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1 Einleitung

Die Bewertung der Langzeitsicherheit von Endlagersystemen erfolgt anhand verschie-
dener denkbarer Ereignisablaufe, die je nach Auspragung zur Mobilisierung von Radi-
onukliden in das Nahfeld fuhren kdnnen. In allen derzeit in Deutschland diskutierten
Wirtsgesteinsformationen fur warmeentwickelnde Abfélle (Ton, Salz, Granit) ist ein L6-
sungszutritt Teil aller oder einiger Ereignisablaufe. Sollte es zu einem Zutritt von L6-
sung zu den Abfallbehaltern kommen, ist mit einer Korrosion der Abfallbehéalter und
anderer metallischer Komponenten im Nahfeld zu rechnen. Diese kann in der Folge zu
einem Ausfall der Behélter fuhren, so dass der sichere Einschluss der Radionuklide im
einschlusswirksamen Gebirgsbereich in Frage gestellt sein kann. Derartige Entwick-
lungsmoglichkeiten des Endlagersystems kdnnen nach heutigem Kenntnisstand selbst
bei konsequenter Umsetzung des Sicherheitskonzeptes bei einem Endlager in einer
Tonformation oder Kristallinformation sowie mit einer geringeren Wabhrscheinlichkeit
auch bei einem Endlager in einer Salzformation auftreten. Zur Bewertung dieser Ereig-
nisablaufe sind dann Langzeitsicherheitsanalysen durchzufihren, die in Modellform die

Mobilisierung, die Ausbreitung und Rickhaltung von Radionukliden simulieren.

Diese Analysen basieren auf Modellen und Daten, mit denen sich die ablaufenden
Prozesse beschreiben lassen, die in den zu betrachtenden Entwicklungen des Endla-
gersystems auftreten. Mobilitédtsprozesse im Nahfeld werden in den Codes der Lang-
zeitsicherheitsanalyse im Wesentlichen durch die Grél3en Radionuklid-Inventar, Mobili-
sierungsrate (Quellterm), Loéslichkeitsgrenze, Diffusionskoeffizienten und Sorptionsko-
effizienten abgebildet. Die zuverlassige und robuste Ableitung dieser Parameter stellen
zentrale Arbeitsgebiete aktueller geochemischer Forschungen im Kontext der Endla-
gersicherheitsforschung dar. Eine besondere Rolle bei Freisetzungsszenarien spielen
Spalt- und Aktivierungsprodukte, da sie im Gegensatz zu den Hauptkomponenten
warmeentwickelnder Abfélle den gré3ten Teil der resultierenden Zusatzdosis in der Bi-
osphare ausmachen konnen ([KEE/NOS2005]: Salz/Ton, [GRA2008, NAG2002,
AND2005]:Ton, [SKB2011]: Granit). Von hoher Relevanz sind dabei die mobilen Radi-
onuklide **Cs, I, *Tc, *Se, *ClI, *C, fur die bislang keine oder nur eine sehr gerin-
ge Ruckhaltung durch die im Endlager vorhandenen nattrlichen und technischen Mate-
rialien angenommen wurde. Eine Verbesserung des Kenntnisstandes zu ihrer Loslich-
keit und Rickhaltung kann bei Berlcksichtigung in der Langzeitsicherheitsanalyse zu

einer deutlichen Reduzierung berechneter Aktivitatsfreisetzungen fuhren.



Es bestand daher der Bedarf, die Riuckhalteprozesse fur die genannten Nuklide naher
zu betrachten und somit ein realistischeres Gesamtbild bezuglich ihrer Mobilitat zu er-
halten. Hierzu war es nétig Information und Daten zu gewinnen, die fir eine quantitati-
ve Beschreibung der Mobilisierung und des Transports dieser Stoffe auf dem Wasser-
pfad relevant sind.

