relatively low sensitivity
(Tiede et al. 2008). However, the measurement is affected by other parameters than particle
concentration, such as size, shape, composition and refractive index of the particles. Consequently,
UV-vis spectroscopy cannot be used for a quantitative characterization of polydisperse particles, but
gives a good approximation of particle mass concentration for heterogeneous natural particles
(Dunphy Guzman et al. 2006; Domingos et al. 2009; Boncagni et al. 2009; Battin et al. 2009; Kammer
et al. 2010).
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When using nephelometric turbidity, measures have to be calibrated against known concentrations of
the particles that are measured (Ben-Moshe et al. 2010; Gondikas et al. 2014). Artifacts can arise from
the fact that turbidity depends not only on the concentration, but also on the size of the particles.

Inductively coupled plasma —atomic emission spectroscopy (ICP-AES) and mass spectrometry (ICP-MS)
allow the simultaneous detection of multiple analytes (Schmidt and Vogelsberger 2006; Zhang et al.
2008; Kaegi et al. 2008; Samontha et al. 2011; Thio et al. 2011; Petosa et al. 2012; Rottman et al. 2013;
Lopez-Serrano et al. 2014). ICP-MS has a lower detection limit (1-10 pg/mL) than ICP-AES (1-100
ng/mL). Advantages of ICP-AES and ICP-MS include relatively quick and inexpensive measurements,
with good detection limits. However, they are destructive techniques, for which sample preparation
and matrix effects can cause major artifacts (Burleson et al. 2004).

Graphite furnace atomic absorption (GFAA) spectroscopy induces minimal sample perturbation
(Bundschuh et al. 2001; Walther et al. 2006; Olabarrieta et al. 2012).

X-ray fluorescence (XRF) is a fast, highly sensitive, and non-destructive (when no dissolution is applied)
technique that can be used for elemental concentration determinations of solid, powdered or liquid
samples (Solovitch et al. 2010).

ICP-MS appears as one of the most powerful techniques for mass concentration analysis of TiO, NPs.
However, it requires dissolution of solid samples and acidification, and high interferences can arise
from Ca if this element is present in high concentrations in the sample (Lopez-Serrano et al. 2014). XRF
is another powerful method that can be used also on solid samples.

2.4.2. Particle number concentration

The number concentration of NPs can be determined based on several techniques, including SEM,
TEM, STM, STXM, LIBD and particle-induced X-ray emission (PIXE).

Coupling electron microscopy with energy dispersive x-ray spectroscopy (EDS) also called energy
dispersive x-ray analysis (EDX) gives a clear determination of the composition of elements heavier than
oxygen (Kaegi et al. 2008). The quantitative analysis presents an uncertainty of about 20%. EDX can be
coupled with SEM, TEM or AFM (Walther et al. 2006; Tiede et al. 2008).

LIBD provides the total number of particles down to 10 nm and less without any special sample
preparation (Kertész et al. 2005). It is a highly sensitive technique (ppt) (Hassellév et al. 2008; Tiede et
al. 2008), up to six orders of magnitude more sensitive than conventional light scattering methods
(Wagner et al. 2004; Kertész et al. 2005; Lekki et al. 2007; Kaegi et al. 2008). This method is very fast
and non-invasive (Kaegi et al. 2008).

Particle-induced X-ray emission (PIXE) maps the elemental composition of dry or aqueous samples
(Reed et al. 2012; Lozano et al. 2012). Advantages include multi-element acquisition, high sensitivity
(ppm), fast measurements and minimal sample preparation. The sensitivity of PIXE is higher than that
of EDX spectroscopy (Suter 1993).

To determine particle number concentrations, microscopy techniques require large samples in order

to obtain representative results, and counting may appear constraining and time-consuming. LIBD
allows processing larger samples more quickly and with a better sensitivity.
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2.5. Recommendations

Most studies recommend using different analytical methods simultaneously in order to characterize
NPs in the best way, assessing various properties and crosschecking the results obtained with the
different techniques (Buffle and van Leeuwen 1992; Chen et al. 1997; Burleson et al. 2004; Jiang et al.
2008; Kaegi et al. 2008; Tiede et al. 2008; Kammer et al. 2010; Samontha et al. 2011; Kammer et al.
2012).

Among microscopy techniques, AFM and TEM present the highest resolutions and can be used on
aqueous samples with virtually no alteration of the aggregation state, so they are methods of choice
to image the NPs and to determine their shape. However, numerous pictures are necessary in order
to obtain results representative of the whole sample, and this can be quite tedious and time-
consuming. DLS is easily implemented and commonly used for the size determination of NPs, but
problems can arise if the particle size distribution of the sample is too broad. Even if the use of FFF can
require long developments that need to be carried out for each type of sample, it covers a wider range
of sizes, and can be coupled to various quantification techniques, such as HDC or ICP-MS. HDC-ICPMS
provides a faster separation, but at a lower resolution than FFF-ICPMS (US EPA 2011). SP-ICP-MS
coupling is particularly powerful in the characterization of the NPs, as it gives two of the most
important parameters, which are size distribution and particle number concentration (Arvidsson et al.
2014; Lopez-Serrano et al. 2014). NPs charge and structure are determined by more common
techniques, respectively electrophoresis and X-ray diffraction.

When aiming at modeling the NPs fate and effects in the environment, both in situ analyzes and
laboratory experiments are necessary, and complement each other: laboratory experiments allow
controlled conditions in simple systems, helping at understanding the mechanisms determining the
NPs behavior; in situ analyzes helps in predicting environmental concentrations and exposure levels to
organisms. In situ analyzes are more technically demanding, as NMs are often present at low
environmental conditions and broad size distributions. ICP-MS allows low concentration analysis, and
can be coupled to FIFFF or HDC to determine their size distributions. Furthermore, NMs are highly
reactive, so avoiding altering their environmental state, especially their aggregation/agglomeration
state, is tricky. WetSTEM provides high resolution, in situ analysis, and broad size range, so that it is
highly recommended. Its only disadvantage is that it can induce a lack of representativeness, which is
yet an important parameter to take into account in any modeling.

3. Modeling the fate and the effects of TiO, NMs in RA and LCA

Research on NMs behavior in the environment is driven by the need for the determination of their
potential environmental impacts and risks. Life Cycle Assessment (LCA) and Risk Assessment (RA) are
two methodologies that rely both on fate and effect modeling, and will be discussed in the next
sections.

3.1. Methodologies of RA and LCA

Risk assessment (RA) is an environmental assessment tool that aims at providing magnitudes and
probabilities of adverse effects of human activities and natural catastrophes (Savolainen et al. 2010).
It includes four steps (ISO 2006a; 1ISO 2006b):
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(1) Hazard identification: identification of substance properties and hazards they may cause to
organisms.

(2) Hazard characterization: determination of toxicity mechanisms and values.

(3) Exposure assessment: determination of sources, pathways and routes of exposure, as well as
the concentrations to which the organisms are exposed.

(4) Risk assessment: calculation of the risk by the combination of the exposure hazard factors.

Usually, the risk ratio is defined as the ratio of the predicted environmental concentration (PEC) over
the predicted no effect concentration (PNEC). However, PECs and PNECs are usually expressed as
mass/volume ratios, while using particle number concentrations could lead to more accurate results
for the risk assessment of NPs. Moreover, these concentrations cannot be predicted with a satisfying
accuracy, because the research in the fields of NPs fate and effect is still recent.

Life cycle assessment (LCA) can be used to assess the impacts of products, processes or services all
over their life cycles, from raw material extraction to waste disposal or recycling, through manufacture
and use. The aim of LCA is to compare a variety of impacts arising from different scenarios, in order to
help stakeholders making decisions about the development of their products. The methodology of LCA
has been standardized (Rosenbaum et al. 2007; Rosenbaum et al. 2008) and includes four steps:

(1) Goal and scope definition: the system boundaries and a functional unit are defined. The
functional unit is the unit of product to which all impacts are related.

(2) Life cycle inventory (LCl): input and output data flowing to and from the system are collected
and reported to the functional unit.

(3) Life cycle impact assessment (LCIA): LCI results need to be classified into different impact
categories (e.g. human toxicity or aquatic ecotoxicity), and the impacts are calculated. The
impacts can then be normalized, grouped and weighted, but these steps are optional.

(4) Results interpretation: Results are analyzed in order to give conclusions and
recommendations.

In LCIA, impacts are presented as category indicators (Cl), which are the results of the product of the
total mass of emissions (M) with a characterization factor (CF) (Equation 1).

CI=CFxYM; (1)

CFs are substance-specific and can be calculated using various methodologies. USEtox is the most
recent one, based on a consensus among experts that had built previous calculation methods. In
USEtox, CFs for freshwater aquatic ecotoxicity are calculated according to Equation 2 (Huijbregts et al.
2010):

CF; = FF; X XF; X EF;  (2)

Where FF; is the fate factor of the substance i, equivalent to the residence time of the substance in an
environmental compartment; XF; is the exposure factor of substance i, that is its bioavailable fraction;
EF;is the effect factor of substance i, which is based on ecotoxicity data. The potential ecotoxicimpacts
are expressed in comparative toxic units (CTUs), which are PAF.m3.d.kg™ (PAF: Potentially affected
fraction of organisms). The USEtox calculations of the different factors are detailed below.

The USEtox fate modeling of a substance in water accounts for adsorption, sedimentation,
volatilization, degradation, and advective transport. In soil, degradation, volatilization, leaching to
deeper layers of soil, and runoff to surface water are included. Steady state is assumed for the
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calculation of the variation of a substance mass in an environmental compartment (Equation 3;
(Gottschalk et al. 2010):

M _S+kxM; M=kTxS$ (3)

With S (kg.d™) the vector of the emission rate S; in each compartment i, M (kg) the vector of chemical
masses with elements M, and k (d) the bulk rate coefficient matrix. FF is calculated by dividing the
mass increase of the substance in one compartment (kg) by an emission flow (kg.d?). So, per definition,
FF = k=1.The properties necessary for the modeling of metals in USEtox are different from the ones
usually considered as important in predicting the fate of metal and metal oxide NPs (Table 3). This
demonstrates the need for the development of new fate factors specific to NPs.

Table 3: Comparison of parameters necessary for the modeling of metals fate in USEtox (Gottschalk et al. 2013) and that of
metal and metal oxide NPs

Metals Metal and metal oxide NPs
Process Parameter Process Parameter
. . Dissolution rate constant . . Dissolution rate constant
Dissolution Dissolution
(kdiss) (kdiss)

e Homoaggregation rate
constant (Khomoagg)

e Solid-liquid partitioning e Collision rate constant

Adsorption - Homoaggregation
P coefficients (Kp) geres (Othomoagg)

e Attachment efficiency
coefficient (Bhomoags)

e Heteroaggregation rate

e constant
e QOctanol-water partitioning (kheterosee)

coefficient (Kow)
Absorption Heteroaggregation
e QOrganic carbon partitioning

e Collision rate constant

(aheteroagg)

coefficient (K
(Kec) e Attachment efficiency

coefficient (Bheteroagg)

The exposure factor of a substance in freshwater is considered to be the total dissolved fraction of a
substance. It is calculated according to Equation 3 (Gottschalk et al. 2013):

1

XE,w = -
, 1+(kpXSUSP+kpocXDOC+BCF fisp XBIOMass) X106

(3)

With k, the partition coefficient between water and suspended solids (L.kg™), SUSP the suspended
matter concentration in freshwater (kg.L™), kooc the partition coefficient between DOC and water, DOC
the dissolved organic carbon concentration in water (kg.L?), BCFssh the bioconcentration factor in fish
(L.kg!), and BIOmass the concentration of biota in water (kg.L). The size of particulate metal is
assumed to be above the bioavailability level, but we have seen earlier that nanometric particles can
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enter organisms and cells. So again, a new exposure model needs to be developed, that would take
into account the size distribution of the particles.

The USEtox effect factor (m3.kg?) is calculated according to Equation 4 (Huijbregts et al. 2010):

_ 0.5
HC50gcs0

EF (4)

HC50 is the hazardous concentration at which 50% of the species are exposed above their EC50 (effect
concentration affecting 50% of a population). 0.5 stands for a 50% PAF (potentially affected fraction),
which is a fraction of 50% of a population that is affected. Here, the concentration is expressed as a
mass/volume ratio, but, as seen in section 1, it could be useful to express it as a particle
number/volume ratio, or as a surface areas ratio.

We can see that LCIA and RA rely on the same type of data (fate parameters and ecotoxicological data),
and in this way they have the same limitations regarding their application to NMs. However, some
authors have started overcoming these limitations, as described in the next section.

3.2. Modeling the fate and exposure of TiO, NPs in LCA and RA

Gottschalk et al. (2010; 2013) and Mueller and Nowack (2008) developed fate and exposure models
for TiO2 NPs in a RA perspective, but at global and regional scales, respectively. These studies did not
take into account processes specific to NPs, though Gottschalk et al. (2013) used probability
distributions to account for the uncertainties of their model. Quik et al. (2011) took a step forward and
incorporated sedimentation and dissolution of NPs in existing models.

Based on Thill (1999), Praetorius et al. (2012) developed a fate model that is able to predict the fate of
TiO; ENPs in the Rhine River, based on the colloidal theory and thus accounting for all nano-specific
fate processes. The river was divided in three compartments (moving water, stagnant water and
sediment) in the cross section, and in 520 boxes in the longitudinal dimension. The authors
distinguished processes that affect free TiO, NPs only (sedimentation and heteroaggregation), TiO;
NPs bound to suspended particulate matter (SPM) (sedimentation with SPM, sediment resuspension,
burial in the deep sediment and horizontal bed load transport) and both free TiO, NPs and SPM-bound
TiO, NPs (river flow and exchange between moving and stagnant water). First order rate constants
were derived for each process, assuming steady state of the system. One of the most significant
transformation process undergone by NPs is aggregation. This process is commonly described by
colloidal science and the Derjaguin-Landau-Verwey-Overbeak (DLVO) theory. Particles undergo three
types of motion, depending mostly on their size: Brownian motion (diffusion), shear rate motion, and
gravitational settling. These motions lead to collisions, and the actual sticking together of NPs after
collision can be predicted by the DLVO theory.

This theory assumes that aggregation of particles is dependent on the sum of two electrical forces: the
van der Waals (attractive) and the electrical double layer (repulsive) forces (Hotze et al. 2010).
However, the DLVO theory cannot be applied in case of high particle concentrations, presence of
multivalent counterions, or high particle surface charge (Chen et al. 2012a). Moreover, Chen et al.
(2012a) and Kim et al. (2009) showed that other forces play a significant role in NPs aggregation, whose
can be included in the extended DLVO (XDLVO) theory. These forces include steric repulsion, which
can be caused by adsorbed polymers, polyelectrolyte coatings or natural organic matter. It can lead to
the reversibility of aggregation, and was used by Chen et al. (2012a) to explain the effects of humic
acids on the transport and retention of TiO, NPs in porous media. Lewis acid-base hydrophobic
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interactions lead to additional repulsive forces, and were used by Kim et al. (2009) to explain the
interactions of NOM with TiO, NPs. Bridging and osmotic forces are also included in the XDLVO theory,
as well as magnetic forces (Hotze et al. 2010), but these additional forces were not included in the
model built by Praetorius et al. (2012). Besides, the authors considered the homoaggregation
negligible in the Rhine River, as the concentration of TiO> NPs expected to be released is low (in the
ng.L™ range) so that the NPs are assumed not to collide frequently. The density and concentration of
SPM were varied in different runs of the model, their size was assumed log-normally distributed
between 1.5 and 80 um. The NPs were assumed to reach the river in an aggregated state. Their initial
size distribution was also assumed to be log-normal, with a mode at 300 nm; five size classes were
determined. The incoming flow was expressed as a particle flow for each size class, based on mass flow
information and specific density of the NPs. All results are then expressed on the basis of particle
numbers (Praetorius et al. 2012).

Salieri (2013) is the only author that worked on the whole LCIA methodology to adapt it to TiO2 NPs
fate in the aquatic environment. The author carried out the LCIA of TiO2 NPs in freshwater, taking into
account the sediment compartment. Several processes were included in the fate model: advection,
aggregation and sedimentation in freshwater, resuspension from sediment to freshwater, bed load
transport, and burial to deep sediment. The general equations for constant rates calculations are as
follows (Eq. 5-8):
kw,w,i, = _(kw,adv,i + ksed,i + kdiss + kw,het—aggr) fOT‘ [ = 1' ""nfi];]g (5)
ksed,sed,i = _(kburial,i + kresusp + ksed,transfer) (6)
kw,sed,i = ksed,i (7)
ksed,w,i = kresusp,i (8)

Where kww, and Ksdseqi are the rate coefficients for the total removal from the water column
(advection, hetero-aggregation, dissolution, and sedimentation) and from the sediment (burial,
resuspension and bed load transfer), respectively. kwsedi and kseqw,i are the inter-media exchange
coefficients between water and sediment, and are equivalent to the sedimentation rate constant from
freshwater to sediment, and the resuspension rate constant from sediment to freshwater,
respectively. The model equations are based on the USEtox model for advection, burial and
resuspension rates, on Quik et al. (2011) for dissolution, and on Praetorius et al. (2012) for aggregation
and bed load sediment transfer. A fate matrix has been developed for different size classes of TiO, NPs.
The final fate factor has been calculated as the weighted average of the different FF,, . But, unlike
Praetorius et al. (2012), Salieri (2013) did not account for the size distribution of SPM. Photocatalysis
and hydrolysis have not been included in the calculations either. The TiO, NPs effect factor was
calculated based on mass concentrations, thereby not accounting for NPs specific properties.

The MendNano (Multimedia environmental distribution of engineered nanomaterials) model was built
by Liu and Cohen (2014). The authors highlighted that the particle size distributions of NMs govern
their transport through the different environmental compartments (air, soil, water, sediment,
waterborne biota and vegetation), and use first-order kinetic equations to model their multimedia
transport and transformations. The dynamic mass balance of each compartment is calculated for each
particle size fraction and is given by the general equation:

M P U

d o _

E[Vici,k] = (QI™- ¢} — Q2™ - Ciy) + Z Z I + Z RY +Six k=1,..,N;i=1,..,T(1)
j=1 1=1 n=1

38



The first term on the right side of the equation accounts for advective mass transport, with N the
number of particle size fractions, V; (m?) the volume of compartment i, Cix (g.m) the compartmental
ENM concentration associated with particles in size fraction k, Qi" and Q;°** (m3.s) the advective flow
rates in and out of compartment i, respectively, and C;" (g.™3) the inflow ENM concentration. The
intermedia transport rates (second term of the right side of the equation) between compartments i
and j, via transport transport process |, is I';jx (g.5 ), P being the number of processes and M the number
of compartments. The transformation rate, R" «x can be calculated as r".Vi, with r";x being the volume
specific ENM transformation rate (g.m™), or as &.K"x.Cix.Vi, with K';x the transformation rate constant
(s) and & set as +1 or -1 for a production or a consumption transformation. Six. is the ENM source
release rate (g.s?). The needed input data include ENM properties, meteorological information,
geographical parameters, transport parameters and release scenario. The model is able to give
temporal profiles, mass distributions and information about intermedia transport
(http://mendnano.polysep.ucla.ed). The authors performed two 1-year simulations for TiO, NPs in the
Los Angeles region and in Switzerland , that resulted in the first case in 73 % of input TiO, ending in
soil, 0.335 % in water, 26.33 % in sediment, and 0.028 % in the atmosphere compartment. The
MendNano model is applicable for regions of minimum 1 km? area (Liu and Cohen 2014). It has been
built to give regional average mass tranfers, so that itis recommended to use it for distributed sources,
as opposed to singular point sources, for which the fate modeling would result in overestimations for
the average compartmental concentrations and underestimations for local concentrations (Liu and
Cohen 2014).

Meesters et al. (2014) built a multimedia fate model, named SimpleBox4nano (SB4N), based on the
European Union System for Evaluation of Substances (EUSES) model, which is widely used in LCIA. This
model includes the air, soil, water and sediment compartments. The authors made three major
adaptations of this model: (1) transformation processes were not considered as removal processes, (2)
dissolution was implemented as a removal process and (3) the thermodynamic equilibrium was not
assumed to calculate colloidal concentrations; rather, dissolution, aggregation and attachment rates
give the rate at which the NPs reach equilibrium. The third assumption implies that NPs can occur in
different forms in each compartment: (1) freely dispersed, (2) heteroaggregated with natural colloidal
particles (<450 nm) or (3) attached to larger natural particles (>450 nm). This model is a multimedia
mass balance model in which the masses (m) of NPs in the compartments are obtained by solving the
steady-state equations. The solutions are expressed as follows:
m=-A"1-e (1)

Where A is the system matrix of rate constants (s) and e is the vector of emission rates of ENP into
the environment (kg.s). When applying this model to TiO, NPs, the authors assumed that the
dissolution of these particles was negligible, so that the removal processes were all related to transport
processes. Colloidal theory was applied to obtain the mass-balance equations. However, the authors
emphasize that experimental results are preferred over modeling with DLVO theory, as it has been
established that it cannot be accurately applied to NPs without adding some morphology correction
factors. As Praetorius et al. (2012), the authors only consider heteroaggregation, disregarding
homoaggregation. This was based on previous studies that showed that homoaggregation was
negligible in natural conditions, due to the low concentrations of ENPs in the natural aquatic
compartment when compared to natural suspended particulate matter (Quik et al. 2012;2014).
However, SB4N is able to consider homoaggregates as input into the system, if an emission rate and
the properties of the aggregates are given.

Modeling the fate and effect of NPs in RA and LCA is based on previously existing methodologies, which
were adapted step-by-step to the colloidal theory. One of the most important changes to make in this

39



direction is to consider no longer the mass of the substance, but the particle number and the
aggregation state. In the same way, making the difference between particulate and dissolved metal
fractions is not sufficient when working on nanometric particles: their whole size distribution needs to
be taken into account. Moreover, there is still a lack of knowledge regarding NPs behavior. This can be
accounted for by using probabilistic approaches such as Bayesian networks (BNs) (Adam et al. 2015).
This type of model has not yet been used on TiO; NMs, but was implemented to assess the potential
risk of silver NPs (Money et al. 2012; Money et al. 2014). BNs link the different variables involved in
the evaluation of their impacts/risks, based on probability distributions. This allows taking into account
the variables uncertainties and visualizing them easily, and makes BNs very useful for prioritizing
research needs.

Conclusion

The understanding of NMs behavior in the environment requires taking into account NP-specific
properties, such as crystallinity, size, surface charge, aggregation/agglomeration state, surface area
and particle number concentration. The determination of these properties needs adapted analytical
techniques. Among them, AFM, TEM, X-ray spectroscopy, FIFFF and ICP-MS appear most useful,
because they are in situ and high resolution techniques. However, none of them can determine all NPs
necessary properties within one single run, and some techniques are still emerging. Consequently, it
is recommended to combine various analytical tools, as this can also allow cross-checking the results.

Indeed, accurate characterization of NMs properties is necessary for the modeling of predicted
environmental concentrations, for the evaluation of toxicity thresholds and for the calculation of LCA
characterization factors. However, literature is mostly based on mass concentration instead of particle
number concentration or surface area, which makes it difficult to adapt existing LCA and RA models to
NPs and to integrate ecotoxicological data in these models. All this adds up to give high uncertainties
regarding the potential impacts and risks of TiO; NMs. Yet, there is an urgent need for the assessment
of their impacts/risks, as NMs are present in a huge quantity of products. So, the best strategy to adopt
is using probabilistic approaches such as BNs, which allow both accounting for and visualizing
uncertainties, thus facilitating decision making.
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I.B. LIFE CYCLE ASSESSMENT AND RISK ASSESSMENT FOR THE ECOTOXICITY

ASSESSMENT OF NANOMATERIALS — REVIEW OF SINGLE AND COMBINED
APPROACHES

Submitted to Environmental Science and Pollution Research, under review.

The previous section reviews the general methodologies for LCA and RA of NMs. The following review
of literature details the way in which these methodologies have been used for the NMs ecotoxicity
assessment, whether combined or not, and discusses the benefits arising from their combination.
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Abstract

New technologies based on nanomaterials have been developed over the last decades, but high
uncertainties remain regarding the fate and effects of these new materials in the environment. Life
Cycle Assessment (LCA) and Risk Assessment (RA) are two tools that can be used to assess the potential
harm of a substance onto different environmental compartments, based on the modeling of their fate
and effects. Today there is consensus among authors that large benefits arise from the combination of
these two approaches. This work aims at discussing the single and combined approaches of life cycle
and risk assessments. Itis shown that combining LCA and RA allows time- and site-specific assessments
over several impact categories and over the whole life cycles of nanomaterials. However, more
research on the ENMs fate, behavior and effects in the environment is needed to provide more reliable
results. Consequently, probabilistic approaches such as Bayesian network (linking probability
distributions of different variables) are recommended for the combination of LCA and RA of ENMs.
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Introduction

The emergence of nanotechnologies gave impetus to the development of novel and innovative
research both at academic and industrial levels. To date, the development of engineered
nanomaterials (ENMs) has largely centered upon material discovery and manufacture, leading to rapid
advances in their technological exploitation in different areas, such as textile, coatings, composites and
medicine. This issue is addressed by the EU REACH Regulation n. 1907/2006 which gives industries the
responsibility of the Chemical Safety Assessment (CSA) for any industrial substances. The CSA includes
hazard assessment, exposure assessment and risk characterization. These different steps depend on
the ecological risk assessment approach.

The safety of ENMs along their whole life cycle towards the human health and the environment should
be ensured by industrials using the REACH guidance. The ENM life cycle assessment (LCA) requires
taking into account the fate and the effects of nanoparticles (NPs) and their bulk material, by
determining their physicochemical properties, their interactions with different matrices and their
behavior towards different organisms in response to various modes of exposure.

However, even if more and more studies were performed on NPs in the last decade, high uncertainties
remain regarding their fate, behavior and toxicological effects in the environment, and regarding the
methodological approaches to model these parameters for the assessment of their environmental
impacts and their risks. Consequently, a framework able to deal with these uncertainties is needed for
the environmental assessment of ENMs. LCA, described as an environmental impact assessment tool
for products, processes or services over their whole life cycles (ISO 2006), and risk assessment (RA),
defined as the process of assessing magnitudes and probabilities of human activities or natural
catastrophes adverse effects, are two methodologies used to assess the impacts and risks of
substances in the environment. Today, there is consensus among scientists on combining these two
tools in order to overcome their respective limitations. This will be the focus of this paper.

This work presents single and combined approaches of LCA and RA applies to ENMs ecotoxicity and
highlights the benefits arising from a combined tool.

1. Life Cycle Assessment of nanomaterials
1.1 Conceptual framework of Life Cycle Assessment

Life Cycle Assessment (LCA) is an environmental impact assessment tool for products, processes or
services over their whole life cycles (ISO 2006). It is conducted in four stages following the
requirements of the 1ISO 14040 (Figure 1):

(1) determination of the goal, scope and system boundaries

(2) inventory analysis of inputs and outputs
(3) assessment of environmental impacts
(4) interpretation of results with proposals for improvement
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1. Goal and scope definition

4. Results
2. Inventory analysis interpretation

3. Impact assessment

Figure 1: Life Cycle Assessment framework (1SO 14040 2006)

In the determination of the goal, scope and system boundaries, the authors are also requested to
define a functional unit, which is the unit to which all inventory data and impact assessment results
will be referred to (e.g. 1 kg of product).

The life cycle inventory analysis consists in collecting data concerning energy and material inputs and
outputs from the system under study.

In the impact assessment stage (LCIA), inventory data are assigned to different impact categories (such
as global warming potential, eutrophication, or ecotoxicity) and the calculation of category indicators
(Cls) is achieved using characterization factors (CFs).

The category indicator is the numerical expression of the life cycle inventory results conversion (Eq.1)
(Ghazi et al. 2011; Huijbregts et al. 2000):

e=m

x=n
Cl; = z z CFi,x,e X Mx,e (1)
x=1

e=1

Where Cl; is the impact score for category i, M,. the substance mass (LCI results); and CF;,. the
characterization factor of impact category i for substance x due to an emission to compartment e
(dimensionless).

Many LCIA calculation methods/models are available, each providing different CFs for different impact
categories. Among the most frequently used are CML, Impact 2002+, and ReCiPe. All of them rely on
fate and effect data (transport, transformation, and ecotoxicity values), and calculate characterization
factors (CF) as the combination of a fate factor (FF) with an effect factor (EF) specific to a given
substance i (Equation 2):

CF;, = FF; XEF; (2)

However, when working on ecotoxicity, and especially in the aim of combining LCA with RA, it is
important to explicitly take into account the exposure of organisms to the substance under study. This
has been done in the USEtox model with the introduction of an exposure factor. USEtox is defined as
an environmental model for the characterization of human and freshwater toxicological impacts, and
has been developed by a team of experts that had built previous methods. In this consensus method,
the ecotoxicological characterization factor of a chemical is expressed as the product of an exposure
factor (XF), with a fate factor (FF) and an effect factor (EF). So according to Rosenbaum et al. (2008):
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Cl; = M; X XF; X FF; X EF; (3)

Here, the exposure factor is defined as the bioavailable fraction of the substance. However, as it is
discussed in the following section, it was shown that NPs specific properties (such as size, surface area
or functionality) need to be taken into account in the calculation of the exposure, fate, and effect
factors (Adam et al. 2015, Gavankar et al. 2012).

1.2. Assessing the ecotoxicity of NMs with LCA

When studying ENMs, ecological toxicity (terrestrial or aquatic) is rarely included in the impact
assessments: to our knowledge, only 14 ENMs LCAs have been conducted on these impact categories.
This is mostly due to a lack of data regarding ENMs production processes on one hand, and fate and
effects on ecosystems on the other hand, which hampers robust modeling and ecotoxicity assessment
(Eckelman et al. 2012; Roes et al. 2007; Gavankar et al. 2012; Upadhyayula et al. 2012).

Although a few studies conducted LCAs over the whole life cycle of the studied ENIV (Babaizadeh and
Hassan 2013; Fufa et al. 2013), most of the reviewed LCAs are performed on the production step of
the life cycle (e.g. Griffiths et al. 2013; Eckelman et al. 2012). There is an urgent need for more impact
assessments of use and end-of-life stages, as these stages are also potential sources of ENMs releases
in the environment (Dahlben et al. 2013).

Moreover, the functional units are frequently defined on the basis of ENM mass (Khanna et al. 2008),
while it was shown that other metrics, such as surface area or number concentration, could be more
representative of the toxic effects of NPs at the production stage (Auffan et al. 2009; Adam et al. 2015;
Hischier and Walser, 2012). However, when comparing ENMs impacts with those of traditional
materials, the use of functional unit based on the service provided by the nanoproduct or on its
performance may be useful (Hischier and Walser 2012). In most studies, it is the amount of produced
nanoproduct that is used as a functional unit (Bauer et al. 2008; Babaizadeh et al. 2013, Fufa et al.
2013, Meyer et al. 2011, Walser et al. 2011; Lloyd and Lave 2003; Lloyd et al. 2005).

Finally, most of the time, authors do not use CFs specific to ENMs properties, as they are not currently
available in the LCI databases and LCIA calculation methods (Gavankar et al. 2012; Hischier et al. 2012).
To our knowledge, Salieri (2013) is the only one that took into account the size distribution of TiO;
ENMs in her calculations of a CF for nano-TiO, in the USEtox method. Eckelman et al. (2012) calculated
a CF for CNTs in USEtox, though no distinction was made between the different kinds of CNTs. These
CFs differ by several orders of magnitude depending on the data used.

Therefore, even if the USEtox model can be used as a basis for the ecotoxicity assessment of ENMs, it
needs to be refined in order to fully account for NM-specific properties (Eckelman et al. 2012). This
cannot be without concomitant fulfilling of LCl databases with relevant parameters such as size,
aggregation state, surface area, etc. (Hischier and Walser 2012). However, the use of the CFs cited
above is recommended, as they are the only ones available accounting for some of the specific
characteristics of NMs, even if they are calculated at a continental scale.

Besides, ecotoxicity assessment would benefit from the use of a site-specific scale, which is a scale
reduced to the study area, implying detailed knowledge of the ecosystem surrounding the site under
study and taking into account environmental parameters specific to the study area (Potting and
Hauschild 2006, Rodriguez et al. 2014). The use of such a scale would reduce uncertainties about the
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values of the environmental parameters feeding the fate and ecotoxicity models (Adam et al. 2015).
This is not the case in any of the studies reviewed here, as all the methods used include CFs averaged
at a global or continental scale. This is the main point where LCA would benefit from a combination
with RA, as discussed in the following sections.

2. Risk Assessment of nanomaterials

2.1. Conceptual frameworks for Risk Assessment of ENMs

Risk assessment (RA) is defined by Suter (1993) as the process of assessing magnitudes and
probabilities to the adverse effects of human activities or natural catastrophes. It is conducted in four
steps (Savolainen et al. 2010):
(1) Hazard identification: Substance properties that may cause hazards to organisms are
identified.
(2) Hazard characterization: Dose-response relationships and mechanisms of toxicity of the
substance are defined.
(3) Exposure assessment: Exposure, that is concentration organisms are in contact with, is
determined. The sources, pathways and routes of exposure should also be assessed.
(4) Risk assessment: The risk is calculated as the product of an exposure factor with a hazard
factor.

Most usually, the ecological risk assessment of a substance is calculated by dividing the PEC (Predicted
Environmental Concentration) of a specific chemical in a given compartment (e.g. air, water or soil) by
its PNEC (Predicted No Effect Concentration). PNEC is the highest concentration of the substance safe
for the environment. It therefore defines the toxicity of the substance in the environment. PEC is the
foreseeable concentration of the substance in the environment. It therefore defines the exposure of
the natural environment to the substance.

However, uncertainties remain on the behaviour of ENMs in the different environmental
compartments and on their effects on organisms. Consequently, probabilistic approaches such as
Bayesian networks (that are networks linking probability distributions of different variables) may
provide help in accurately assessing the ecological risks of ENMs. Both these approaches and their use
in currently available literature are discussed in the following section.

2.2. Assessing the ecotoxicity of ENMs with RA

Most ENMs RA studies concern freshwater, as the ecotoxicological data is the most abundant for this
compartment (Table 1). Ag and TiO, NMs are most frequently assessed, followed by carbon-based
NMs, such as CNTs and fullerenes (Table 2).
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Table 1: Number of reviewed studies quantitatively assessing the environmental risks of NMs in different natural
environmental compartments

Studied compartment | Risk quotient | Bayesian networks Total nurrnber of
studies

Freshwater 7 2 9

Freshwater sediment 1 2 3

Soil 3 0 3

Air 1 0 1

Table 2: Number of reviewed studies quantitatively assessing the environmental risks of NMs

Studied ENM Risk quotient | Bayesian networks Total nunTiber of
studies

Ag 5 1 6

CNT 2 0 2

Fullerene 1 0 1

TiO, 5 0 5

Zn0O 3 0 3

Quantitative risks are most usually calculated as a risk ratio or risk quotient (RQ), dividing the PEC of a
specific chemical by its PNEC.

Usually, for conventional chemicals PEC is determined by monitoring data. They should normally be
used in preference to calculation. For ENMs, due to lack of data, the authors used data from literature
(Stone 2009, Aschberger et al. 2011), their own calculations (Johnson et al. 2011), estimations (Mueller
and Nowack 2008), or probability distributions (Blaser et al. 2008, Gottschalk et al. 2013) to define a
PEC.

The PNEC is usually estimated from laboratory ecotoxicological tests results applied to the studied
substance. The PNECs can be derived from ecotoxicological data such as NOECs, using an extrapolation
factor of 1/1000 to account for the low data accuracy (Mueller and Nowack 2008; Stone et al. 2009,
Johnson et al. 2011, Gottschalk et al. 2009, Williams et al. 2009).

When PNECs were not available, the highest observed no-effect concentrations (HONECs) (Blaser et
al. 2008) or the INEC (indicative no effect concentration) may also be used to take into account the
uncertainties in the nanomaterials toxicity assessment (Aschberger et al. 2011).

Gottschalk et al. (2013) assessed ENMs effects using a generic probability species sensitivity
distribution (PSSD). Available toxic values for a species were used to produce a probability density
function for each environmental compartment, and single species distributions were combined into
the generic PSSD.

Another methodology that uses probability distributions is based on Bayesian networks (BNs). A BN
consists of a set of variables (or “nodes”) linked by a set of arrows (Figure 2). It takes the form of a
directed acyclic graph, meaning that there is no cycle in the network (Kashuba 2010). Nodes represent
variables, and arrows represent the probabilistic relations between the variables (Kashuba 2010). Each
variable has a finite set of mutually exclusive states, and to each variable B with parents As,...,A, there
is an attached conditional probability table (CPT): P(B|As,...,An) (Jensen and Nielsen 2007).
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Figure 2: Example of a Bayesian network. Parent variables are A and B, the child variable is C. Probability (P) is
assigned for each state (i) of the variables

BNs present various advantages that make them particularly useful to use in nanomaterials RA. Firstly,
the results’ uncertainties are directly visible in the network, as values are expressed as probability
distributions: the higher the uncertainty, the wider the probability distribution (Uusitalo 2007).
Another advantage of BNs is that they can be used even when very low data is available (Kontkanen et
al. 1997; Uusitalo 2007). When little data is available, authors can use expert elicitation to attribute
probabilities to parameters values (Kashuba 2010; Morgan 2005; Pollino et al. 2007). Finally, BNs can
be updated with the calculation of new probability distributions as new data become available
(Kashuba 2010). BNs advantages also include the ability to combine categorical and continuous
variables, and empirical data with expert judgment (Marcot et al. 2001). All these characteristics are
particularly appropriate considering the high lack of data regarding ENMs. However, extended use of
expert elicitation and high data uncertainty can lead to uninformative models.

To our knowledge, BNs have been used to assess environmental risks of Ag ENMs only (Money et al.
2012, 2014). Expert elicitation was used to build the model and to determine the CPTs. Direct expert
elicitation of the CPTs was achieved following four steps (Figure 2): (1) experts were presented with a
completed diagram of the network, and an empty CPT for each child node; (2) a probability for each
cell in the CPT was elicited by asking the following type of questions: “Given that A has a value between
0 and 25 and B is “Low”, out of 100 independent experiments, how many times would you expect C to
be between 0 and 10?”; (3) the question was repeated using every possible state combination of the
parent variables. When the CPT was complete, it was input into the Netica v.4.09 software (a Bayesian
network development software); and (4) the experts were asked to rate their confidence in each CPT
on a scale from 1 to 10.
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3. Combining LCA and RA for the assessment of ENMs ecotoxicity

3.1. Differences and similarities in LCA and RA structures

Even though LCA and RA are two tools used for environmental evaluation, one of the major differences
between these two methodologies relies in their final goals. RA aims at assessing the environmental
risk of a chemical, whereas LCA aims at assessing the impacts of a whole product (Grieger et al. 2012;
Olsen et al. 2001). Consequently, LCA results are aggregates across substances, and include more
industrial processes than RA, which is specific to one substance (Solocof and Geibig 2006; Udo de Haes
et al. 2006). Furthermore, the final goal of LCA is to compare different scenarios, or processes, whereas
RA aims at assessing the risk magnitude of a substance (Cowell et al. 2002), so LCA provides relative
results, whereas RA results in an absolute value (Grieger et al. 2012; Linkov and Seager 2011; Olsen et
al. 2001; Socolof and Geibig 2006; Udo de Haes et al. 2006). The relative character of LCA is due to the
use of a functional unit, to which resources and chemical flows are related (Udo de Haes et al. 2006),
and which allows the comparison between different scenarios.

Another important difference between these two tools is that RA is fundamentally time- and site-
specific, which is not the case of LCA due to the use of a functional unit (Assies 1998; Barnthouse et al.
1997; Eason et al. 2011; Olsen et al. 2001; Socolof and Geibig 2006; Udo de Haes et al. 2006; Wegener
Sleeswijk et al. 2003). This induces higher uncertainties than in RA, where actual flows are used (Bare
et al. 2006; Udo de Haes et al. 2006). Moreover, risk scores are calculated at a given time, while impacts
are averaged over several years in LCA.

LCA covers a large number of impact categories, thus including a larger number of environmental
impact parameters than RA, which is based primarily on ecotoxicological data (Grieger et al. 2012).
Furthermore, most-realistic data are used in LCA, whereas worst-case data are often used in RA (Udo
de Haes et al. 2006). However, the same type of ecotoxicological data is used in both cases.

As stated earlier, both methodologies are conducted in four steps. The classification step of LCIA can
be considered similar to the hazard identification step of RA (Table 3). In the same way, life cycle
inventory and fate modeling can be likened to exposure assessment in RA; exposure and effect
modeling is then considered as the third step of LCA, similar to hazard assessment in RA; and the
damage modeling and interpretation of results in LCA is analogous to risk characterization (Udo de
Haes et al. 2006).