Dies umfasst Untersuchungen zu

e Redoxverhalten und physikalisch-chemischen Eigenschaften der Bindungsformen

in wassrigen Losungen (Technetium, Selen, lod, Casium)

o Identifizierung und Charakterisierung von Rickhaltungsprozessen an endlagerrele-
vanten Festphasen (Technetium, Selen, lod an Eisenoxiden, magnesiumhaltigen
Hydroxidphasen, Eisensulfiden und Calcit)

e Vorherrschenden Bindungsformen in den radioaktiven Abféllen (**C)

Zur Beschreibung des chemischen Verhaltens von Radionukliden in wassrigen Syste-
men, also der Rickhaltung durch Festphasenbildung und der Bildung von Oberfla-
chenkomplexen, ist eine genaue Kenntnis ihrer thermodynamischen Eigenschaften un-
erlasslich. Wahrend der Informationsstand fur die Hauptkomponenten potentieller Zu-
flusslésungen (Na+, K*, Mg?*, Ca?*, H*, CI', SO,*, OH", HCO;3, COs*, H,0) auch bei
erwarteten erhohten Nahfeldtemperaturen > 25 °C als sehr gut bezeichnet werden
darf, stehen Daten und Modelle fiir geloste Selen-, Technetium, Casium und lod-
Spezies nur eingeschrankt zur Verfigung. Das trifft besonders auf die reduzierten

Spezies von Selen und Technetium zu.

Im Rahmen des Vorhabens sollten daher relevante thermodynamische Daten fir die
genannten chemischen Elemente zusammengestellt und durch experimentelle Unter-
suchungen bei 25 °C und teilweise auch bei hdheren Temperaturen (bis 90 °C) erganzt
werden. Die aus diesen Arbeiten abgeleiteten thermodynamischen Modelle sollten fir
alle diskutierten Wirts-gesteinsformationen und relevanten lonenstarkebereiche gleich-
ermal3en anwendbar sein. Dabei galt es einerseits die Redoxchemie der Elemente Se-
len und Technetium weiter aufzuklaren als auch die Grundlage fir Modelle zu schaffen,
die Berechnung von Aktivitatskoeffizienten erlauben. Fiur das vierwertige Technetium
sollten im Rahmen von VESPA konsistente Datensatze zur vollstdndigen thermodyna-

mischen Beschreibung von Tc(lV) Loslichkeiten in verschiedenen Losungssystemen



gewonnen werden, die Eingang in die thermodynamische Referenzdatenbasis
THEREDA finden sollen.

Um die Untersuchungen von Redoxgleichgewichten in salinaren Lésungen besser in-
terpretieren zu kénnen, sind Ansétze nétig, die die Umrechnung von gemessenen Re-
doxpotentialen in thermodynamisch eindeutig interpretierbare GrofRen erlaubt. Hierzu
sollten ergdnzende Arbeiten vorgenommen werden, um die Anwendung auf einen brei-
teren pH-Bereich zu erlauben. Der fir die Untersuchungen vorgesehene Temperatur-
bereich umfasste 25 °C — 90 °C. Die an- gestrebten thermodynamischen Modelle soll-
ten fur alle diskutierten Wirtsgesteinsformationen und relevanten lonenstarkebereiche

gleichermal3en anwendbar sein.

Ein weiterer Schwerpunkt der Arbeiten war die Rickhaltung anionischer Spezies des
Selens, des Technetiums und des lods. Hier war insbesondere die Frage zu klaren, ob
und in welcher Weise eine Sorption an oder ein Einbau in endlagerrelevanten Festpha-
sen erfolgt. Hierzu gehdren Eisenoxide (aus der Korrosion von Behaltermaterialien),
Sorelphasen (aus technischen Barrieren), geschichtete Doppelhydroxide (layered dou-
ble hydroxides — LDH, als Sekundarprodukt der Reaktion von aluminiumhaltigen Behal-
terbestandteilen), Calcit und Eisensulfide (Bestandteile von Tongesteinen) und Minera-
le aus Granitgesteinen. Wichtig war auch zu klaren, welcher Mechanismus jeweils zur
Ruckhaltung beitragt (z. B. Sorption, Mitfallung, Einbau). Bei redoxsensitiven Elemen-
ten wie Selen und Technetium kann die Ruckhaltung gleichzeitig mit einer Reduktion
einhergehen. Solche Prozesse sind nur durch Anwendung spektroskopischer Verfah-

ren auf molekularer Ebene zweifelsfrei aufzuklaren.

Eine direkte Einbindung der Projektergebnisse in die Modelle und Rechencodes der
Langzeitsicherheitsanalyse sollte ein wesentlicher Bestandteil des Vorhabens werden.
Diese Kopplung von Grundlagenforschung und Anwendung erfolgt durch Abstraktion
der Forschungsergebnisse in diskrete Eingangsdaten (Sorptionskoeffizienten und Lds-
lichkeitsgrenzen) fur die notwendigerweise vereinfachenden Rechencodes. Mit den
Rechnungen sollte gezeigt werden, wie sich die veranderten Eingangsparameter auf

die Freisetzungsdosis von Radionukliden auswirkt.

Im Einzelnen war geplant, fir **C den derzeitigen Wissenstand zu den vorherrschen-
den Bindungsformen in warmeentwickelnden Abféllen zu dokumentieren. Die Bin-

dungsform im Abfall bestimmt die priméare chemische Freisetzungsform des Kohlen-



stoffs und hat ganz erheblichen Einfluss auf seine Mobilitdt. Zudem sollten grundle-

gende Arbeiten zur **C Analytik in hochradioaktiven Lésungen durchgefiihrt werden.
Im Rahmen des Verbundprojektes haben die Partner folgende Aufgaben bearbeitet:

¢ GRS: Bestimmung thermodynamischer Daten fir lod, Selen und Césium in salina-
ren Losungen bei Temperaturen von 25 — 90 °C, Bestimmung von Lo6slichkeits-
konstanten aus Experimenten zur Ld&slichkeit von synthetisierten LDH-
Verbindungen sowie Darstellung des aktuellen Wissensstandes zur Speziation von
1“C unter den Bedingungen von HAW-Endlagern. Arbeiten zu Methoden zur Um-
rechnung von Redoxpotentialen in salinaren Lésungen. Einbindung von Projekter-
gebnissen zur Loslichkeit und Rickhaltung in Rechencodes der Langzeitsicher-
heitsanalyse.

e HZDR-IRE: Komplexbildung von Selen mit kationischen Liganden bei hdheren
Temperaturen. Sorptionsversuche mit Selen und Analyse von Sorbentien und
Oberflachenspezies. Modellierung und Datenbewertung (und Bereitstellung fir Ein-
bindung in Datenbanken THEREDA und RES®T)

e FZJ-IEF-6: Ermittlung experimenteller Daten zur Ruckhaltung der in anionischer
Form vorliegenden Radioisotope #I, **Tc, "°Se an gezielt synthetisierten teilsubsti-

tuierten LDH-Verbindungen. Langzeitstabilitdt von Mischkristall-LDH-Verbindungen.

e KIT-INE: Aquatische Chemie und Thermodynamik von Tc(IV). Reduktionschemie
von Tc(VII) / Tc(lV) in verschiedenen Medien. Einfluss der Reduktionskinetik auf
die Technetium-Migration in nattrlichen Systemen. Struktureller Einbau von Selen
in Mineralphasen (Calcit, Pyrit). Analytische Arbeiten zur Bestimmung der Speziati-

on von **C. Synthese von Sorelphasen fiir die Untersuchung der *?°| Riickhaltung.



2 Zusammenfassung

2.1 Chemische Bindungsform und Freisetzung von *C in radioaktiven
Abféllen

Im Rahmen einer Literaturstudie der GRS wurde der Wissenstand zur chemischen
Bindungsform und Freisetzung von **C in radioaktiven Abfallen dokumentiert. Dieser ist
aufgrund spérlicher analytischer Daten weiterhin liickenhaft. Dies gilt sowohl hinsicht-
lich vernachlassigbar warmeentwickelnder Abfélle als auch fir abgebrannte Brennele-
mente. Angesichts unzureichender Informationen wird in Langzeitsicherheitsbetrach-
tungen langfristig eine vollstindige Umsetzung des '*C-Inventars zu CO,, CH, und

niedrigen Kohlenwasserstoffen erwartet.