Table 3: Differences and similarities in LCA and RA structures

LCA RA LCA +RA

:t'u%iﬂmtlon of goal and scope of the 1. Hazard identification il.al;iji:iacgciil::ntlflcatlon and

2. Life cycle inventory 2. Dose-response assessment 2. Exposure (fate) assessment
3. Life cycle impact assessment 3. Exposure assessment 3. Hazard (effect) assessment
4. Results interpretation 4. Risk characterization 4. Risk/impact characterization

Moreover, the calculations of exposures and effects in LCA and RA are based on the same chemical
and ecotoxicological data and processes (Pennington et al. 2006; Udo de Haes et al. 2006). This could
constitute the basis of the combination of these tools. The aggregation of data is possible in both
methods over initial release compartments (Grieger et al. 2012; Udo de Haes et al. 2006).
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3.2. Performing LCRA for the assessment of ENMs ecotoxicity

Various ways of combining RA and LCA have been suggested. For this purpose, Benetto et al. (2007)
suggested either: (1) combining LCA and RA results into new impact results, (2) substituting LCA results
by the ones from (1), and (3) defining new impact categories in addition to LCA categories, in order to
include RA results. The second combination had already been identified by Flemstrom et al. (2004),
with the use of ecotoxicological models in LCA.

Grieger et al. (2012) distinguished two other approaches for combining LCA and RA. (1) The “life cycle-
based RA” approach consists in conducting a traditional RA in a life cycle perspective, i.e. at each life
cycle stage. This approach has also been proposed by Kuczenski et al. (2011), and has been used by
Wardak et al. (2008). Flemstrom et al. (2004) suggested conducting a RA on every emission identified
in the life cycle inventory. (2) The “RA-complemented LCA” approach consists of a conventional LCA
complemented by a RA at specific life-cycle steps. In this case, LCA may be used as a screening tool, for
identification of critical lifecycle steps requiring RA. According to Grieger et al. (2012), this is the only
approach which truly combines LCA and RA. It has been used by Linkov and Seager (2011), Shatkin
(2008a, 2008b), Som et al. (2010), Sweet and Strohm (2006), and has been implemented in the CEA
framework (Anastas and Davis 2010; Davis 2007; US EPA 2010a, 2010b, 2009) and Nano LCRA (Shatkin
2009, 2008a, 2008b), as well as in the Nano Risk Framework (Environmental Defense and DuPont
2007a, 2007b, 2007c). Applications of both approaches are detailed in the following sections.

3.2.1.“Lyfe-cycle-based RA” approach

Wardaketal. (2008) implemented a life cycle-based approach for qualitative RA using expert elicitation
and literature review, in order to identify which ENMs pose greater risks and where these risks occur
in the nanoproduct life cycle. Expert elicitation was used to gather information on nanoproducts, to
build use and disposal scenarios, and to identify nanoparticles properties (triggers) that induce greater
exposure- or hazard-related risks. Once the expert elicitation results were collected, scenarios and
triggers were given a score of 1 to 5, (low to high, respectively), considering their severity and
probability. This resulted in a score for exposure and another for hazard for both these categories. The
higher hazard-related and exposure-related scores of a nanoproduct, the higher its potential risk.
Hazard and exposure scores of 3 or more lead to high-risk scenarios and triggers, which were proposed
as hot spots where research should be prioritized.

A case study was conducted on an air freshener spray containing silver NPs. Risk hot spots were
identified as the intersections of high-risk triggers with high risk scenarios, which lead to high risks
(Table 4).
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Table 4: Evaluation of environmental risks of an air freshener spray containing silver nanoparticles (\Wardak et al.
2008)

Use - Use —skin Use — air Disposal — water
inhalation adsorption release entrainment
Dispersibility and bioavailability Medium Medium High High
Catalytic property High Medium High Medium
Antibacterial properties High High Medium High
Susceptible population High High Low Low
Coating stability Medium Medium High Medium

3.2.2.“RA-complemented LCA” approach

3.2.2.1 Nano Life Cycle Risk Assessment

Nano Life Cycle Risk Assessment (LCRA) is an adaptive framework in which new information can be
implemented as it becomes available on exposure and risk potentials of ENMs. According to Shatkin
(2008b), a screening approach was required as not enough information was yet available on
nanotechnology to conduct quantitative assessments.

Nano LCRA consists in the ten following steps : (1) Description of the product life cycle, (2) Identification
of the materials and assessment of potential hazards at each lifecycle stage, (3) Qualitative exposure
assessment for materials at each lifecycle stage, (4) Identification of lifecycle stages at which exposure
may occur, (5) Evaluation of the potential ecotoxicity at key lifecycle stages, (6) Analysis of risk
potential for selected lifecycle stages, (7) Identification of key uncertainties and data gaps, (8)
Development of mitigation/risk management strategies, (9) Gathering additional information,
Iteration of the process, revisiting assumptions, and adjustment of evaluation and management steps.
This framework has been used by Shatkin et al. (2010) to assess occupational risks of quantum dots in
paint. Results show low risks to the environment. According to these authors, major advantages of the
framework are that it is affordable, easily implemented, and requires little data. It can be used to
prioritize future research needs (Shatkin 2008a; 2009; Shatkin et al. 2010).

The Nano Risk Framework is an example of the Nano LCRA framework (Eason et al. 2011). It has been
developed by the Environmental Defense and DuPont (2007a, 2007b, 2007c), and consists in the
following steps (ED and DuPont, 2007a): (1) description of the material and its application, (2) lifecycle
description, (3) evaluation of risks, (4) assessment of risk management, (5) decision, documentation
and action and (6) reviewing and adaptation. This framework was applied to TiO; in a light stabilizer
(ED and DuPont 2007b), and to CNTs in polymer nanocomposites (ED and DuPont 2007c). Results from
the risk assessment of nano TiO; in the DuPont™ light stabilizer show low risks to aquatic organisms
(ED and DuPont, 2007b). Risks arising from the integration of MWCNTSs into polymer nanocomposites
by melt processing are low for the aquatic compartment and the soil, as well as those due to
incineration ash (ED and DuPont 2007c). Shatkin (2008b) points out that the Nano Risk Framework
requires a lot of data that only an organization such as DuPont might be able to implement.
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3.2.2.2 Comprehensive Environmental Assessment

The Comprehensive Environmental Assessment (CEA) framework can be used for a quantitative RA
providing sufficient data are available. It is conducted in the following steps: (1) qualitative description
of the product life cycle, (2) identification of transport and transformation within and across
environmental compartments, and (3) exposure and effects assessment of a contaminant in these
compartments, across all life cycle stages of a product (Davis 2007; Shatkin 2008b). Exposure
characterization includes routes of exposure, aggregate exposure across routes, cumulative exposure
to multiple contaminants associated with the NM, and various spatiotemporal dimensions (Shatkin
2008b). The consideration of exposure before conducting effect evaluations avoids unnecessary
research (Shatkin 2008b).

The CEA was used by the US EPA which assessed the nano-TiO; risks in sunscreen and water treatment
(US EPA 2009), and the risks of silver nanomaterials in a disinfectant spray (US EPA 2010b). No general
conclusions concerning the overall risks of the NMs could be drawn from these two case studies, due
to lack of data.

Ogilvie-Hendren (2010) focused on specific building blocks of the CEA framework, which are
assessments of fate and exposure to silver NMs released by a wastewater treatment plant (WWTP).
The fate of nano-TiO, and four types of nano-Ag surface chemistries were compared in the WWTP. The
exposure model considers releases of NMs to various environmental compartments at different life
cycle stages. Magnitudes of NM sources were estimated based on publications and patents related to
these NMs. Fractions of NMs reaching the WWTP were then estimated from literature review and by
direct measurements in wastewater. Population factors and wastewater treatment facility parameters
such as detention times or solids concentrations were also estimated, as well as partitioning
coefficients, which were estimated from previous scientific work and results from batch partitioning
tests. The NM concentrations in wastewater effluent and sludge were then estimated based on Monte
Carlo simulations. Finally, a sensitivity analysis was conducted. Results show a high variability of Ag
concentrations in wastewater effluent and sludge around the mean values. However, it was concluded
that 95% of effluent concentrations would fall below 0.12 pg.L?, and that 95% of sludge concentrations
would fall below 0.35 pg.Ll. These concentrations were considered relevant to be used in
ecotoxicological tests.

3.2.2.3 Anintegrated framework combining LCA, RA and multi-criteria decision analysis

Multi-criteria decision analysis (MCDA) has been applied by Canis et al. (2010) and Linkov and Seager
(2011) to build an integrated framework, with the aim of prioritizing future research needs concerning
RA of NMs over their life cycle. This framework consists in four steps:

(1) Definition of the problem and decision context: Problem, boundaries of analysis, relevant
effect end-points and a functional unit are identified, and cognitive maps and influence
diagrams are constructed.

(2) Identification of stakeholders, decision-makers, assessment criteria, and weight estimates.

(3) Definition and assessment of management alternatives.

(4) Application of MCDA under uncertainty: Data are normalized into uniform or dimensionless
units for comparison of results. A weighted average is computed to each criterion, and the
different alternatives are ranked according to their weighted scores.
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3.3. Benefits arising from the combination of LCA and RA

A limited number of frameworks are available for combined LCA and RA, and to date only three NM
types were assessed in the available literature, namely nano-Ag, nano-TiO,, and CNTs. Furthermore,
to our knowledge, no quantitative RA in a life cycle perspective has been conducted on ENMs, due to
lack of data.

Combining RA and LCA would allow overcoming their respective limitations. Indeed, environmental
risk assessment (ERA) generally considers ecotoxicity only, so that negative impacts on other
categories (such as climate change) that could arise from the mitigation of ecotoxicity are not
acknowledged. The wide range of impact categories in LCA allows stakeholders to have a more
comprehensive view of the system under study (Christensen and Olsen 2004). In the same way, the
consideration of all emissions over the whole life cycle of the substance, as it is the case in LCA, would
make RA a more powerful decision support (Dusinska et al. 2012; Eason et al. 2011; Linkov and Seager
2011), and would also allow improving the life cycle processes (Sweet and Strohm 2006). On another
hand, the time- and site-specific design of ERA would benefit to LCA, reducing results uncertainties.

Conclusion

Most of the reviewed studies point out the high lack of data regarding ENMs exposure and effects, the
need for the implementation of prediction models for their fate and behavior within the environment
and consequently the need for further research concerning their environmental risks. Lopez-Serrano
et al. (2014) specify that further environmental risks of NPs will have to be tested under regulatory
schemes such as REACH, to set regulations fixing the limits at which NMs can be found in the
environment. However, Pronk et al. (2009) have already identified ten kinds of issues that need further
attention before all the REACH concepts can be properly applied to nanomaterials. Among these
issues, it has been demonstrated that more information is required on physicochemical properties (e.g.
on size and size distribution, shape, specific surface area, agglomeration/aggregation state and
dissolution characteristics). Another fundamental point is ecotoxicity testing, as the extended use of
in vitro (screening) methods that is currently occurring under REACH is not a viable option for NMs.
Indeed, various knowledge gaps remain, and the issue of the best metric to use in dose-response
analysis still needs to be resolved.

Even if it is recognized that the application of ENMs may pose a risk to human health and the
environment and even if there is a general consensus that the potential health and environmental risks
of ENMs should be evaluated over their entire life cycles (Lazarevic and Finndveden 2013), available
LCA and RA results include high uncertainties, and no quantitative combined RA and LCA has yet been
published.

Nevertheless, combining LCA and RA into one tool would allow time- and site-specific assessments
over a wide range of impact categories and over whole life cycles. Scientists should be able to use such
a framework that should also allow a clear visualization of uncertainties. Bayesian networks provide
such a basis. They could be used at each step of the NM life cycle, and be readily updated as new
information becomes available. Consequently, they are recommended as the best framework for the
combination of LCA and RA of engineered nanomaterials.
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I.C. PRESENTATION OF THE STUDY AREA

Introduction

The state-of-the-art presented above highlights the need for site-specific lifecycle and risk assessments
of TiO, ENMs. For this purpose, environmental parameters need to be determined based on the
specific physical, chemical and biological properties of the site under study. In this work, the study area
consists in the factory, its waste treatment site and a near 10 km? area including the river section in
which the industrial effluents are released. The first step of such an assessment is to acquire some
knowledge about the studied production site, the surrounding environmental compartments and the
natural processes taking place in the study area, as they all play a role in the transfer and
transformation (aggregation) of TiO, NPs in the environment. It is also important to identify the
potential targets at risk. This section meets this goal by describing firstly the potential source of
engineered TiO, NPs that is their production site, then the natural phenomena influencing their
behavior in the environmental compartments and finally the potentially affected species present in

the study area.

1. Industrial site and processes
1.1. Industrialization of the study area

The nano-TiO, NPs producer (CRISTAL) is located in Northern France, in the Thur watershed (Figure 1).
This valley has a long history of industrialization, beginning in the late XVIII™" century. On the whole
watershed, 382 industrialized sites have been inventoried in the BASIAS database
(basias.brgm.fr/donnees.asp), whether abandoned or not. 101 of these sites are upstream of Thann
and Vieux-Thann. 4 sites are classified as SEVESO Il high level, including CRISTAL FRANCE SAS at Thann,
PPC Potasse et Produits Chimiques at Vieux-Thann, as well as DUPONT DE NEMOURS and BIMA 83 at
Cernay. This heavy industrialization context induces various pollutions of soils and groundwater,
mostly caused by hydrocarbon, arsenic and halogenated solvants upstream of Thann (BASOL database,
Table 1). The Thur river water was heavily polluted by mercury in the late XXth century, and such
punctual pollutions still occur today. Other potential contamination can be caused mostly by
hydrocarbon, metals (e.g. As, Cr, Cu, Zn), sulfates and halogenated compounds (Ministere de
I’Ecologie, du Développement Durable et de I'Energie 2014). The studied factory is the only industry

releasing titanium in the Thur River.

75



+ Rainkopf

- 1305m
ijIde stein
1 .
upper valley i piedmont
1
] Kruth-* :
1
i, 1
) ) 1
4 Oderen i 1
- ] ] ) Grand Ballon !
oA 1424m |
Fellering 1
- / i
Ranspach . — |
Urbés Hu Geishouse Goldbach- |
Altenbach 1
1
Storckensohn :
Mollau Moosch O
f Malmerspach Willer- k
{1 —§ ; ; )
)/ sur-Thur Y -
" A -’/ Wattwiller
Tete des Perches Bitschwiller?
1222 m < ’
les-Thann, Steinbach
’
gt 7 Vieux-
! Thann
* TiO, NPs factory - ”‘A\ :":, 7 o~ Cornay P
— ThurRiver ’ T T &

== River section under study

plain

1
]
1
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
1
I ~
1

| Staffelfelden
1

1

1

Wittelsheim

5km

Ensisheim /|

Pulversheim

Figure 1: Location of the TiO; producing plant and the river section under study. Grey zones are urbanized.
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Table 1: Industrialized sites (BASIAS database — basias.brgm.fr/donnees.asp) and inventoried pollutions (BASOL
database - basol.developpement-durable.gouv.fr) in the Thur watershed communes. Potential Ti pollution can

appear at Thann and Vieux-Thann.

Number of

Number of inventoried

Commune industrialized (potentially) polluted cor::::lttr'i:nts Nature of pollutants
sites (BASIAS) sites (BASOL)
Wildenstein 1 0 - -
Kruth 4 0 - -
Oderen 5 0 - -
Urbes 1 0 - -
Fellering 6 0 - -
Husseren-
Wesserling 4 1 n-a. n-a
Ranspach - -
Mitzach 2 - -
St-Amarin 18 5 groundwz.ater hydrocarbon, As,
and soil halogenated solvents
Moosch 11 - -
Malmerspach 10 - -
Goldbach-Altenbach 1 0 - -
Willer-sur-Thur 15 1 groundw§ter hydrocarbons
and soil
_l?:sﬁ:wﬂler les 27 0 i i
Thann 65 ) grc;l;r;d:l/)?lter hydro(tz:Le:Irt)\lci)lnl,3 gs, Cr,
As, Cr, Hg,
Vieux-Thann 31 3 groundw:?\ter hydrc?carbon,
and soil cyanides, Ba,
halogenated solvents
groundwater halogenated solvents,
Cernay 76 4 and soil pesticides., metals (Cr,
Ni, Zn)
Steinbach 0 - -
Uffholtz 0 - -
Wattwiller 0 - -
Wittelsheim 29 0 - -
Staffelfelden 15 0 - -
Pulversheim 8 0 - -
Ensisheim 37 0 - -
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1.2. TiO, production process

In the environment, Ti can be found as ilmenite (FeTiO3), sphene (CaSiTiOs), perovskite (CaTiOs), or
titanium dioxide (TiO2). TiO; occurs as three crystalline phases: anatase, rutile and brookite, anatase

and rutile being the predominant forms.

The factory produces anatase TiO, NPs for use in paints and cements, as well as pigmentary TiO, (um
size range). The TiO, NPs fabrication process is divided in two sectors: the first one, called “black
sector”, starts with the extraction of titanium from ilmenite (FeTiOs) and slag ores by sulfuric acid, from
which a titanyl sulfate solution is produced. This enters the so-called “white sector”, which includes
the hydrolysis of the solution leading to the crystallization of titanium dioxide. The TiO; is then washed,
neutralized, filtrated, atomized or calcined, and finally sieved or grinded, to obtain the final

nanoparticulate and pigmentary TiO, (Figure 2).
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Figure 2: Nanoparticulate and pigmentary TiO, fabrication process (adapted from a factory communication)
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Three types of industrial effluents are released into the Thur River (Figures 3 and 4):

(1) “blue effluents” are composed of cooling and runoff waters. Flow, temperature, pH and
conductivity are monitored continuously. Fe and suspended particulate matter (SPM)
concentrations are determined daily; DOC, CI, SO, and Na* concentrations are controlled
monthly; N, Al, Mg, Mn, Zn, Cu, Cr, As, Hg concentrations are determined quarterly, and Cd,
Sn, Pb, Ni and V concentrations are determined once a year. Below conformity thresholds,
“blue” effluents are released at point T (mean outflow in 2014: 6778 m*.d?) in the industrial
channel. In case of non-conformity, they are directed into a retention and sedimentation basin

before being directed to the Ochsenfeld wastewaster treatment plant (WWTP);

(2) “red effluents” come from the industrial process itself and are treated at the Ochsenfeld
WWTP. The treatment consists in neutralizing the effluents with lime. These effluents are

released into the river at point NN (mean outflow: 2500 m3.d});

(3) other effluents come from the leaching of the Ochsenfeld slag heap. They are released into
the river at point NNR (mean outflow: 672 m3.d%). This slag heap is the result of decades of
accumulation of different solid wastes, coming mostly from the potash and TiO; industries in
the Thur valley. Today, itis covered with red gypsum, coming from the TiO, production process

and used as a rainproofing.

Effluents NN and NNR are released at the same location in the river.
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Figure 3: Location of the study site and effluent release points

Figure 4: (A) Junction of the factory channel (left) with the Thur River; (B) Effluents NN and NNR release point
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2. Natural processes influencing the fate of TiO2 NPs in the watershed
2.1. Transport by wind

It was shown that nano-TiO, can occur in significant concentrations at TiO, NPs manufacturing
workplaces (Lee et al. 2011) and can thus be transported by the air route, where they may be subject
to further agglomeration (Minoura and Takekawa 2005) or break-up (Rothenbacher et al. 2008). At
Vieux-Thann, the wind mostly blows in two directions (Figure 5): 60% of the recordings were blowing
in the downstream direction, towards the East-South-East during 2011 to 2013, the remaining 40%
blow in the opposite direction, going up the valley (ASPA 2013). This means that if NPs occur in the air,

they are mostly transported downstream of the factory.

M-Cuest M-Est
Ouest - — st
§-Ouest 8-Est

|
Sud

Figure 5: Compass card recorded at Vieux-Thann during the years 2011 to 2013 (wind speed > 0.5 m.s%, ASPA
2013)

2.2. Transport by water

One of the main sources of TiO, NPs in the environment are industrial effluents released in the river.
As explained earlier, effluent T collects runoff water from the industrial site. Consequently,
precipitations play a very important role in the quantities of TiO, released by this effluent. The Thur
watershed is subject to a maximum rainfall from November to March. At Thann, the mean annual

precipitations are 1000 mm (Figure 6).
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Figure 6: Precipitation fall in Thann during 2014

Precipitations also play a role in determining the magnitude of the river flow, which itself determines
the velocity of the potential pollutants transport along the river. Waters are high at the same period
as the maximum rainfall and low from June to October (Table 2), which is characteristic of a snow and
rain regime (Marbach et al. 2013). The first 32 km of the river, from its source to Thann (330 m above
sea level), are characterized by a very dynamic regime, as the river flows onto the abrupt slopes of the
upper valley. In the lower reach of the valley (also called Piedmont), the valley broadens and the slope
diminishes to 4%.. These are the characteristics of our study area, which extends mostly from Thann
to Cernay (Figure 3). Downstream of Cernay and down to the confluence with the Ill River at Ensisheim,
the river crosses the plain of Alsace. There, the flow is made of a network of phreatic streams that
group into “ried”, that are wetlands, composed of floodable plains and gallery forests; the mean slope
is 1.7 %o (Hissler 2003). The river is canalized at numerous places, especially in Thann, Vieux-Thann and
Cernay, to protect industries and human habitat from floods. A wild river section is protected between

Vieux-Thann and Cernay, which crosses a protected natural area (Figure 3).
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Table 2: Flows (m3.s) of the Thur river in 2014 at Bitschwiller-les-Thann, Thann and Vieux-Thann (calculated
flows from data from hydro.eaufrance.fr)

Bitschwiller-les-Thann Thann Vieux-Thann
January 6,71 7,24 7,35
February 8,02 8,71 8,85
March 3,87 4,11 4,16
April 1,34 1,41 1,43
May 1,67 1,79 1,82
June 1,19 1,23 1,24
July 1,96 2,28 2,36
August 2,31 2,51 2,55
September 1,99 2,03 2,04
October 2,50 2,69 2,73
November 3,82 4,04 4,08
December 3,68 3,82 3,85

2.3. Transport in sediments

Upon aggregation, TiO, NPs may settle down the river column and deposit on sediments. They can
aggregate with suspended particulate matter (SPM), coming from rock alteration. Consequently, the
geological nature of the area will determine the affinity of the NPs for the SPM and so, will influence

their residence time both in water and in the sediment.

Four main lithological units can be distinguished in the Thur watershed (Figure 7). The upper valley
mostly comprises sedimentary rocks (schists and graywackes) and granitic rocks, on both sides of the
Thur River. The lower reach of the valley is composed of trachy-andesitic rocks, sandstone and

conglomerates.

The Thann Series, which is the lithology of Bitschwiller-les-Thann, Thann, and part of that of Vieux-
Thann, mainly consists of volcanic (trachites and andesites), and volcano-sedimentary rocks

(conglomerates and sandstone) originating from the erosion and reorganization of the former.

During the Quaternary, the valley was subject to successive glaciations that modeled the landscape to
its actual shape. Alluvial material were deposited at the Thur outlet, and constitutes the lithology of all
the sampling points. The riverbed is composed of recent alluvial material, very coarse and
heterogeneous (sandy-rocky, many blocks sizing more than 30 cm, especially in Vieux-Thann).
Alluvions are mostly composed of microgranite and granite grauwacke, with some elements of the

Thann Series volcanic rocks occurring downstream of Thann (Ménillet et al. 1989).
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Figure 7: Geology of the Thur watershed (adapted from Hissler, 2003)

2.4. Transport in soils

These geologic formations define the type of soils which are developed in the watershed (Figure 8).

The nature of these soils will determine the potential leaching down of TiO, NPs, and their

bioavailability to biological species. Alluvial soils (constituting all sampled soils) are present near the

watercourse and in the alluvial plain. Their pH is acidic; most of them present a high content of coarse

material (> 2 cm) and a sandy to loamy texture (Hissler 2003). Alluvial brown soils are developed on

alluvial material; this is the type of soil most frequently encountered on the study area. Recent alluvial

material produces 40 cm deep sandy (and rocky) soils that are present in the high valley and the

piedmont. In the plain, coarse alluvial material produces shallow sandy-loam soils (Appendix |) that are

30 cm deep; and fine alluvial material produces loamy-sand soils that are 50 cm deep (Hissler 2003).
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Figure 8: Soil types in the Thur watershed (adapted from Hissler, 2003)

3. Potentially affected species

In the study area, soil is mostly occupied by a low mountain fir forest, as well as vineyards and orchards.
Above this cultivated area, coppices of sessile oak and chestnut are in contact with the beech and

spruce forest (Marbach et al. 2003).

Along the river, the riparian vegetation is mostly composed of pedunculate oak, ash, manna ash, alder
and hornbeams (Marbach et al. 2003). This is the vegetation encountered at all sampling points, except

where soil only was collected, which were under grassy areas.

The Thur river water potentially hosts 16 threatened animal species (Table 3), meaning that the
environment in which industrial effluents are released is very sensitive to potential contamination. This
highlights the need for an impact and risk assessment in this area. The whole list of threatened animal

species present in the study area is presented in the appendix Il.
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Table 3: Threatened aquatic animal species inventoried in Alsace, in the Thur watershed or in the study area (the

most precise location available was reported in the table)

Alsace red list
Latin name French name English name Observed in | status (ODONAT
2014)
Theodixus fluviatilis | Nérite des riviéres River nerite Alsace? Endangered®
Bithynia leachii Bithynie nordique Leach's bithynia Alsace? Vulnerable®
Belgrandia gfrast Belgrandie gfrast Alsace?® Vulnerable®
Bythi L, .
ythiospeum Bythiospée des rieds Alsace? Endangered®
rhenanum
Valvata cristata Valvée plane Crested valve shell Alsace? Vulnerable?
i . . L -
Aquatic Valvata Valvée nordique arge mouthed valve Alsace® Vulnerable?
mollusks macrostoma snail
Aplexa hypnorum Physe élancée Moss bladder snail Alsace? Vulnerable?
Anisus spirorbis Planorbe de Linné Alsace? Endangered®
Gyraulus crista Planorbine a crétes SNnaaL:;cllus Ram’s horn Alsace? Vulnerable?
G / PI bine d
yraulus . anorbine des Alsace? Endangered®
rossmaessleri mares
Planorbis carinatus | Planorbe carénée Keeled ramshorn Alsace? Vulnerable®
. N . Thann .
. Austropotamobius | Ecrevisse a pieds White-clawed Critically
Crayfishes ) ) and/or .
pallipes blancs crayfish , |endangered
upstream
Thymallus . Thur .
thymallus Ombre commun Grayling watershed® Vulnerable
Fishes Salmo salar Saumon Atlantique | Atlantic salmon Thur b Critically
watershed® | endangered®
Thann
Esox lucius Brochet Northern pike and/or Vulnerable®
upstream®
_ . Common midwife ¢
Amphibians | Alytes obstetricans | Alyte accoucheur toad Thann® Endangered

a: Bichain and Orio (2013); b: Gerber (2012); : (Inventaire National du Patrimoine Naturel 2013); d: (Office des données
naturalistes d’Alsace (2014a); e: Office des données naturalistes d’Alsace (2014b); f: Office des données naturalistes d’Alsace

(2014c).
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KEYPOINTS

According to literature analyzes, specific properties of NMs that need to be taken
into account for the modeling of their fate and effects include cristallinity, shape,
size, surface charge, surface area and aggregation state and

Bayesian networks appear as the best methodology to use for the RA of NMs.

The studied factory is the only one to release Ti in the watershed

Three kinds of effluents are released in the river: runoff and process cooling waters
(effluent T), neutralization waters (effluent NN) and slag heap leaching waters
(effluent NNR)

Transport by wind is in the same direction as transport by water

Soils and sediments present sandy textures; very low quantities of sediments are
available on the riverbed

KEY QUESTIONS FOR FURTHER WORK
Do TiO, NPs occur outside the factory and waste treatment sites?
If so, in what quantities?

What are the potential interactions of these NPs with the environment?
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CHAPTER Il — ANALYTICAL ASPECTS AND BEHAVIOR OF

T1O, NPS AND ASSOCIATED POLLUTANTS

The first part of this chapter aims at determining the concentrations of nano-TiO; at which organisms
living in different environmental compartments (water, sediments and soils) may be exposed. In the
second part of the chapter, the aggregation behavior of TiO; NMs in analyzed in the river water, in order

to better understand their fate in the aqueous medium.
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II.LA. BEHAVIOR OF POTENTIAL POLLUTANTS COMING FROM Ti1O2 NPs

PRODUCTION IN WATER, SEDIMENT AND SOIL

Introduction

Although some studies experimentally assessed the release of TiO, NPs in water from nanoproducts
such as sunscreen (Labille et al. 2010; Holbrook et al. 2013; Gondikas et al. 2014) and building materials
(Hsu and Chein 2006; Kaegi et al. 2008), no data is currently available on the direct release of engineered
TiO; NPs from the production sites. This chapter aims at quantifying the release of TiO, ENPs in the river
water and at assessing the potential impacts of the TiO, NPs production on the surrounding environment

(water, sediments and soils).

For this purpose, a methodological approach has been implemented that combines a sampling plan and
analytical tools to determine the potential interactions between titanium and other elements and to

understand spatial and temporal variations of water, sediments and soils compositions.

1. Sampling strategy
1.1. Sampling points

Industrial effluents as well as surface water, sediments and soils were sampled in the study area (Figure
9). Samples were collected upstream of the production site in order to obtain elemental background
concentrations, as well as near and downstream the factory in order to assess the potential impact of

the TiO, production on water, sediments and soils.

Sampling campaigns took place in January, May, August and November 2014, in order to account for
seasonal variations of physico-chemistry and elemental concentrations. Additional water samples were

collected in March 2014, when nano-TiO; industrial processes were the only ones running.
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Figure 9: Study area and sampling points

1.2. Sampling techniques

All water samples were collected in 1L perfluoroalkoxy alkane (PFA) vials, at the outlet of the effluents

and at the surface of the river.

Sediment samples (200 g - 1 kg dry weight) were taken at the same location as the river water samples,
with the help of a polypropylene vial and transported in polyethylene bags. However, because the
riverbed is mostly composed of coarse sand and pebbles, sediment samples must be taken at the limit

between the bed and the banks of the river.

Soil samples (0-20 cm deep, about 1 kg dry weight) were taken with an auger, 1 to 2 meters away from
the river banks. Two additional samplings were performed downwind of the plant chimney (points 6 and

7), in grassy areas.
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2. Analytical methods
2.1. Determination of nanoparticles and suspended particulate matter size and shape

Nano-TiO, powders were observed by TEM (JEOL JEM 2100). Stabilized suspensions were prepared by
dispersing 300 mg TiO,.L'* in HCI (pH 2), placing these suspensions in an ultrasonic bath (Branson 5510)
for 30 minutes, and let to settle down for 8 days. The supernatant (about 10 mg.L ! TiO,) was then diluted

10 times in ethanol before observation.

In order to characterize the SPM occurring in industrial and river waters, filters used for the water
samples preparation were observed in TEM and SEM (Vega 2, Tescan, equipped with an EDAX Pegasus
X-ray analyzer), respectively. Drops of ethanol were deposited on the filter, which was then scrubbed

with a diamond tip, and rubbed with the TEM Cu grid.

2.2. Measurement of physico-chemical parameters

Temperature, turbidity (2100P 1SO Turbidimeter, Hach), pH and conductivity (HQd Field Case, Hach)

were measured at each sampling point, on each sampling campaign, in industrial and natural waters.

Soil and sediment samples granulometry was determined by laser diffraction (LS 13320, Coulter
Beckmann). pH was measured with a WTW INOLAB PH7110 pH meter, equipped with a Sentix 41
electrode in water suspensions (20 g soil/50 mL DIW). Organic matter content was measured by

calcination of dried samples at 375°C during 16 hours.

2.3. Determination of elemental concentrations
2.3.1.Water samples preparation and analysis

At each sampling point, including in the effluents, two sets of water samples were taken (Figure 10). One
set was filtered with 0.2 um polycarbonate filters and acidified with HNO3 (2%). The other set was
submitted to an acid digestion protocol: it was firstly acidified with 1 mL of HNOs (12 N) and put to
evaporate at 120 °C. When the solid residue was formed, it was covered with an acid solution containing
3 mL of ultrapure water for 1 mL of HNOs3 (7.5 N) and 2 mL of HCI (6 N). Each PFA vial was then closed
and heated again at 100°C. After 12h, 1 mL of HF (40%) was added and heating was continued at 70°C
during 12 h. After subsequent evaporation in the oven, the volume of the digested sample was adjusted
with HNOs; (0.75 N). All water samples (filtered or digested) were analyzed with inductively coupled

plasma — atomic emission spectroscopy (ICP-AES, ICAP 6000 Series ICP Spectrometer, ThermoScientific).
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In this way, both particulate and “dissolved” (< 200 nm, commonly considered as the size threshold for

separation of particulate from dissolved content) concentrations could be determined.

Anions (CI,, NOs, SO4%) concentrations were measured with ionic chromatography (ICS 3000, Dionex).
Dissolved (DOC) and total organic carbon (TOC) concentrations were measured with a TOC-V CPH

analyzer (Shimadzu).

2.3.2.50il and sediment samples preparation and analysis

Soil and sediment samples were dried at 40°C in a stove before sieving at 2 mm and quartered in order
to obtain 100 — 150 g of sample, which were crushed to 250 um with an agate crusher. After
homogenization, 30 g were taken and crushed to 100 um before alkaline fusion: 4 g of sample were
dried at 110°C to evaporate all water and calcined at 1000°C to remove organic matter. Then, 750 mg of
lithium tetraborate (Li,.B4O7, Spectromelt A100, Merck) were added to 100 mg of calcined sample and
the mixture was heated during 20 minutes at 1000°C under argon flow, in order to form a pearl. The
pearl was dissolved by addition of 20 mL of a solution (4 mL of glycerol (85%), 1 mL of bi-distilled HNOs
(65%,) 15 mL of ultrapure water) and heating at 80°C under agitation. After 30 minutes, the sample
volume was adjusted to 25 mL with ultrapure water and filtrated on filter paper. This treatment was
applied to soils and sediments samples before analysis by ICP-AES (ThermoScientific ICAP 6000 Series

ICP Spectrometer).

WATER SOIL AND SEDIMENT
[ MEASUREMENT OF PH, TEMPERATURE, CONDUCTIVITY AND TURBIDITY ]
Drying (40°C)
Acidification Sieving (2 mm)

[

MICROSCOPY ON DRIED FILTERS J

(NATURE AND SIZE OF PARTICLES) < Filtration (0,2 um) Evaporation

l

Acid attack

|ONIC CHROMATOGRAPHY ORGANIC CARBON
(ANIONS CONCENTRATIONS) CONTENT

>

[ ICP-AES ANALYsls

(MAJOR AND TRACE
ELEMENTS)

/ 1

Quarting

ﬂl MEASUREMENT OF PH, ORGANIC

. MATTER CONTENT AND TEXTURE
Crushing (100 pm)

Alkaline fusion

Figure 10: Water, sediment and soil preparation and analyzes
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2.4. Representativeness and uncertainties

The sampling strategy was built in order to obtain as high a representativeness as possible. However,

some uncertainties arise both from the sampling and the analysis techniques.

Firstly, only surface samples were taken, so that vertical changes of composition were not assessed in
the environmental compartments. This choice was made for soils because the objective was to assess
only the potential deposition of TiO, ENPs from the atmosphere. In river water, the transfer down the
water column ends up in the sediment, so the sediment sampling should allow the estimation of TiO,

NPs travel down the river water column.

Secondly, although soils collected on the river banks were all alluvial soils, the two other ones (samples
6 and 7, Figure 9) were industrial soils, so their composition is inherently different from those of natural

soils.

Other uncertainties could arise from the samples preparation. Quartering was performed on sample
quantities high enough to be representative of the collected soil (Gy 1992). Acid attack and alkaline
fusion tests were performed in order to ensure that all TiO> NPs were dissolved. A recovery of 99% was
determined for the acid attack of waters. Alkaline fusion was tested on the reference upstream soil

(sample 1), doped with 10% TiO, NPs (w/w). 100% of these TiO, NPs were recovered.

Moreover, although microscopy imagery was used to assess the shape of the particulate content of
water samples, this tool cannot be used for quantification. Also, the images were taken in a vacuum
chamber, so that the aggregation state of the observed particles give no information on their state in

the river.

Finally, detection and quantification levels, as well as analysis uncertainties (Table 4) must be taken into

account in the determination of elemental concentrations.

Table 4: Detection levels, quantification levels and uncertainties arising from the samples elemental analysis

Device Detection level Quantification level Uncertainties
TOC analyzer 0.14 ppm - 5%
Cl:1.1*10* mM Cl: 0.006 mM
lonic chromatograph | NOs: 3.9*10* mM NOs: 0.008 mM 5%
S04%:5.9%10% mM S04%: 0.006 mM
. % . 2% for concentrations > 50 ppb
ICP-AES Cf. Appendix 3*detection level 5% for concentrations < 50 ppb
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3. Results obtained by microscopic imagery
3.1. Imagery of NPs powder

Both types of ENPs provided by the factory were observed by TEM. The so-called “high specific surface
area” (HSS) sample is composed of spherical 5 nm crystallites (Figure 11A). The second sample (low
specific surface area — LSS) is made of larger primary particles (20 — 40 nm) which present an oval shape
(Figure 11B). X-ray diffraction (XRD) analysis of these crystallites showed that both were anatase
(Appendix IIl). They present high purity, but their analysis with energy dispersive X-ray (EDS) revealed

the presence of Si and Zn in these particles.

3.2. Imagery of suspended particulate matter in industrial and natural waters

Filters used for samples preparation were imaged by TEM, which showed that nanoparticulate TiO, was
released by effluent T, as numerous homo- and heteroaggregates, most often associated with Fe (Figure

12). The electron diffraction confirmed that they were anatase TiO,.

Over nine EDS measurements on aggregates observed on the filter used for the sample preparation of
effluent NN, Ti was always associated with other elements, especially Fe (Figure 13). Its crystal phase

could not be determined. No Ti particle was observed in NNR samples.

Some titanium was also observed as NPs by SEM (Figure 14A) on the filter used for the preparation of
sample 4 collected on March, at the exit of the industrial channel, and as a bigger single particle in

sample 4 collected on August (Figure 14B).

SEM observations of 8 filters collected in the river allowed the determination of the maximum size

threshold in the river water, which was around 100 um.
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Figure 11: MET images of HSS (A) and LSS (B) samples and corresponding EDS spectra (C and D, respectively)

99



T
P —
— ek f—

(1] ns e (E ]

Figure 12: TEM images of TiO; retained on the filter used for the sample preparation of effluent T collected on
March, present as homoaggregates (A) and heteroaggegates (B). Corresponding EDS spectra are presented in C
and D, respectively
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Figure 13: TEM image and EDS spectrum of an aggregate observed on the filter used for the sample preparation
of effluent NN collected on November 2014
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Figure 14: Ti particles observed with SEM as (A) NPs observed on the filter of sample 4 collected on March 2014
(B) a bigger particle (O) observed on the filter used for the preparation of sample 4 collected on August 2014
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4. Potential impacts of TiO2 NMs production wastewater on physico-chemical parameters

The turbidity measured in all samples was below 5 NTU (Nephelometric Turbidity Unit), except in
effluent T, where it was up to 40 NTU higher (Figure 15). Yet no effect was observed on downstream
water. pH values were around 7.5 to 8 upstream of the factory, around 7.5 in effluents T and NN, and
slightly higher in effluent NNR. No significant impact of the effluents was observed on the river water

pH.

Upstream of the factory, the river water temperature follows seasonal variations, being higher in
summer. Slight increases of temperatures at points 4 and 5 could be due to the release of the effluents,
which were warmer (up to 13°C more) than the river water. This could locally affect the aquatic
ecosystem, favoring the development of some species to the detriment of others: an important algal

development was indeed observed on the river bed at the NN and NNR effluents release point.

Significant increases of conductivity were measured at points 4 and 5 when compared to upstream
values. At point 5, these are due to the release of high quantities of ions in the effluents (cf. section 5.1).
However, the increase of conductivity at point 4 cannot be explained solely by the conductivity in
effluent T, which is lower. A potash industry also releases wastewaters into the industrial channel,
downstream of the effluent T release point and upstream of sampling point 4. High ionic concentrations
were measured in this effluent (Appendices IVA and IVB), which may explain the increase in the river
conductivity at point 4. More than affecting the ecosystem, these conductivities are high enough to
induce potential aggregation of TiO, NPs, and to have an impact on their transport in water (see section

11B).
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Figure 15: Measurements of turbidity, pH, temperature and conductivity in the industrial and natural waters
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5. Behavior of trace elements in water, soil and sediment

As mentioned above, a set of water samples were collected on March 2014, when only the ENPs
processes were running at the factory. Results show that all elemental concentrations measured at
this time are in the same range as those measured on the other campaigns, at all sampling points
(Appendix IV). This means that concentrations measured at all times in these waters are representative
of the TiO, ENPs process, and valid for the impact evaluation of this production. So, in the following
discussion, elemental concentrations were averaged over the 5 sampling campaigns, in order to obtain
yearly variations as error bars. These yearly variations upstream of the effluents release points are
compared to those measured downstream. Moreover, samples 1 to 3’ (see Figure 9 p. 86) were
averaged and this mean value was taken as the upstream reference, in order to assess potential spatial

variations of elemental concentrations due to the TiO, factory.