Es wird davon ausgegangen, dass der **C-Bestand bei der Wiederaufbereitung von
Brennelementen, gasférmig entweicht. Ebenso verhalt sich **C bei der Aufbereitung
von Kihimitteln, wo es je nach Reaktortyp vornehmlich als Carbonate oder Kohlen-
wasserstoff auftritt. Fir Brennelemente wird angenommen, dass *C negativ geladen
als Carbid oder als neutraler Kohlenstoff vorliegt, entsprechend der vorherrschenden
chemischen Speziation der Mutterelemente Sauerstoff und Stickstoff. Diese Annahmen
sind aber weiterhin experimentell nicht belegt. Dementsprechend ist auch unklar, ob

die Freisetzung konsequenterweise v. a. als Kohlenwasserstoff erfolgt.

Die Berlcksichtigung der Unsicherheiten und der Unkenntnisse tber das Verhalten
von '*C-haltigen Abfallen unterschiedlicher Art im Endlager fiihrt letztlich zu erhebli-
chen Konservativitaten in den Annahmen von Langzeitsicherheitsanalysen und daher
vermutlich zu einer Uberschatzung der errechneten potentiellen Strahlenexposition.
Aufgrund der Datenlage erscheinen daher zur Verringerung der Unsicherheiten in der
Abschatzung der potenziellen Strahlenexposition weitere Untersuchungen zur Spezia-
tion des *C in abgebrannten Brennstoffen, dessen Umsetzung und Freisetzungsver-
halten erforderlich. Mit dieser Zielrichtung wurde Ende 2013 das EU-Forschungsprojekt
CAST (Carbon-14 Source Term) gestartet. Das Projekt soll sowohl die chemische
Form als auch das Freisetzungsverhalten von 14C aus den Abfallarten Stahl, Zircaloy,

lonenaustauscherharz und Graphit zu untersuchen.



2.2 Analytische Arbeiten zur Bestimmung der Speziation von **C

Die vom KIT-INE konzipierten Arbeiten fiir den Aufbau einer Anlage zur Analyse der
14C Speziation in wassrigen und gasférmigen Proben wurden erfolgreich abgeschlos-
sen. Die Arbeiten zur **C Analytik erfolgen im Kontext der Arbeiten des KIT-INE im
Rahmen des EU Projekts CAST. Zum Umgang mit den Proben, die neben **C weitere
Aktivierungsprodukte wie °Co und Spaltprodukte wie **’Cs in beachtlichen Aktivitéts-
konzentrationen enthalten, wurde ein spezieller Handschuhkasten angefertigt und im
Kontrollbereich des INE aufgebaut. Die eigentliche Anlage zur Extraktion und Trennung
von organischen und anorganischen **C Spezies wurde zundchst mit niedrig-dotierten
Referenzproben in einem Abzug getestet. Nach diesen Testmessungen wurde die An-
lage im Handschuhkasten installiert. Kalibrierungsarbeiten mit anorganischen und or-
ganischen Referenzproben (**C dotiertes Na,COs;, CHsCO,Na, Mischungen aus
Na,CO;3; und CH3CO;Na) wurden im Handschuhkasten erfolgreich durchgefihrt. Bei
den mit 10 bis 1000 Bq *C dotierten Proben wurde ein Wiedererhalt von = 90 % ge-
messen. Zur Optimierung der Genauigkeit der **C Analyse mittels Flussigszintillations-
analyse (LSC) wurden verschiedene LSC-cocktails und Materialien fir Probengefalie

getestet.

2.3 Chemische Thermodynamik der Spaltprodukte Selen, lod und Casium

Die wassrige Speziation des Selens hat einen signifikanten Einfluss auf Grenzflachen-
reaktionen. Daher wurde vom HZDR die Selen-Speziation als Funktion von Selen-
Konzentration, pH, Redoxpotential, lonenstarke und Temperatur, sowie in Wechselwir-
kung mit den Metallionen Na*, Ca®* und Mg* mittels NMR, FT-IR und RAMAN unter-
sucht. Es konnten Stabilitdtsbereiche der verschiedenen Se-Komplexe, Dimerisie-

rungsreaktionen und strukturelle Parameter aufgeklart werden.