5.1. Behavior of major and trace elements in the Thur river water
5.1.1.General impacts of the industrial site on elemental concentrations in the river

Dissolved concentrations of Mg, Ca, Na and K were discussed, as this is the form in which they naturally
occur in water, and particulate concentrations of metals were preferred, in order to potentially

associate their behavior to those of TiO, ENPs.

At point 4, Mg and Ca dissolved concentrations were in the same range as the upstream values, though
a small rise in Ca concentrations was measured (Figure 16, Appendix IVA). However, dissolved Na
(50.96 mg.L?) and K (42.50 mg.L?) concentrations were much higher than the upstream mean values
(6.03 and 0.91 mg.L?, respectively). This cannot be explained by the release of effluent T, as
concentrations were lower in this industrial water (8.92 and 1.32 mg.L?, respectively) than in sample
4. These high concentrations were due to the potash industry wastewater which is released in the

channel and contains high concentrations of Ca, Na and K (Appendix IVA).

In sample 5, Mg, Ca, Na and K dissolved concentrations were higher than the upstream values (Figure
16). The mean upstream concentrations were 1.56, 7.72, 6.03 and 0.91 mg.L? respectively, while the
mean concentrations in sample 5 were 3.27, 39.28, 27.96 and 18.79 mg.L?, respectively. This is
explained by the neutralization process of “red” effluents, using lime and leading to high
concentrations of these elements in NN and NNR, especially in Ca and Na (Figure 16). The raise in these
cations concentrations downstream of the industrial site could facilitate the aggregation of TiO, ENPs,
and lead to a preferential accumulation of TiO; in the sediment (French et al. 2009; Chowdhury et al.

2012; Adam et al. submitted to JNR, 2015).
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Concentrations of CI, NOs” and SO42 measured in the river water downstream of both effluents release
points were higher than in upstream waters (Table 5, Appendix V). The increase of these
concentrations in samples 4 and 5 may be due to the release of the industrial wastewaters. However,
conductivity thresholds are respected for release in the river, so no effect on the ecosystem is
assumed. Moreover, these anions have no significant effect on the nano-TiO, aggregation because

they are negatively charged at the river pH value (pH 7 - 8) (Adam et al. submitted to JNR, 2015).

Table 5: Anions concentrations (mM) in the collected samples (values averaged over all campaigns)

Sample cl- NO;- SO,
1 0.25 +0.07 0.05 +0.01 0.06 +0.00
2 0.25 +0.05 0.05 +0.01 0.06 +0.00
3 0.23 +0.04 0.05 +0.01 0.06 +0.00
3' 0.23 +0.036 0.04 +0.00 0.07 £0.01
4 4,398 +1.56 0.18 £0.15 0.40 +0.23
5 2.58 £0.74 0.28 £0.25 0.34 £0.18
T 6.97 £7.45 0.17 £0.13 2.66 +2.85
NN 48.80 +£19.62 2.54 +2.78 7.13 £3.35
NNR 32.49 +2.84 3.30£3.19 11.63 £2.85

Results also show raises in Mn and Cu particulate concentrations downstream of the industrial site, at
point 4 (10.54 and 2.83 pg.L™ respectively) and at point 5 (10.40 and 2.04 ug.L* respectively) (Figure
16, Appendix IVE). Suppressing the dilution effect occurring from the effluents to the river, by
calculating concentrations ratios shows that these concentrations increases can be explained at point
4 by the high concentrations of these elements in effluent T. However, the influence of effluents NN

and NNR was not clearly evidenced on downstream Cu and Mn concentrations (Figure 17).
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Figure 16: Concentrations of dissolved Mg, Ca, Na and K in industrial and natural waters. Values of each sampling point (Appendix IVA) are averaged over all campaigns, error bars are yearly variations.
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Figure 17: Mn/Ti and Cu/Ti concentration ratios averaged over all campaigns

Concentrations in particulate Al, Fe, Ni and Cr remain relatively stable all along the river water (Figure
18, Appendix IVE). Although Al and Fe are released in high concentrations by effluent T, NN and NNR,
they may precipitate rapidly downstream of their release points, explaining the stable concentrations
in the river water. Dilution processes should also be kept in mind, as they may as well explain the
decrease of elemental concentrations from the effluent waters to the river waters. In order to avoid
the dilution effect, Al and Fe concentrations were normalized by Ti concentrations (Figure 19). Results
show that Al and Fe content in point 4 are influenced by the effluent T, and that Fe contents in point 5

may be influenced by effluents NN and NNR.
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Figure 18: Concentrations of particulate Al, Fe, Mn, Ni, Cr and Cu in industrial and natural waters. Values of each sampling point (Appendix IVE) are averaged over all campaigns, error bars are yearly variations.
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Figure 19: Fe/Ti and Al/Ti concentration ratios averaged over all campaigns
It is thus clear that the industrial effluents released in the river play a significant role in the
downstream water composition, both on salt and on metal concentrations. The focus will now be

put on the quantification of nanoparticulate TiO, in the river.
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5.1.2.Concentrations variations of TiO, and associated elements

Preliminary alkaline fusion tests were performed on the reference soil sample (sample 1), doped with
10% TiO, ENPs (w/w) and prepared and analyzed following the same protocol as the other samples.
Two replicates were analyzed for each NP type (HSS and LSS), a blank sample (sample 1 alone) was also
analyzed for comparison. It was thus shown that Co and V impurities occur in the ENPs samples, as
their concentrations increased with ENPs doping (Figure 20). We will focus the following discussion on
these elements, together with Zn which was measured by EDS in a LSS TiO, sample (Figure 11 p. 91),

in the objective of quantifying the nanoparticulate part of TiO,.
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Figure 20: Elemental determination by ICP-AES after alkali fusion of soil sample 1 and soil sample 1 doped with
HSS or LSS at 10 % (w/w). Duplicates are named A and B.
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All particulate Ti concentrations were transformed into TiO, (the most common form of Ti)

concentrations, based on molar masses.

Upstream of the effluents release points, the average particulate TiO, concentration was 9.84 ppb,
with variations of +3.34 ppb from one campaign to another (Figure 21, Appendix IVH). These variations
can be assimilated to seasonal variations, as they occur in uncontaminated natural water. In sample 4,
the mean TiO; particulate concentration is as high as 49.99 ppb (+ 408.08 % compared to the upstream
value, Table 3), with yearly variations of £9.98 ppb. At point 5, the mean particulate TiO, concentration
is 14.80 ppb (+ 50.44% compared to the upstream value), with yearly variations of £5.92 ppb. Higher
yearly variations in samples 4 and 5 compared to seasonal variations can be explained, at least partly,
by those observed respectively in effluents T (+225.98 ppb), and in NN (£22.37 ppb) and NNR (+18.88
ppb). Both higher TiO, concentrations and yearly variations in sample 4 show that the river water is
impacted by the release of effluents T. The same observation can be made at point 5, although

increases are lower.

Particulate V concentrations remain in the same order all along the river water, though it is released
in quite high concentrations in effluents T and NN (Table 6). Dissolution of particulate V could have
explained this observation, but it is not the case, as dissolved V was not found in significant
concentrations all along the river (Appendix IVG). However, the absence of change in the river
concentrations may be due to insufficient concentrations in the effluents. Indeed, when removing the
dilution effect by calculating concentration ratios (Figure 22), only a very slight effect of effluent T was

shown on sample 4 and no effect on V concentrations was shown in sample 5.

In the opposite, particulate Co and Zn concentrations are subject to high rises. However, the fact that
all these elements do not increase in the same range, and especially not in the same range as TiO,,
does not allow us to determine the nanoparticulate part of TiO..

Table 6: Changes in water downstream concentrations compared to upstream mean values. For each element,

the first column is the concentration difference between the upstream mean value and the downstream value,
the second column expresses this difference as a percentage of increase or decrease.

Mean values TiO; (ppb) | TiO2 (%) | V (ppb) V (%) Co (ppb) | Co(%) | Zn(ppb) | Zn (%)
Upstream mean 9,84 0 0,58 0 0,07 0 1,52 0
Sample 4 - upstream +40,15 +408,08 +0,01 +2,50 +0,08 +109,19 +3,34 +219,21
Sample 5 - upstream +4,96 +50,44 -0,02 -3,08 +0,12 +164,23 +1,00 +65,71

Nevertheless, it was shown earlier that variations in aquatic concentrations of these elements in
natural water seem correlated to those in the effluents (Figure 22). But differences in these
concentrations are not only due to the potential presence of TiO, NMs in water, as they can also occur

in residues of production (extraction from ore) and treatment processes. This may explain why they
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do not increase in the same way as TiO, and why they cannot be used for the quantitative

determination of TiO, NMs in water: they may not occur in the effluent only as associated with TiO,.

Overall, this study shows that TiO, NMs occur in the river water, as they were observed by TEM and
SEM in effluent T and at point 4. However, they were also observed as associated with Fe, meaning
that Ti in the nanometric range occurring in water is not always the final product of the factory.
Moreover, the analysis of the NMs impurities in the river water does not allow us to determine the
exact concentration of TiO, NMs in the river water. Further research must be carried on, using for
example isotopicratios and ICP-MS in order to determine the different origins of TiO; in the river water.
For modeling purposes, it could be assumed as a “worst case” scenario that all particulate Ti were TiO;

NPs, as no analytical tool was available for quantifying the nanoparticulate portion of TiO,.

The potential deposition of NMs down the water column was assessed by performing elemental

concentration analysis on the sediment samples. These results are developed in the next section.
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Figure 21: Concentrations of particulate TiO», V, Co and Zn in industrial and natural waters. Values at each sampling points (Appendix IVH) are averaged over all campaigns, error bars are yearly variations.
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5.2. Behavior of TiO, and associated elements in the Thur surface sediments

As for water samples, values measured at each sampling point were averaged over all campaigns.

“Upstream mean” values were averaged over samples 1, 2, 3 and 3.

The mean upstream TiO, concentration is 5481.52 mg.kg® dry weight, with seasonal variations of
+94.31 mg.kg? dry weight. In samples 4 and 5, increases of 2210.45 mg.kg™ (+40.33%) and 624.58
mg.kg? (+11.39%) compared to this concentration were measured, respectively (Table 7, Figure 23,

Appendix VI). This shows that effluent T is the most impactful one on the studied sediments.

The analysis of impurity elements showed low increases in sample 4: +0.15% V, +7.93% Co, +7.73% Zn.
They do not vary in the same order as TiO.
Table 7: Changes in downstream sediment elemental concentrations compared to upstream mean values. For

each element, the first column is the concentration difference between the upstream mean value and the
downstream value, the second column expresses this difference as a percentage of increase or decrease.

Mean values TiO2 (ppm) TiOz (%) V (ppm) V (%) Co (ppm) Co (%) Zn (ppm) Zn (%)
Upstream mean 5481,52 - 76,58 - 13,46 - 164,67

Sample 4 - upstream +2210,45 +40,33 +0,11 +0,15 +1,07 +7,93 +12,73 +7,73

Sample 5 - upstream +624,58 +11,39 -8,95 -11,69 -3,53 -26,26 -34,79 -21,13
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So, it seems that sediments are less impacted than waters by the industrial effluents releases. This
could be due to the fact that NMs would more likely stay in the river water than settle down the water
column. However, even if this could be true at point 4, Ca concentrations at point 5 are high enough
to induce the aggregation of TiO> NPs and their potential sedimentation (French et al. 2009;
Chowdhury et al. 2012, Adam et al. submitted to JNR, 2015). But this aggregation is not an
instantaneous process for TiO, concentrations as low as those measured in the river (Adam et al.
submitted to JNR, 2015). So their transport further downstream is still likely. It is also possible that Ca
concentration in the NN and NNR effluents are so high that particles are big enough to settle down
immediately upon release. If true, it cannot be assessed in this part of the study as samples were not
taken at this release point in the river, due to a lack of sediments. Furthermore, as in waters, the use
of isotopic analytical tools could enable distinguishing natural from anthropic TiO, and help in making

firm conclusions about their presence in the sediment.
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5.3. Behavior of TiO, and associated elements in soils

The specific objective of this part of the study was to assess the potential atmospheric deposition of
TiO, onto soil, considering sample 1 as the upstream reference, all others being potentially impacted

by atmospheric deposition from the factory.

All soil samples present an increase in Ti concentrations compared with the upstream reference (Table

8, Figure 24, and Appendix VIIA).

Soil 3 is the most impacted soil among the samples, as it presents the highest increases in TiO», V and
Co and the second most important increase in Zn concentrations compared to the upstream reference
(Table 8). Soil 4, 2, 5 and 3’ contain lower and lower Ti, V, Co and Zn concentrations, meaning that they
are less and less impacted: the industry seems to affect soils compositions less and less as they are
located further downstream (3 > 4 > 5). Although soil 2 is the nearest to the factory, it is not located in
the main wind direction, which may explain why it does not present the highest elemental
concentration of TiO; and associated metals. In the same way, soil 3’, located on the edge of the forest,

is protected by the vegetation, and is the least impacted of the natural soils.

Soil 6 and 7 are industrial soils. Sample 6 presents higher increases than sample 4, but sample 7, which
is only a few dozen meters away, presents much lower concentrations. These high concentrations
heterogeneities could be explained by their anthropogenic nature. Consequently, no firm conclusions
can be drawn on both these soils regarding their content in TiO, NMs. The isotopic analysis of
vegetation leaves could help in identifying the potential deposition of TiO, NPs from the factory.

Table 8: Changes in downstream soil elemental concentrations compared to the upstream reference. For each

element, the first column is the concentration difference between the upstream mean value and the
downstream value, the second column expresses this difference as a percentage of increase or decrease.

Mean values TiOz (ppm) | TiO2 (%) | V (ppm) V(%) Co (ppm) Co (%) Zn (ppm) Zn (%)
Soil 1 4895,79 0,00 72,84 0,00 12,03 0,00 158,73 0,00

Soil 2 - Soil 1 1839,84 +37,58 24,46 +33,58 3,45 +28,69 48,76 +30,72
Soil 3 - Soil 1 3682,22 +75,21 45,06 +61,85 18,49 + 153,65 157,57 +99,27
Soil 3' - Soil 1 1056,85 +21,59 4,27 +5,87 1,14 +9,47 30,54 +19,24
Soil 4 - Soil 1 2325,38 +47,50 25,79 +35,40 12,35 +102,63 149,84 +94,40
Soil 5 - Soil 1 1541,02 +31,48 2,38 +3,26 1,49 +12,34 39,71 + 25,02
Soil 6 - Soil 1 2772,71 +56,63 28,69 +39,39 8,90 +74,01 214,93 + 135,40
Soil 7 - Soil 1 1970,29 +40,24 20,04 +27,51 3,62 +30,08 85,20 +53,68
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Figure 24: Concentrations of TiO,, V, Co and Zn in soils. Values at each sampling point (Appendix VII) are averaged over all campaigns, error bars are yearly variations.
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Conclusion

This study shows that both water and soils collected on the study area are significantly impacted by
the TiO, NPs production activity. Lower Ti concentrations increases were measured in sediments than
in water. At point 4, this may be due to the transport of NPs further downstream, as the low
conductivity measured in effluent T does not favor the TiO, NMs aggregation. In the opposite, high
conductivity values were measured in effluents NN and NNR, so NPs are likely to occur as big
aggregates at the exit of these pipes, and settle down the water column immediately upon release. In
order to better assess the behavior of TiO; in water, more samples could be taken nearer to the
effluents release points. Also, in order to determine the TiO, NMs exact concentrations in the
environment, an isotopic analytical methodology should be developed. With the coupling of field-flow
fractionation in water samples, there is a high potential for determining both the TiO, NPs
concentrations and aggregates size, which is of first necessity to determine their fate, bioavailability

and potential reactivity.

When assuming that all measured particulate TiO; is nanoparticulate, its concentrations at point 4
might have an effect on the ecosystem. Indeed, lethal concentration as low as 29.8 ug.L™? have been
shown in the laboratory, under simulated solar radiations (Ma et al. 2012). Even if this result has to be
taken with caution, as it was not obtained on the TiO, NMs produced by the studied factory, it shows
that more ecotoxicity tests are needed in order to make firm conclusions about the potential effect on
the TiO, NMs release on the ecosystem. Besides NPs, the aqueous ecosystem might be significantly
impacted by the rises in temperature and conductivity induced by the effluents release, although very

locally.

In order to better understand the dominant processes at stake, the behavior of TiO, NPs in river water

was studied in the laboratory under various conditions. This is the purpose of the next section.
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I1.B AGGREGATION BEHAVIOR OF TIO2 NANOPARTICLES IN NATURAL RIVER
WATER

This part consists in a paper accepted in the Journal of Nanoparticle Research in September 2015.

The supplementary information is provided in Appendix VIII.
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Abstract

The purpose of this study was to determine and understand the aggregation behavior of industrial
nanoparticulate TiO, (NPs) in the river water near a TiO, production plant. Aggregation was tested in
near-reality conditions, with industrial NPs and filtered river water in which they are potentially
released. The evolution of the hydrodynamic diameters of the TiO, aggregates in the presence of
added Suwannee River Fulvic Acid (SRFA) and illite in the filtered river water was measured at pH 8 for
at least 30 minutes with dynamic light scattering and laser diffraction. The experiments performed in
filtered river water allowed to determine the attachment efficiency coefficients, while the experiments
performed in conditions facilitating aggregation (higher Ca?* content) were used to understand the
potential aggregation processes. When no Ca?* was added into the river water, the initially aggregated
TiO2 did not develop a secondary aggregation in the presence of SRFA and illite. Upon the addition of
2.75 mM Ca?, TiO, was shown to heteroaggregate with illite at all tested concentrations.
Consequently, in the studied river, the fate of TiO, NPs does not seem to be related to that of clay
suspended particles upstream of the plant. In the opposite, the behaviors of TiO, NPs and clays are
closely linked in a water with higher salt content, as it is the case downstream of one of the industrial

effluents release points.
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Introduction

Engineered nanoparticles (ENPs) are present in many consumer products (e.g. in biomedicine, textile
and electronics) (Piccinno et al. 2012). ENPs research has developed in the last decade, but their
diversity and their special behavior due to their small size prevent authors from making general
conclusions about their potential risks and impacts on human health and on the environment.
Nevertheless, it is known that ENPs aggregation is one of the most important processes to take into
account in order to understand and predict their transport in the environment and their potential
effects on target organisms: the aggregation state of NPs and their particulate size distributions will
determine both their transport in environmental compartments and their bioavailability (Johnston et

al. 2010; Chowdhury et al. 2013; Liu and Cohen 2014).

Nanoparticulate TiO; represents the second most important ENP market at the European and global
scales. They are used in a wide variety of applications, such as cosmetics, food, cements and paints

compositions (Piccinno et al. 2012).

In this work, the focus has been put on industrial TiO, ENPs, produced by the third most important TiO»
producer worldwide, and destined to various applications. A site-specific scale (including the factory,
the waste treatment site, and the river section in which the effluents are released) was used, in order
to assess the aggregation behavior of ENPs in the natural environment in which they occur: the water

used in this study was sampled in the river in which the plant industrial effluents are released.

Literature is scarce on the aggregation behavior of TiO; ENPs in natural freshwater: to our knowledge,
only four studies published such results, and only two of them studied TiO, stability in river water
(Keller et al. 2010; Sillanpaa et al. 2011; Ottofuelling et al. 2011; Praetorius et al. 2012). The complexity
of natural water composition makes results interpretation difficult, but it is necessary to perform
experiments on such waters, in order to have a better knowledge of the behavior of ENPs in the

environment in which they are released.

The particles aggregation behavior can be described by the attachment efficiency coefficient. It is
defined as the fraction of effective collisions that are leading to actual sticking of the particles to one
another. It has been used in numerous modeling studies of ENPs fate (Petosa et al. 2010; Praetorius et
al. 2012; Meesters et al. 2014; Therezien et al. 2014; Sani-Kast et al.), but few authors have
experimentally calculated TiO; attachment efficiencies. Moreover, only deionized or ultrapure water
was used and not natural water. These calculations were used to explain homoaggregation variations
with ionic strength (Chowdhury et al. 2013; Zhou et al. 2013; Zhu et al. 2014; Labille et al. 2015), to

understand TiO, ENPs and clay particles interactions (Zhou et al. 2012; Labille et al. 2015; Wang et al.
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2015) and to analyze TiO, ENPs aggregation in the presence of SiO; colloids and humic acids (Praetorius

et al. 2014; Wang et al. 2015).

This paper takes a step forward in current ENPs research, by determining experimentally the
aggregation behavior of TiO, ENPs in filtered river water in presence of added dissolved organic matter
(DOM) and clay, in order to determine the attachment efficiency coefficients of TiO; in these natural
conditions. Filtered natural water was chosen because natural dissolved contents remained, but
particulate matter can be controlled. The approach consisted in (1) experimenting aggregation in the
filtered river water to determine attachment efficiency in near-reality conditions, and (2)
experimenting aggregation in facilitating conditions (high salt content), in order to understand the

aggregation processes.

1. Materials and methods

1.1. Materials
Water was sampled in the river flowing nearby the TiO, producing plant, upstream of the point at
which the industrial effluents are released (Table 1). The conductivity measured in this river was low
compared to those of other rivers in its hydrographic network. These rivers presented in 2013
conductivities of about 0.6 and 0.5 mS.cm™ (AERM 2013). The river water was filtered (0.2 pm

polycarbonate filters) on the day of sampling and stored at -20 °C in the dark.

Table 1: Physical parameters and concentrations of elements in the river water upstream of the TiO; plant

pH 7.8 Fe (mM) 1.79x10"
Conductivity (mS.cm™) | 0.15 K (mM) 0.038

DOC (mg.LY) 2 Mg (mM] 0.091

Cl' (mM) 0.356 Mn (mM) 1.092x10°3
NOs™ (mM) 0.055 Na (mM) 0.415
S0, (mM) 0.103 P (mM) 1.25x10°
Al (mM) 1.85x10* Si (mM) 0.107

Ca (mM) 0.244 Ti (mM) <4.18x10*

TiO; NPs provided by the producer were used for all experiments. They were delivered as an
aggregated powder of several hundreds of nm in size and of 0.5 g.cm-3 bulk density. They were well
crystallized spherical anatase, with a crystallite size of about 5 nm (Fig. S1 and S2, Supplementary
Information). Due to the aggregated nature of the TiO2 (NPs), the relevant primary constituent size
should not be the crystallite size but should rather be the as-is aggregate size as measured in the below

stock suspensions.
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Stock suspensions were prepared monthly by dispersing 2 g of NPs in 100 mL of filtered river water
adjusted to pH 11 with NaOH, then placed in an ultrasonic bath (Ultrasonic cleaner 5510, Branson
Electronics) for 30 minutes and centrifuged at 218 g during 20 minutes. The supernatant was taken as
the stock suspension. The particle size distributions were measured by dynamic light scattering (DLS,
ZetaSizer NanoZS, Malvern Instruments) before each experiment to check that they did not vary with
time. The mean hydrodynamic diameter was 465 £136.5 nm, meaning that the NPs were already
aggregated at the beginning of the aggregation experiments. The TiO, concentrations in the
suspensions were measured by drying and weighing 5 mL of suspension, and found to be 500 mg.L™.
TiO; stock suspensions were also prepared in deionized water following the same protocol, with
particle size distributions (PSDs) narrowing around a hydrodynamic diameter of 350 +40.9 nm and TiO,

concentrations of 850 mg.L ™ in the suspensions.

Clay suspensions were prepared with illite originating from the Puy-en-Velay, France. 1 g of illite was
dispersed in 100 mL of filtered river water, sonicated for 5 min, allowed to settle for 2 hours and
centrifuged at 1000 rpm for 10 min. The supernatant constituted the purified illite stock suspension
(Fig. S3, Supplementary information) with a concentration of 1 g.L'* measured by drying and weighing
5 mL of suspension. The mean hydrodynamic diameter of illite in these suspensions was 554 £59.0 nm.
TiO; and illite stock suspensions were prepared monthly and stored in the dark at 4°C; PSDs were

measured before each experiment to verify that they did not change in time.

Suwannee River Fulvic Acid (SRFA, Standard I) was purchased from the International Humic Substance
Society and used as a surrogate for dissolved organic carbon (DOC). Stock solutions were prepared

weekly by diluting 15 mg of SRFA in 100 mL of river water and stored at 4°C in the dark.

The pH value of the stock suspensions, the test suspensions and the SRFA solution were adjusted to 8
using NaOH or HCI. This value was chosen to be very close to the natural pH of the river water (pH =
7.8). CaCl, was chosen to facilitate the aggregation because Ca?* is a divalent cation, implying higher
efficiency in aggregation of negatively charged particles, and it is the dominant divalent cation in the
river water (Table 1). Preliminary experiments were performed in river water in order to determine
the lowest CaCl, concentration leading to the formation of illite homoaggregates with diameters
constant for at least 30 minutes (data not shown). The obtained 2.75 mM concentration (leading to a
total 3 mM Ca concentration in river water) was used in the experiments where aggregation had to be

facilitated.
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1.2. Surface charge measurements

llite (25 mg.L") and TiO; ENPs (10 mg.L?) electrophoretic mobilities (EPMs) were measured in filtered
river water, with and without an added CaCl, concentration of 2.75 mM. Measurements were
performed using Laser Doppler electrophoresis (ZetaSizer Nano ZS, Malvern Instruments) at pH values
between 2 and 11, adjusted with HCI or NaOH. The Smoluchowski approximation was used to convert

the EPMs into zeta potentials (Elimelech et al. 1995), eq. 1):

U=- (1)

Where U is the electrophoretic mobility, € is the dielectric constant of the solution, T is the zeta

potential and . is the viscosity of the solution.

1.3. Aggregation kinetics measurements

TiO, aggregation with fulvic acids

The aggregation of TiO, ENPs in presence of SRFA in deionized and river waters was assessed by
measuring the aggregates PSDs using DLS. The data fit was performed using the cumulant algorithm.
Its validity was controlled and only satisfactory residual is presented here. Homoaggregation of TiO,
ENPs was tested in preliminary experiments with TiO, concentrations from 10 to 100 mg.L? in
triplicates, at pH 8, in the presence of 2.75 mM of added CaCl; and during 30 minutes. While the
kinetics of aggregation through 30 minutes is not measurable at the predicted environmental
concentration (PEC < 2 pg.L'%; (Gottschalk et al. 2013), our aim is to determine a sticking efficiency at
these high but measurable concentrations, which can be extrapolated to lower and more relevant
PECs. The homoaggregation was significant from 40 mg TiO,.L™. This concentration was retained to
evaluate the effect of SRFA on TiO, NPs aggregation. The SRFA concentration added in the river water
was fixed at 2.5, 5 and 10 mg.L™. Other tests were performed in deionized water where 3.81 and 8.81
mg.L! of SRFA were added in order to obtain total DOC concentrations similar, respectively, to those
of the river water and of the river water + 5 mg.L’? SRFA (Table 2). Test suspensions were prepared by
diluting the proper volumes of SRFA and TiO; in the water, adjusting the pH value to 8 and adding 2.75
mM CaCl, where necessary. The DLS hydrodynamic diameters measurements (ZetaSizer Nano ZS,
Malvern Instruments) were started immediately after adjusting the pH value and adding CaCl,. They

were stopped after 30 min.

135



Table 2: Tested SRFA concentrations and corresponding DOC concentrations in river and deionized waters

[SRFA]agded (Mg.L™) [DOCliotal (Mg.L™)
0 2
River water 22 331
5 4.62
10 7.25
0 0
Deionized water 3.81 2
8.81 4.62

TiO> aggregation in presence of illite

The aggregation of TiO, ENPs and illite was tested in river water by measuring the aggregates
hydrodynamic diameters for at least 30 minutes, using laser diffraction (MasterSizer 3000, Malvern
Instruments) when CaCl, was added in suspension and with DLS when no CaCl, was added. The
measurement technique was chosen as a function of the expected aggregates size: the measurement
was performed with laser diffraction when expected diameters were above 5 um (Adam et al. 2015).
The illite concentration was set at 25 mg.L™ for all experiments. TiO, concentrations were varied from
2.5 to 100 mg.L! to simulate variations in potential accidental releases of TiO, from the industrial

effluents.

When using laser diffraction, for each test suspension, two separate suspensions were prepared, one
of illite and one of TiO, NPs, each 100 mL in volume. The illite suspension was placed in the test beaker
and circulated in the Mastersizer with a CaCl; solution until the median diameter of illite aggregates
was stabilized, around 45 pum. The TiO; suspension in the presence of CaCl, was then smoothly added
in the test beaker as the measurement continued (1 measurement in 30 seconds). The final illite
concentration was then 25 mg.L?, the Ca?* concentration was kept constant, at 3 mM in total. Final
concentrations in TiO, were 0 (dilution test) to 100 mg.L? to simulate variations in potential releases

of TiO, from the industrial effluents.

When using DLS, test suspensions were prepared by diluting suitable volumes of illite and TiO; in the
river water, and adjusting the pH value to 8. The measurements were started right after pH

adjustment.

1.4. Calculation of attachment efficiencies

The attachment efficiency (a) of two particles (or aggregates) is defined as the fraction of collisions
leading to the attachment of the particles over the total number of collisions; it is also called the

sticking factor (Wilkinson and Lead 2007). Where no collision results in attachment, a equals 0; where
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all collisions lead to attachment, a equals 1. This coefficient is also defined as the inverse of the stability
ratio (W) between these two entities, depending itself on attraction (van der Waals and Lewis type)
and on repulsion (electrical double layer — EDL and steric) forces. The Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory is most frequently used to calculate the total interaction energy, as the sum
of the van der Waals and the EDL forces (see supporting information for calculations details). However,
large discrepancies have been observed between such calculations and experimental results
(Wilkinson and Lead 2007). These differences are explained by the occurrence of other forces at stake,
such as hydration forces or steric repulsion due to organic matter (Petosa et al. 2010). The attachment
efficiency coefficient (a) was calculated from experimental data, by measuring the evolution of the
hydrodynamic diameters of the aggregates in suspension at the very beginning of the aggregation

(Elimelech et al. 1995), eq. 2):

)
o= ————— 220 (2)
(Yo

t—o0,fast

where dy is the hydrodynamic diameter of aggregates and the subscript fast indicates favorable
aggregation conditions, in which the ionic strength is at least equal to the critical coagulation

concentration (CCC) (Zhang et al. 2012). At the CCC and above, a is equal to unity (Zhou et al. 2012).

The aggregation model SmoluCalc developed by Thill et al. (Thill et al. 2001) was used to characterize

in term of an a value the experimental aggregation kinetics measured here (see model details in Sl).

2. Results and discussion
2.1. Zeta potential measurements

Zeta potential measurements showed that both illite and TiO; particles presented a negative surface
charge in the whole range of tested pH values (Figure 1), although the point of zero charge of these
NPs was found at pH 6.4 in deionized water (Figure S4 in supp. info.). This difference may be explained
by the presence of dissolved organic matter in river water, which is assumed to form a coating on the
NPs, thus reducing their surface charge. The carboxylic functions are partially deprotonated at pH
values above 5 (pH 4 < pK < pH 5; Benlot and Blanchouin 2005), which matches with and explains the

observed threshold at which the NPs surface charge reaches a stable level up to pH 10.

The presence of CaCl, in the river water seemed to decrease the TiO, surface charge of about 13 mV.
This can be explained by the positive charge of Ca** cations, which partially neutralized the surface
charges. However, illite particles present a similar surface charge at all tested pH values and CacCl,

concentrations. This is certainly due to the permanent and negative structural charge of the clay.
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Figure 1: Zeta potential of TiO, NPs (A) and illite (B) as a function of pH in river water ([Ca] = 0.25 mM) and in Ca
supplemented river water ([Ca] = 3 mM)

2.2. Homoaggregation kinetics

TiO, NPs aggregation with fulvic acids

In deionized water free of CaCl, (Fig. 2A), the addition of SRFA at concentrations up to 4.62 mg.L* did
not produce any effect on the TiO, aggregation. Upon the addition of CaCl,, the presence of Ca?* led
to charge screening, making van der Waals forces prevailing and allowing the bridging of two
negatively charged particles. However at pH 8, SRFA carboxylic functions were deprotonated (pK; =
4.42; (Richie and Perdue 2003), so they also carried negative charges. Cations attached to TiO, NPs
could attract the SRFA molecules, increasing the net surface charge and the steric effect, which led to

the observed decreased aggregation with increased SRFA concentration.
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In river water free of CaCl, (Figure 2B), the results showed a decrease in the TiO, aggregates sizes with
the addition of SRFA, which was the same at all concentrations tested. This was caused both by the
repulsion of the negative charges of TiO, and SRFA (electrostatic forces) and by the steric effect of
dissolved organic matter (Domingos et al. 2009). The absence of TiO, aggregation led to an attachment

efficiency equal to zero.

In the presence of added CaCl, in river water (Figure 2B), no effect of SRFA was shown. This might be
due to the higher cationic charge of the river water than that of deionized water, leading to more
efficient neutralization of SRFA carboxylic functions by positive charges (Erhayem and Sohn 2014).
Moreover, SRFA was not the only type of DOM in water in these experiments. The diversity of DOM
types in the river water implied different surface densities of functional groups and charges, which

could be another reason for the much lowered effect of DOC concentration on the TiO, aggregation.

Overall, the experiments of TiO, NPs aggregation in presence of SRFA showed that the SRFA/cations
concentration ratio and the type of DOM played most significant roles in the TiO, aggregation. Results
were different when working whether with deionized or with river water, which showed that

simulating natural water in the laboratory is not sufficient.
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Figure 2: Evolution of TiO, NP aggregates diameters in deionized water (A) and river water (B) at pH 8; [TiO,] =
40 mg.L?

2.3. TiO, NPs aggregation in the presence of illite

In river water adjusted to pH 8, illite and TiO, aggregates sizes did not change within more than 30
minutes. This was most certainly due to strong negative surface charges of both illite and TiO,,
preventing aggregation through electrostatic repulsion (Figure 3). In these conditions, the attachment

efficiency of illite and TiO, was null.
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Figure 3: Hydrodynamic diameters of illite and TiO, aggregates in river water at pH 8 (DLS measurements)

When CaCl, was added to the suspension, the aggregation kinetics measured in the presence of the
lowest tested TiO, concentrations (2.5, 5 and 10 mg.L?) were similar to each other: aggregation was
slow (1 pm.mint), comparable to that observed after the dilution of the test suspension with 100 mL
of electrolyte free of TiO, NPs (Figure 4). The aggregates mean size was stabilized around 85 um after

40 minutes of experiment.
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Figure 4: Evolution of illite and TiO, NPs aggregates diameters with time in river water

([Ca] =3 mM; pH 8). Laser diffraction measurements, D50 = median diameter of aggregates

Significant aggregation was observed when higher TiO, concentrations were tested (Figure 5). A
concentration threshold appeared at 20 mg.L? of TiO,. At this concentration and above, the
aggregation increased with TiO, concentration. So it is clear that TiO, played a role in the observed
aggregation. However, TiO; and illite were both negatively charged in the tested conditions. Cations
were the only possible bridge between these negative aggregates: they allowed the formation of “illite-

Ca?*-TiO,-Ca?*-illite” secondary aggregates.

At concentrations of 50 mg TiO,.L'* and above, the aggregates were very unstable during the 40
minutes measurements. This high instability was due to the fast aggregation kinetics (about 13 and 23
um.mintat 50 and 100 mg TiO,.L?, respectively, in the first 5 minutes of measurement), which lead to

the formation of big, sparse and fragile aggregates (Bouyer and Coufort 2005; Labille et al. 2015).
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Figure 5: Evolution of illite and TiO, aggregates hydrodynamic diameters with time in river water ([illite] = 25
mg.L); [Ca] =3 mM; pH 8). Laser diffraction measurements, D50 = median aggregate diameter

The comparison of the aggregation of TiO, in the presence of illite with those of TiO, and illite alone
(Figures 4 and 5) showed different aggregate sizes after 40 minutes of experiment. When TiO;
nanoparticles were alone at a concentration of 50 mg.L™, aggregates reached a diameter of 30 pm
whereas, in the presence of 25 mg.L! of illite, the aggregate diameter grew up above 150 pm.
Aggregates containing only illite presented a median diameter of 85 um within 40 minutes. This proved

that the aggregates formed in the presence of illite were heteroaggregates composed of TiO; and illite.

Using the SmoluCalc model to fit these aggregation data (model details given in Sl) returned a range
of global sticking efficiency values varying with the nanoparticle dose. In absence of NP, the further
homoaggregation of the clay following the dilution step at time t0 is characterized by a sticking
efficiency of 0.11. No enhanced aggregation was measured upon addition of NPs up to 10 mg/L. At
higher nanoparticle dosage, the global sticking efficiency increased from 0.17 to 1 as the NP
concentration increased from 30 to 100 mg/L. This evidences an aggregation mechanism of the clay
limited by the nanoparticle dose. This is probably not a heteroaggregation mechanism where the
attaching nanoparticles bridge neighbor colloids, as proposed elsewhere for lower nanoparticle /
colloid ratios (Praetorius et al. 2014; Labille et al. 2015). Here, the nanoparticle / colloid surface area
ratio ranges from approximately 1 to 10 for nanoparticle doses from 10 to 100 mg/L (see detailed ratios
calculated in SI). This means that if the nanoparticles attach to the colloids, they potentially saturate

the surface, and bridging is thus not favored. Meanwhile, if the amount of attached nanoparticles
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cannot increase, this suggests that the increasing amount of non-attaching nanoparticles, remaining
free in suspension, plays a key role in the observed aggregation. Depletion flocculation can thus
reasonably be proposed as the driving aggregation mechanism here. Indeed, the nanoparticles / clay
volume ratio ranges from 4 to 40 %, which might be significant to enhance the colloidal destabilization

of the clay already undergoing salt-induced aggregation.

Moreover, at the beginning of all experiments, as illite alone was present in the suspension, results
showed a size peak at 45 um (Figure 6). After dilution with water free of TiO,, the illite aggregates
diameters stabilized around 85 um. When adding TiO, NPs, a peak appeared below 1 um, in accordance
with TiO, aggregates size. It is interesting to note that as these are volume distributions, the minor
area under this peak is not negligible given the size difference with the clay aggregates initial size. The
area under this peak decreased with time, meaning that free TiO, aggregates were less and less present
in the suspension as they were aggregated to illite particles. So, in the presence of CaCl,, there was
heteroaggregation of TiO, ENPs to illite in river water, even at concentrations as low as 2.5 mg.L?,

which was not visible when considering only the median diameter of the aggregates (Figure 4).

PSDs in figure 6 also showed the destabilization of the aggregates at 50 mg.L™ of TiO,: these PSDs were

wider than those obtained at a TiO, concentration of 30 mg.L™* and showed multiple size peaks.
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Figure 6: Particle size distributions of TiO, and illite aggregates with time in river water at pH 8; [CaCl;]added =
2.75 mM. A: Water dilution; B: [TiOz] = 2.5 mg.L%; C: [TiO,] = 30 mg.LL; D: [TiO,] = 50 mg.L?
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Overall, the results obtained when mixing TiO, and illite in the presence of 3 mM of Ca in river water
show that heteroaggregation always occurred, even at low TiO, concentrations. From 2.5 to 10 mg.L?
of TiO,, “primary” aggregates (about 85 um) were formed, constituting one unit. From 20 mg.L? of
TiO,, these units aggregated to each other, forming so called secondary aggregates, up to 120 um in
size ([TiO2] = 40 mg.L?). Above 50 mg.L? of TiO,, even bigger aggregates were formed, building very
unstable structures which should lead over time to their recombination into smaller, denser and more

stable aggregates (Labille et al. 2015).

3. Environmental implications

Results obtained in this work show that experiments conducted in synthetic solutions such as
deionized water with controlled pH, salt concentration and natural organic matter are not sufficient to
determine accurately the behavior of TiO, NPs in natural water. Indeed, the diversity of dissolved
organic macromolecules and the variety of ions present in natural waters are not taken into account

although they influence the aggregation of NPs.

Moreover, in the conditions of the studied river (upstream of the plant) the presence of fulvic acids in
sufficient concentration leads to a decrease in the TiO, aggregates sizes. In addition, at TiO;
concentrations £10mg/L (probable case of an accidental release from the industrial effluents), no NPs
aggregation occurs, to themselves or to illite. This means that these NPs are readily transported along

the studied river and that they can be assimilated by the organisms living in the water column.

In the presence of Ca** cations at higher concentration, no effect of DOC content is observed at
concentrations below 5 mg.L. However, TiO, NPs are shown to attach to illite particles systematically,
even at low concentrations. This leads to the conclusion that in waters where higher cationic charges
occur, the transport of TiO, down the water column and along the river is driven by those of clay
particles. This could be the case in the studied river, about 200 meters downstream of one of the
industrial effluents release points, where Ca%* concentrations up to 1.73 mM were measured. There,

benthic organisms are more likely to be exposed to TiO, NPs.

This work provides new data relevant to TiO, behavior in environmental conditions that can help
modeling the fate of ENMs in river water. However, several limitations prevent the authors from
making general conclusions about their fate in freshwater, as the filtered water is still a much simpler
medium than natural water. Further studies need to take into account other components, such as oxy-
hydroxides and particulate organic matter in order to further approach real conditions. In the same
way, the added simulation of the velocity flow (and shear rate) of the river water would give more

accurate collision rates and so more precise results about the potential aggregation of TiO, NPs.
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KEYPOINTS

No firm conclusion can be made concerning the NP part of TiO3 in the
environment without using isotopic and/or sizing analytical tools

Transport of nanoparticulate TiO; is likely from release at point T,
because of low attachment efficiencies between particles.

Immediate aggregation and sedimentation is probable at effluents NN
and NNR release point, because of high attachment efficiencies between
particles.

NEXT RESEARCH QUESTIONS

How can we model the NPs fate (size distribution and concentration) in
the river water and in sediments, based on the measurements performed
in the field and in the laboratory?

What data are available on their potential effects on target organisms,
for integration in a RA model?

How can we model a risk score taking into account the exposure duration
of organisms to NMs?
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CHAPTER lll: MODELING THE POTENTIAL RISKS

OF TiIO2 NMs

This chapter aims at describing the development of Bayesian networks for modeling the potential risks
of TiO, NMs in the aqueous media, taking into account water and sediment compartments. The
network structure of the second model was built in collaboration with EcolLab, Toulouse and LIEC,

Metz, France. The ecotoxicological data were provided by LIEC, Metz, France.
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Introduction

As it has been underlined in the first chapter, the nano science needs to develop methodologies to
assess the impacts and risks due to nanoproducts, nanomaterials, nanoparticles. It has been shown in
the second review of chapter | that the impact assessment methodology (LCA) and risk assessment
methodology (ERA) have many similarities related to their mathematical expressions and to data
required for the calculations (fate, exposure and effect) and that it would be interesting to combine

both methodologies.

To date, most of the RA methodologies developed for NMs are qualitative or semi-quantitative,
because of the remaining uncertainties regarding their fate and effects in the environment. Such
methodologies include CENARIOS (TUV SUD Industrie Service 2008), SMAA-TRI (Tervonen et al. 2009)
and NanoRiskCat (Hansen et al. 2011), which result in the classification of NMs into risk categories.
These methods assess the NMs risks using data concerning their characteristics (e.g. size, composition,
state of integration in the matrix), their fate in the environment (i.e. transport and transformation)
and the damage they may cause to the environment (i.e. toxicity potential). Some of this data, if not
all, is elicited by expert judgment, meaning that they are qualitative. This ends in qualifications such as
“low”, “medium” and “high”, for example in SMAA-TRI, or in color codes (red for the highest risk, green
for the lowest), such as in CENARIOS and NanoRiskCat. These models answer the need for rapid
integration of NMs in RA, as the results can be produced without the need of acquiring new data on
NMs. Moreover, risk categories are easily understood by everyone, so that the communication to

public audience is facilitated. However, they may lack some accuracy in the determination of the NMs

risks, which explains the choice of a quantitative methodological approach in this research.

Regarding life cycle impact assessment methodologies, USEtox does assess quantitatively the fate, the
exposure and the potential effects of a substance by calculating a fate factor, an effect factor and an
exposure factor (Rosenbaum et al. 2008). Salieri and co-workers (Salieri 2013; Salieri et al. 2015)
worked on the adaptation of the calculation methodology of these factors to NMs, by adapting the
fate and effect modeling to these new substances. However, USEtox is not yet applicable to a site-

specific scale (Kennel and Schindler 2015), which is yet the object of this study.

In order to provide a quantitative risk score for TiO, NMs accounting for the uncertainties inherent to
the NMs fate and effect in the environment, a probabilistic approach may be used, such as Bayesian
modeling. Money and coworkers (Money et al. 2012; Money et al. 2014) developed the FINE model
for the RA of Ag NMs. They were the first (and only) ones to use Bayesian networks (BNs) for the RA of
NMs, including mostly quantitative parameters, although some of them were still estimated by expert

elicitation.
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The work described below takes a step forward in current research by (1) developing BNs for TiO, NMs
RA at a site-specific scale and using fate and effect parameters which were all quantitatively estimated
and (2) considering the life cycle of TiO, NPs with industrial releases into the Thur river coming from

both their production and their waste treatment sites.

After a presentation of Bayesian theory and networks, the second part of this chapter shows the
development of a BN to model the behavior of TiO, ENPs from the industrial effluents to the river,
including water and sediment compartments. No data is yet available concerning the effect of these

precise TiO, NPs in the aqueous media, so the network focused on the fate factor of TiO, NPs.

Meanwhile, in the third chapter, a complete yet simplified network was developed for other anatase

TiO, ENPs, which were tested in mesocosms, using natural water and water/sediment interface.

1. Bayesian theory and Bayesian networks

The Bayesian theory is based on the fundamental rule of conditional probability. For two events A and

B, this rule is given by (Equation 1):

P(ANB)

P(AIB) = P4E

(1)

Which reads as “the probability of A given B is the ratio of the probability of A and B over the

probability of B”. From this statement, Bayes (1763) wrote the following rule (Equation 2):

P(B|A)P(4)

P(A|B) = )

(2)
Where

P(A) and P(B) are the probabilities of A and B without regard to each other, P(A|B) the conditional
probability of A given that B is the true and P(B|A) is the probability of B given that A is true.

This formulation enables updating the knowledge one has on A, provided one gets new information
about B. This is most important when working on such a recent field as NMs environmental behavior,

as it allows the user to easily update the results as research goes on.

Bayesian networks (BNs) are acyclic graphs used to represent the knowledge about an uncertain
domain. Each node in the graph represents a random variable, while the edges between the nodes
represent probabilistic dependencies among the corresponding random variables. Variables,

represented by boxes, are linked by causality relationships (Figure 25A) and can take different states,
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which can be either continuous or discrete. Continuous variables can be difficult to handle in complex
models, so they are most often discretized by defining a set of intervals in which they occur. Causality
relationships are represented by arrows linking the parent variables to their children variables, the

prior having an effect on the latter.

In this study, the defined variables include NPs properties (e.g. size, surface charge, cristallinity), abiotic
environmental parameters (e.g. pH, conductivity, flow rate, elemental concentrations) and biological
parameters (e.g. type of species, stage of development). The discretization of continuous variables was
based on literature and when applicable, to measurements performed in the field (such as
temperature) or in the lab (such as mass concentration). In order to avoid too much complexity arising
from too many variables states, the number of intervals was kept as low as possible, using a logarithmic

scaling when needed (e.g. for the attachment efficiency coefficient).

Once the structure is built, conditional probability tables (CPTs) must be implemented (Figure 25B).
These tables relate the states of the parent nodes to those of a child node, including entries for all
possible combinations of the child and parent nodes states. They determine the probability of
occurrence of each state of a child variable, given the occurrence of the combined states of its parent
variables. This is where probability distributions can be used, allowing the integration of uncertainties
inherent to the variable outcome. These probabilities are propagated down the network, to further
children variables. Wide probability distributions arise from high uncertainties. Since they can be
directly visualized on the BN, priority research needs can be identified as the variables presenting the

widest probability distributions.

4] O

First step: Structure building Second step: CPTs implementation
Nanomaterials Environmental . g
. e Target organisms V3
properties conditions Vi V2
‘ 1 2 3
1 [0;5] 0.1 o | o |100

[ Transformation } [ Transport ] [0;5] 0.01 0 100 0

parameters parameters
I [5;10] 0.1 25 50 25

I\
[5;10] | 001 | 20 | 60 | 20
[ Concentrations in } [Ecotoxicologicqi'}

water and sediment data / [10;15] 0.1 100 0 0

| ‘ [10:15[ | 001 |100| O 0

Risk score
- [ 1 Name of variable

|:| State of variable
|:| Probability of V3 given V1 and V2

Figure 25: Building a Bayesian network. V1 is continuous (discretized as intervals), V2 is discrete.
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The chosen variables, states of variables and the causality relationships between them are described
in the next sections. They have been implemented in the Netica application v.4.16 (Norsys Software

Corporation).

2. Building a BN for the fate of TiO2 ENPs in river water
2.1. Building the structure of the models

2.1.1.Structure of the effluent model

A BN was built to assess the fate of the studied TiO, NMs in the river in which they are released. The
first part of the network models the NMs fate in the industrial effluent, using both the NPs
characteristics measured in the lab and the effluent properties measured in the field, to calculate the
NMs size distribution in the effluent (Figure 26). Processes at stake were modeled with kinetic

equations based on the particle aggregation theory (Wiesner 1992; Thill et al. 2001) using 15 variables.

The size distribution determined in the first part of the model is one of the inputs of the second part,
which aims at determining concentrations and size distributions of TiO, NMs homo- and
heteroaggregates in water and sediment. Aggregation and transport processes were modeled using
kinetic equations adapted from Praetorius et al. (2012), who modeled the fate of TiO, NMs in the Rhine

River. A total of 23 variables were included in this part of the model.

The purpose here was to give a holistic view of the parameters needed for the determination of TiO;

NMs concentrations in water and in sediments.

NMs properties Effluent properties

} }

EFFLUENT COMPARTMENT

Part |
Size distribution of TiO, NMs
Sediment properties River properties Part Il

l }

RIVER WATER COMPARTMENT

SEDIMENT COMPARTMENT

Concentrations and size distributions
of TiO, homo- and hetero-aggregates
in water and sediment

Figure 26: Conceptualization of the fate model
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The size distribution of TiO, NMs aggregates in the effluent was defined over 15 size classes. The
minimum aggregate size was defined as 200 nm, because very low to null Ti concentrations were
measured in the industrial effluents water filtrated using this pore size. The maximum aggregate size
was set at 100 um, taking Praetorius et al. (2012) as a reference and observing the same limit in SEM
imaging (cf. Chapter Il, p. 90). This size range was divided on a logarithmic scale, in order to keep a
reasonable number of size classes on such a big interval (Thill et al. 2001). The initial particle size
distribution was similar to that used by Praetorius et al. (2012), which is a lognormal distribution with

a mode at 300 nm (logarithmic mean = 5.8 nm, logarithmic standard deviation = 0.37 nm).

Two strong assumptions were made in this part of network, modeling aggregation processes in the
effluent. Firstly, TiO, concentrations were assumed to be high compared to other particulate content,
so collision rates with SPM was assumed to be negligible compared to collision rates between TiO,
particles. There was no way to distinguish quantitatively between SPM free of TiO,, SPM bound to TiO;
and free TiO, in the effluent, so only homo-aggregation was taken into account. Second, the
fragmentation of the aggregates to smaller size classes was not included, as no current model makes
consensus between researchers without additional experiments for calibration. Both are strong

assumptions.

According to Smoluchovski (1917, Equation 1), the evolution of the aggregates size distribution
depends on two constant parameters, the attachment efficiency coefficient (@) and the collision rate

(B) of the aggregates:

dN 1
d—tk =5ar Zitj=k Bijeffuent " Ni* Ny — Ny * X321 Bikeffruent (1)

Where N;, N; and Ny, are the number (or number concentrations) of aggregates in size classes i, j and
k. The number concentrations of aggregates in each size class can be calculated based on the measured
mass concentration and on the particle size probability distribution: the mass is allocated to each size
class based on this distribution, then the TiO, mass obtained in each size class in divided by the mass

of a single particle, in order to obtain the number concentration of aggregates in each size class.

In order to obtain the mass of an aggregate, its density has to be calculated accounting for their fractal
dimension (Dy), as it defines the compactness of an aggregate: the more an aggregate is compact, the
higher is its Dy. There is thus a direct impact of the Dy on the aggregate density. In this way, the volume

of solid TiO; in the aggregate was calculated based on Equation 2 (Thill et al. 2001):

, D
Vsolid _ 4. - dprimary 3 i dTloz,i ! (2)
TiOy; — > P
, primary
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Where dprimary is the diameter of a primary particle and dTiOZ_i is the diameter of the aggregate of

size class i. In this way, one was able to differentiate the mass of TiO, from the mass of water in the

aggregate and so, to calculate the density of the aggregate (p;io2 y Equation 3):

solid total solid
X pTiOz'VTiOZ,i+peffluenf'(VTi02'i_VTiOZVi)
pTiOz'i - y.total (3)
TloZ,i

Where prio, is the density of bulk TiO2, pesfiuent is the density of the effluent, V5% is the total

iOZ,L

volume of the aggregate of size i and Vﬁ{’éi‘i_ is the volume of solid in the aggregate of size i.

A

The attachment efficiency coefficient « is also called the sticking coefficient: it is the probability that
two particles remain attached to each other after collision. It can be determined experimentally (cf.

Chapter 1B, p. 121):

In water, collisions between particles can be caused by Brownian motion or diffusion (,B’BT), differential
settling (8%°) or shear (£5") (Thill et al. 2001, Equations 4 to 6). Each of these mechanisms results in a

separate collision rate, § being the sum of these collision rates:

2kgT 11
Br — ZtBleffluent (1, 1Y) (.. .
'Bij.effluent - 3Hef fluent (Ti + r}.) (rl + rj) (4)

.Bidjfeffluent =m-(r+ rj)z ' |Ui - Uj| (5)

4 3
IBiSJiLeffluent =3 (ri + 77) “Geffiuent (6)

Where kg is the Boltzmann constant, T fiyent is the temperature of water in the effluent, tefriyent
is the dynamic viscosity of the effluent, r; and 7; are the radii of aggregates of size classes i and j,
respectively and Gefriyent is the shear rate in the effluent. The dynamic viscosity of the effluent is
determined based on its temperature (Kestin et al. 1978), which can be measured in the field.

The settling velocity U; of the aggregate is determined by the Stokes’ law (Equation 7):

2 p’;ioz'-_peffluent 2
U =2 S TIR g2 (7)
Hef fluent

Where g is the acceleration of gravity.
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One term was added to Eq. 1, in order to account for the loss of aggregates by sedimentation (Equation
8):

Ug

de _— 1 Ll Ll ] ] — ] ] o ] — —
@ =3 @ Zirj=Bjersuene - Niw Ny = @ Nie LiZa Bikeffiuent * Ni = 7— = Nic (8)
L J L J\ J
gain by aggregation loss by aggregation loss by
sedimentation

Where Zgffiyene is the depth of water in the effluent and Uy is the settling velocity of aggregates of

size k.

The interrelationships between the variables are described in the model structure (Figures 27 and 28).
In order to calculate the required parameters, a number of NP and effluent characteristics (parent
variables) was determined (Tables 9 and 10). Most of them were measured, except from the TiO, bulk
density which was taken from the literature (Praetorius et al. 2012), the effluent density which was
assumed to be equal to that of water and D and a, which could not be assessed experimentally in the
effluents. The sensitivity of the model to these parameters was tested by varying Df from 1.5 to 2.9
and a from 0.001 to 1in the calculations. Low a are to be tested in low conductivity waters, high a are

to be tested in high conductivity waters (cf. Chapter Il, p. 129).

Table 9: Values and types of NPs properties (parent variables) included in the effluent network

Parameter Value Unit | Type of variable | Number of states Reference
Dlameter of primary 5 nm discrete 1 Measurement
particles
Point of zero charge 4-8 - discrete 6 Measurement
Surface charge -60 - +40 mV continue 9 Measurement
Size of aggregates in the 200 - 100000 nm discrete 15 Measurement
effluent
TiO; densit 4,23 cm?3 discrete 1 Praetorius et
2 y ’ & al. 2012

- Adjusted,
Attac.h.ment efficiency 0-1 - discrete 5 based on
coefficient

measurements

Fractal dimension 1.5-2.9 - discrete 4 Adjusted
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Table 10: Values and types of effluent properties (parent variables) included in the effluent network

concentration

Parameter Value Unit Type of variable | Number of states Reference
pH 1-11 - continue 9 Measurement
Conductivity 0,005-1,5 mS.cm™ continue 3 Measurement
Temperature 20-30 °C continue 2 Measurement
Pipe diameter 0,2o0r2,5 discrete 2 Measurement
Water depth 0,10r0,5 discrete 2 Measurement
Effluent flow 0,01-10 m3.s? continue 4 CRISTAL data
Particulate TiO2 mass

0,003 - 0,25 mg.L? continue 6 Measurement
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Figure 27: Structure of the BN developed for the TiO, NMs fate in the effluent
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Figure 28: Bayesian network modeling the fate of the TiO, NMs in the industrial effluent
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2.1.2.Structure of the river model

The size distribution and concentration of TiO, NMs aggregates in the effluent are some of the inputs
of the river model. Kinetic equations describing the evolution of concentrations of homo- and
heteroaggregates in water and sediments were taken from Praetorius et al. (2012). Adaptations were
made on the calculation of the densities of homo- and heteroaggregates (Equations 2 and 3), taking
Thill et al. (2001) as a reference. Moreover, due to the shallow river depths, no stagnant water
compartment was not included. Due to low TiO, concentrations in the river (< 100 pg.L?), it was

assumed that homo-aggregation of TiO, NMs was negligible in this compartment.

The concentration and size distribution of TiO, homoaggregates in water is expressed by Equation 9:

input

rio,,; » that is the concentration and size distribution of TiO, in

it depends on the TiO, incoming flow (gq

the effluent), but also on the transport of TiO, by the river flow, their deposition on sediments, and

their heteroaggregation onto SPM:

Ti0,;

dc TiOy; nSPM TiOy input
‘:;c;ter = (kriver,flow + kdep ' + Zjillzes khet—agg,ij : Cwate,i(t) + CITioz’l. (9)
L J | J
loss by transport, deposition and aggregation inflow
from
effluent

Tio

depz'i is the deposition rate constant of TiO; of size

Where Kriyer riow i the river flow rate constant, k

classi, kpet—agg,ij is the hetero-aggregation constant rate of TiO; of size i and SPM and size j.

The river flow rate constant is defined by (Equation 10):

—_ Awater
kriver,flow = Uriver,flow * v (10)
water

Where Vyiper riow IS the river flow velocity, Ay, qter is the cross-sectional area of the river and Vi ger is

the volume of water in the studied river section.

The deposition rate constant of TiO, aggregates is calculated by (Equation 11):

i TiOZ,i
kTLOZ.l' — Uriver

den = = (11)
4 Zriver

TiO,; . . . N . . .
Where Un.lvezr" is the settling velocity of aggregates of size i in the river, and z,;,., is the depth of river

water, measured in the field.

The heteroaggregation rate constant of TiO, and SPM is defined as (Equation 12):
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SPM ;
khet—agg,ij = Qnet—agg * Bij,river ’ Cparticle (12)
Where Qper—qgg is the hetero-aggregation attachment efficiency coefficient, determined

experimentally, B;; river is the collision rate of TiO; of size i with SPM of size j, determined in the same

SPM

way as in the effluent, and Cp is the particulate concentration of SPM of size j in the river. Mass

J
article
concentration of SPM in the river can be determined by weighing the filters used for sample
preparation. The size distribution of SPM was defined over 15 size classes, from 1 to 100 um with a
lognormal particle size distribution (Praetorius et al. 2012). As for the calculation of TiO, number
concentrations, the number concentration of SPM in each size class was calculated by allocating the
mass concentration to each size class based on the lognormal probability function used by Praetorius
et al. (2012), with a mode at 5 um, a logarithmic mean of 8.9 nm and a standard deviation of 0.59 nm.

The mass concentration of each size class was then divided by the mass of a single particle in each size

class.

The TiO, NMs input q’T':Z’:E was calculated by multiplying the number concentration of TiO; in each size

class, which is the output of the first part of the model, by the river flow constant rate, kyiper, fiow-

The heteroaggregates of TiO, bound to SPM in the river water (¢’ "

water

) is expressed as follows

(Equation 13):

Ti0p i +SPM

C, TiO, i+SPM; TiO3;+SPM;j 05 TiO5;+SPM;j
Watzrt == (kriver flow + kdlep“ ]) - C L ](t) + khet—agg,ij ' CTLOZ'L (t) +k Vsed - C o ](t) (13)

water water TeSUSP  Viater  S€d

( J J 1 J

loss by transport and deposition gain by aggregation gain by resuspension

Where V,,4ter and Vg are the volumes of water and sediment in the considered river section. The

resuspension rate constant K.,y , Was calculated with Equation 14:

__ Vresusp
kresusp = Zeed (14)

TiO3,;+SPM;

Where Zg.4 is the sediment depth and vy, is the resuspension velocity of sediment. kdep ,

the deposition rate of heteroaggregates, was calculated based on the density of TiO, and SPM and on

their volumes in the aggregate (Equations 15 and 16):

] Ti0, +SPM;
 T02+SPM) _ Unipey (15)
dep Zriver
2 total total
2 9TTio, j+5PM; Vrio, ; . Vrio, ;
UTi02i+SPMj =5 L. "\ ytotal ., " Prioy; T 1- total |, “Pspm | — Priverwater (16)
’ Hriverwater Tioz i SPM}- 4 TiOZ i SPM]-
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Ti02,i+SPMj

Where U . = and rr;p, i+spM; are the settling velocity and the radius of the heteroaggregate, is,
Vi%ji and VSPMj are the volume of TiO, and SPM in the aggregate, and pspy and priverwater are the

density of SPM and water, respectively.

The concentrations of homo- and heteroaggregates are expressed by Equations 17 and 18,
respectively:

Ti0,;

dc TiO,; TiO, v TiO,;
sed — . 2,0 2,0 . Ywater | 2,
dt - _(kresusp + kburial + ksed,transfer) Csed (t) + kdep,water Vsed Cwater(t) (17)
L Il
loss by resuspension, burial and transport gain by deposition
TiO, ;+SPM ;
Setd 2,it Jj _ Tiozyi+SPMj Ti02'i+SPM)- Vvater Ti02'i+SPMj 18
dt = _(kresusp + Kpuriar + ksed,transfer) ' Csed ®+ kdep ' Veoa ' Cwater ® ( )
L I
loss by resuspension, burial and loss by deposition

transoort in sediment

The burial rate constant kjyiq; and sediment horizontal transfer rate constant kgeq transrer Were

calculated as follows:

_ Vburial
kburial -, (19)
sed

Vsed,transfer
ksed,transfer - (20)

Msed

Where Vpyriqr and Vseq transrer are the burial velocity and the horizontal transfer velocity of sediment,
respectively. Jones (1997) describes the SPM flow as 14 times the bedload transport. Vgeq rransfer Was
thus determined based on this relation, calculating the SPM flow by multiplying the SPM concentration
by the water flow. mg,., is the mass of sediment, determined from its density. Van De Meent (1993)
calculates the bulk sediment density considering that it is composed of 20% mineral and 80% water.
The mineral density was determined based on the sediment texture (Appendix |). The components

(sand and illite) densities were taken from the webmineral database (www.webmineral.com).

As in the effluent, as many parameters as possible were measured in the field, while others had to be
estimated from the literature (Tables 11 and 12). Most uncertainties remain regarding the sediments
rate constants, which could not be assessed experimentally. The interrelationships between all these

variables are illustrated in Figures 29 and 30.
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Table 11: Values and types of water properties (parent variables) included in the river network

Parameter Value Unit Type of variable | Number of states Reference
Length of river box 50 - 750 m continue 4 Measurement
Depth of water 0,1-5 m continue 4 Measurement
Flow velocity 0,005 - 50 m.s? continue 4 hydro.eaufrance.fr
Density of SPM 1,1-2,5 g.cm continue 3 Praetorius et al.
2012
P i .
Size of SPM 10 - 10" m continue 2 raetorius et a
2012, measurement
Concentration of 1 .
0-20 mg.L continue 5 Measurement
SPM
Temperature 0-20 °C continue 4 Measurement
Conductivity 50 - 1500 uS.cm? continue 9 Measurement
pH 7-85 - continue 3 Measurement

Table 12: Values and types of sediment properties (parent variables) included in the river network

T f Number of
Parameter Value Unit y|?e ° umbero Reference
variable states
Granulometry
Porosity 0,2-0,6 - continue 4 measurement, Calvet
2003
Density of dr sand (90-95% vol.): 2,6;
sedimgnt y illite (5-10% vol.): 2,6- | g.cm™ | continue 4 webmineral.com
2,9
H 0, H + 0,
sDeedr::;tgnif bulk 20% T;%jgl_ ngé cau g.cm? continue 4 van de Meent 1993
Depth 0,05 m discrete 1 Praetorius 2012
Calculated from

measurement of river
Volume of sediment 1-750 m?3 continue 5 section length and 5 cm

depth (Praetorius et al.

2012)

\I;I;g(zjc;ctal transfer 0,001 -2 kg.s* | continue 5 Jones 1997
Burial velocity 8,88.10-4 m.s* discrete 1 van de Meent 1993
\Fj:ls;’ucs;fjnsmn 2,89.10-10 m.s? discrete 1 van de Meent 1993
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2.2. Implementing the conditional probability tables

In order to reduce even further the uncertainties in the fate of TiO, NMs in the river, discrete values
were used for each parameter, most of them measured in the field. This enabled the modeling of the
fate of TiO; in effluent T up to sample point 4, and in effluent NN up to sampling point 5 (Figure 31).
Thus, two river sections were considered, one extending from the release of effluent T to the sampling
point 4, the other extending from the release of effluent NN to the sampling point 5. Effluent NNR was
not considered in the risk modeling, as it comes from the slag heap, which has a long history and cannot
be related to the TiO; production only. The environmental and anthropic parameters and effluent TiO,
concentrations measured on each sampling campaigns were integrated in the calculations (Appendix
IX), resulting in different outcomes for each sampling campaign and each river section. As no
quantification of the nanoparticulate part of TiO, could be made (cf. Chapter II, p. 105), TiO; NMs
concentrations were assimilated to total TiO, particulate concentrations in the effluent, as a “worst-

case” scenario.

Figure 31: River sections considered in the modeling

Environmental parameters and TiO, concentrations were considered homogenous all along the river
sections. Concentrations and size distributions were calculated at the time at which NMs were
supposed to reach on the one hand the exit of the effluent pipe and on the other hand the
corresponding sampling point, based on the effluent/river flow velocity and the length of the effluent

pipe/river section.

The model equations were implemented in two Fortran codes (Appendix X), enabling the calculation
of aggregation and transport rate constants as well as concentrations and size distributions in each
sub-model (effluent and river). In order to obtain as much stability as possible (meaning that the total
volume of NMs be kept constant all along the calculation), the analytical solutions of all kinetic

equations were used. They were written as:
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dc(t)

“Z2+a-c®)=b (21)

With C(t) being the number concentration of TiO; particles, a and b being constants to be determined
for each equation. In this way, the analytical solution is given by Equation 22, y being an integration

constant:

CO)=y-e*+b/y (22

And:

cO) =y+b/g=clt-1); sooy=ct-1)-P/g (23)

Finally, by the analytical solution was obtained replacing y in Eq. 22 and used in the Fortran codes

(Equation 24):
c®) = [ct—1) = b/g|- et +b/q (29)

However, because of the logarithmic initial definition of size classes, the size of an aggregate resulting
from the aggregation of two smaller aggregates (of sizes i and j) may not be exactly one of the sizes
defined initially. In this case, the aggregate volume was allocated to the two adjacent size classes

(Figure 32, Thill et al. 2001).

_Vsum_V(k—l)
il O7=v=va—n

Yl
"“}O\ L ™

||
| 1 z
Size classes

j k-1

Figure 32: Methodology used for the aggregates volume fractionation (adapted from Thill et al. 2001)

2.3. Results interpretation

The integration of NMs- and site-specific parameters in a BN enabled the determination of the fate of
TiO; NMs in the river in which they are released. Two different kinds of results were produced: firstly,
concentrations of aggregates in each size class were calculated in the Fortran codes (Appendix Xl).
These size distributions were then expressed as probabilities of occurrence in the BN, with the help of

the Netica application (Norsys). Both results are complementary.
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The initial concentration of TiO, NMs in sediments was considered as null, so number concentrations
in the sediment must be taken as the numbers of aggregates that settle down the water columnin a
given time, and not as total NMs concentrations in the sediments. They can be used to calculate
partitioning coefficients between water and sediment at the local scale. Furthermore, aggregation and
transport rate constants were also calculated at the site-specific scale. All these parameters may be
used for calculating fate factors adapted to the local scale, and so answering the need expressed by

Salieri (2013) of adapting the USEtox LCIA methodology to the local scale.

In order to calculate these concentrations and size distributions, most parameters were assessed
experimentally. It results that concentrations in the sediments were lower than in the water, up to 7
to 8 orders of magnitude, with parameters measured on March, (Appendix XI), which is consistent with
the results obtained in the laboratory. However, the attachment efficiency coefficient and the fractal
dimension could not be determined precisely in the effluent and in the studied river sections, so the
sensitivity of the results to these parameters and to TiO, concentration are analyzed in the next

sections.

2.3.1.Sensitivity to attachment efficiency coefficients (a)

The attachment efficiency coefficient of TiO, NMs was determined experimentally in upstream water,
with very low conductivity, and shown to be null (section IIB). However, both industrial effluents and
downstream waters show higher conductivities and cations concentrations, so that higher attachment
efficiency could occur. In the network, low a were tested in effluent T and in river water, while higher

a were tested in effluent NN, where very high cations concentrations (> 500 mg.L™) were measured.

In the effluents, an increase in the attachment efficiency coefficient from 0.1 to 0.5 and 1 results in
faster aggregation, and consequently in a slight shift of the particle size distribution towards bigger

sizes. However, the distribution mode stays the same, at 312 nm (Figure 33).

In the river, no effect of a was shown on the size distributions of homo- and heteroaggregates in water
and sediments (Figure 34). However, when increasing a from 0.001 to 0.01, the concentration of

heteroaggregates was 10 times higher, both in water and in sediments (Appendix XI).
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Figure 33: Sensitivity of size distribution results in effluent NN (March campaign, D¢ = 2.5, sizes expressed in
meters)
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Figure 34: Sensitivity of size distributions to the attachment efficiency coefficient in the river (sampling point 4, January campaign, D¢ = 2.5, sizes expressed in meters)

177




2.3.2.Sensitivity to fractal dimension

In water (river and effluents), the concentration of homo-aggregates in suspension decreases with an
increase of the fractal dimension, from 1.5 and 2.9 (Appendix Xl). This is due to the aggregates higher
density, leading to faster sedimentation out of the water column (Eq. 2, 3 and 12). This effect is most
important as Dr increases from 2.5 to 2.9, where a much higher number of aggregates is lost by
sedimentation. Consequently, more aggregates are found in the sediments as Ds increases, meaning
that fewer aggregates are available for hetero-aggregation in water. This explains why they are present
in smaller quantities as heteroaggregates in both water and sediments with increasing Dx. This leads to
the conclusion that sedimentation occurs at a faster rate than aggregation, at all tested a and at a D¢

equal to 2.9.

No significant effect was shown on the aggregates size distributions in the water column, but TiO;
homo- and heteroaggregates tend to be bigger in the sediment when the Ds is increased (Figure 35).
This is explained by the fact that, in the calculation of the sedimentation rate constant, the aggregate
size is raised to the power of Df (Eq. 2, 3 and 12): the increased Ds enlarges the effect of increasing size

on the sedimentation rate.
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Figure 35: Sensitivity of size distributions to the aggregates fractal dimension in the river (sampling point 4, January campaign, a=0.001, sizes expressed in meters)
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2.3.3.Sensitivity to TiO, concentration

The effect of a raise in the TiO, concentration was analyzed in effluent T, comparing the January (31
pg.L?), March (922 pg.L?) and August campaigns (1250 pg.L?), all other parameters being constant. In
the effluent, at Df equal to 1.5, 2 and 2.5, the increased concentration leads, by definition, to higher
numbers of aggregates in suspension (Appendix XI). However, at Di= 2.9, the term of loss by deposition
in Eq. 10 becomes very important, as both Df and concentration are raised, in such a way that
deposition counterbalances the concentration raise and leads to fewer aggregates in suspension. The
trace of this phenomenon is still observable in the river: at high initial concentrations, fewer aggregates

are available for hetero-aggregation and sedimentation, so that all concentrations are decreased at D¢

=2.9.

No significant change was observed in the size distributions of aggregates in the effluent and in the
river water as the TiO, concentration increases, although aggregates tend to be slightly bigger with
increased concentrations (Figures 36 and 37). This is expected from the higher collision rates induced

by higher concentrations, which lead to faster aggregation.
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Figure 36: Sensitivity of size distributions to TiO, number concentration (effluent T, Ds = 2.5, a=0.001, sizes
expressed in meters)
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Figure 37: Sensitivity of size distributions to TiO, number concentration (sampling point 4, Ds = 2.5, a=0.001, sizes expressed in meters)
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Overall, the size distributions of TiO, NMs seem most sensitive to variations in their fractal dimension,
especially from 2.5 to 2.9. This sensitivity is even higher at high concentrations. Furthermore, the
results analysis shows that sedimentation is a faster process than homo- and hetero-aggregation at a
Dr equal to 2.9. However, an experimental assessment of a in the effluent and in the river would allow

a more accurate determination of the fate of the NMs in these waters.

This model has to be combined to ecotoxicological data in order to obtain a risk score. However, no
data is currently available on the ecotoxicity of TiO, NMs produced by CRISTAL. Thus, we built a BN

adapted to the ecotoxicity tests performed in the mesocosms studied in the Mesonnet ANR.

3. Building a BN for the risk assessment of TiO2 NMs

A battery of biomarkers was measured on Dreissena polymorpha and Gammarus roeseli exposed to
cubic and rod-shaped anatase in mesocosms (Figure 38). These data were chosen for implementation
in the BN, because they were obtained in near-reality conditions, which were natural freshwater
(Volvic), environmentally relevant concentrations (max. 1 mg.L™?) and long exposure times (up to 28

days).

Light
55cm

Recirculating water flow —> i -]

Volvic water +

70 mg.L?! P e
CaCIz F ‘6, 4-5cm
Sandy

sediment

Figure 38: Mesocosms experimental design
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3.1. Generating the ecotoxicity data
3.1.1.Simulation of a natural aqueous medium

G. roeseli is a freshwater amphipod (crustacean) and D. polymorpha is a freshwater bivalve (mollusk).
Both live in temperate rivers, are ubiquitous and were collected in Eastern France, which make them

relevant to the study area.

The mesocosms in which they were introduced were preliminary filled with an artificial sediment
composed of 89% SiO,, 10% kaolinite and 1% CaCOs, and with Volvic water (56 L, Table 13). The water
was supplemented with 70 mg.L™* CaCl, (0.63 mM) in order to obtain an optimal mineralization for D.
polymorpha (Table 14). A natural inoculum of water-saturated sediment, composed of algae, bacteria,
hyphomycete and alder leaves was added three weeks before the introduction of the tested

organismes, so that the presence of primary producers was ensured (Figure 39).

Introduction of
Mesocosm filling test organisms

L1 | L[ [ 1|
ntreduction of [ll [ O B B

4

—_—
—_—
N e f—

micro-organisms

12 x 84 pg.Lt TiO,

Figure 39: Time schedule for mesocosms experiments

Table 13: Composition of Volvic water (concentrations are expressed in mg.L™})
Ca* Mg?* K* Na* (o} HCOs NOs5” SO4* Si0,

11.5 8.0 6.2 11.6 13.5 71.0 6.3 8.1 31.7

Table 14: Physicochemical parameters of mesocosms water (Auffan et al. 2014)

Temperature pH Conductivity Redox potential Dissolved O, Total organic carbon

19 £2°C 7.9+0.1 | 250-330 pS.cm™ +270 £20 mV 8.0+0.2 mg.L? 1.80 +0.08 mg.L*!

3.1.2.Exposure conditions

Two types of anatase NMs were tested, both provided as dispersed in stock suspensions. One was
composed of cubic NPs, the other one was made of rod-shaped NPs (Table 15, Figure 40). 84 pg.L? of
NPs were injected at the surface of the water mesocosms 12 times over 25 days, in order to obtain 1
mg.L! at the end of the experiment (Figure 39). This enabled the simulation of a continuous release of

NPs in the agueous media.
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Figure 40: TEM images of (A) cubic and (B) rod-shaped anatase NMs tested in mesocosms (Garaud et al. 2013)

Table 15: Characterization of anatase TiO, NMs in stock suspensions (Garaud et al. 2013)

Shape TEM primary size DLS hydrodynamic diameter Specific surface area | Zeta potential
cubic 25-30 nm 149 nm 100 m?.g-1 +46 mV
rod-shaped 20 x 200 nm 93 nm 140 m%.g-1 +57 mV

3.1.3.Measurements of effect parameters

25 biomarkers were measured on D. polymorpha and 14 on G. roeseli, so a choice had to be made in
order to avoid too much complexity of the BN (Table 16), in accordance with ecotoxicologists and with

a discriminating statistic analysis they performed.

Oxidative stress is an important toxicity mechanism of TiO, (Manke et al. 2013) so total antioxidant
capacity (TAC) and lipid peroxidation were included in the network. They were tested on both
organisms. The TAC shows the capacity of the organisms to resist to oxidative stress. It was measured
on the cytosolic fraction of the digestive gland as the bleaching upon reduction by antioxidants and
expressed in umol Trolox equivalent/g protein/min (Trolox being a calibration standard). A decrease
in the value of this biomarker shows a toxicity towards the tested organism. The oxidative stress can
result in lipid peroxidation, inducing cellular damage. It was measured as the lipid hydroperoxide
(LOOH) concentration in the whole homogenate of the digestive gland. An increase of this

concentration reveals a higher toxicity.

Three of the most sensible immunological parameters tested on D. polymorpha were the reactive
oxygen species (ROS) production, the cell viability and the phagocytosis performance, so they also

appear in the network. They were all measured in the heamocytes. ROS production was assessed by
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fluorescence and expressed as arbitrary units (AU). The number of damaged cells was the most
sensitive biomarker for cell viability. It was assessed by flow-cytometry and expressed in %.
Phagocytosis activity was assimilated to the percentage of phagocytic cells that had engulfed at least
one latex bead (2 um size). A decrease in phagocytic activity shows a decreased cellular defense

capacity, and so a higher toxicity.

Finally, all biomarkers measured at an individual level appear in the model, as they are representative
of a global toxicity, induced by the various toxicity mechanisms occurring at smaller scales (cellular
level). They were filtration and mortality for D. polymorpha, and ventilation, osmolality, locomotion
and mortality for G. fossarum. The filtration capacity of D. polymorpha is expressed in mL/individual/h,
so adecrease in the value shows an increased toxicity. Ventilation is an indicator of blood oxygenation:
lower ventilation shows a toxicity towards the organism. It was measured as the number of swimmeret
fluttering per minute. Osmolality is the concentration of molecules actually in solution. For example, 1
mole of NaCl (electrolyte) gives 2 osmoles of solute (1 osmol of Na* and 1 osmol of CI'). Thus, it is an
indication of the organism electrolyte-water balance: a decrease in osmolality shows a toxicity towards
G. roeseli. Finally, locomotion was measured as the percentage of mobile individuals, and mortality as

the percentage of dead individuals.

Table 16: Biomarkers included in the BN, measurement times and tested species (d = day)

Biomarker Measurement time Tested species
Total antioxidant capacity (TAC) d7, d14, d21 G. roeseli; D. polymorpha
Lipid peroxidation d7, d14, d21 G. roeseli; D. polymorpha
ROS production d7,d14, d21 D. polymorpha
Cell viability d7,d14, d21 D. polymorpha
Phagocytosis performance d7,d14, d21 D. polymorpha
Filtration d21 D. polymorpha
Ventilation d7,d14, d21 G. roeseli
Osmolality d7,d14 G. roeseli
Locomotion d7,d14, d21 G. roeseli
Mortality d7,d14, d21 G. roeseli

d28 D. polymorpha

The structure and probability tables of the BN were adapted to these available data, as described in

the next section.
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3.2. Integrating the data in a BN
3.2.1.Modeling the natural medium

A single BN was developed for both species, in order to read all the results on the same document
(Figures 41 and 42). For this purpose, a box called “species” was created in the network, so that the

user can choose the organism to be analyzed.

The water properties determining the aggregation state of the particles also appear on the BN, because
the particle size distribution must be assessed to determine their potential sedimentation and uptake
by the organisms. However, the fate model developed above could not be used to predict it, because
it was built based on theories which are valid for spherical primary particles, which present a relatively
uniform surface reactivity. This is not the case of cubic and rod-shaped NPs, whose faces present
different reactivity. Furthermore, no SPM characterization was performed in the mesocosms, neither
regarding its concentration nor its size distribution, so hetero-aggregation could not be assessed.
Measurements of TiO, in water and in sediments, which are planned to be performed shortly, will help

in assessing the NMs fate in the mesocosms system.

3.2.2.Modeling the exposure conditions

As for species, a box called “NP type” allows to choose the tested NPs for which the risk is assessed. In
the experiments design, the NPs concentration is function of the exposure time (Table 17), so a link

was made between these variables.

Table 17: Relationship between exposure duration and NP concentration in the test medium

Exposure duration NPs concentration
7 days 588
14 days 840
21 days 1008

3.2.3.