Im Mittelpunkt der thermodynamischen Arbeiten der GRS stand die chemische Ther-
modynamik der Elemente Selen in den Oxidationsstufen +IV und +VI, lod in der Oxida-
tionsstufe —I und Casium in der Oxidationsstufe +l im Temperaturbereich 0 bis 90 °C.
Fur diese Elemente konnte ein polythermes physikalisch-chemisches Modell erstellt
werden, das die Prognose der Aktivitatskoeffizienten fiir wichtige Lésungssysteme er-
laubt.

Fur 25 °C gab es fur Losungssysteme mit Casium, Selen und lod kaum Datenliicken,

so dass sich die Laboruntersuchungen auf Gleichgewichtseigenschaften bei hoheren



Temperaturen konzentrierten. Der Schwerpunkt lag dabei auf Messungen binarer Sys-
teme von 40 ° bis 90 °C. FUr isopiestische Messungen wurde eine Schaukelapparatur

entwickelt, die die Gleichgewichtseinstellung bei héheren Temperaturen beschleunigt.

Selenate und Selenite des Natriums, des Kaliums und Magnesiums wurden mit Hilfe
von isopiestischen Messungen bei 40 ° — 90 °C untersucht. Fir die weniger I6slichen
analogen Verbindungen des Calciums kamen Ldslichkeitsversuche zum Einsatz. Vor-
laufig nicht zum Erfolg fuhrten potentiometrische Messungen an Hydrogenselenit-
Losungen. Die neu entwickelte Methodik erlaubt zwar grundsétzlich die Ableitung von
Aktivitatskoeffizienten, muss aber zur Ausschaltung von chemischen Stoéreffekten wei-
ter entwickelt werden. Auf Basis der durchgefihrten Laborversuche und weiterer Lite-
raturdaten konnte ein polythermes Modell entwickelt werden, das die Aktivitatskoeffi-
zienten des Selenits und des Selenats in bindren Lésungen richtig beschreibt. Aul3er-
dem wurden neue Loslichkeitskonstanten flr Calciumselenit und Calciumselenat abge-
leitet. Besonders Calciumselenit konnte unter leicht reduzierenden Bedingungen die fur

Selen l6slichkeitsbestimmende Phase darstellen.

Auf isopiestischem Wege wurden auch Lésungen des Natriumiodids und des Kalium-
iodids untersucht. Die Messungen an Magnesiumiodid-Losungen erwiesen sich als
sehr anspruchsvoll, da die bendétigten reinen Mgl,-Stammlésungen nur unter grof3em
Aufwand herzustellen sind und sich bei geringstem Luftkontakt zersetzen. Die Proble-
me konnten letztlich Uberwunden werden, die Anzahl der erhaltenen Messpunkte ist
aber beschrankt. Das entwickelte polytherme Modell erlaubt die Berechnung der Aktivi-
tatskoeffizienten von lodid in den besprochenen bindren Losungen bei 25 ° — 90 °C.
Auf Basis von Annahmen zu gemischten Lésungen lasst sich das Modell auch auf

komplexer zusammengesetzte Losungen Ubertragen.

Die Untersuchungen zu Casium erganzten frihere Modellentwicklungen, die im Rah-
men von Vorgangerprojekten erstellt worden sind. Sie umfassten isopiestische Mes-
sungen bei calcium- und magnesiumhaltigen Mischsystemen bei 25 °C sowie Untersu-
chungen binarer Systeme bei 40-90 °C. Auf Basis der Versuchsergebnisse konnte das
Modell bei 25 °C vervollstandigt werden. Es ist nun weiterhin mdglich, die Aktivitatsko-

effizienten von Céasium in bindren Lésungen bis 90 °C zu prognostizieren.

Auf Grundlage dieser Modelle konnte die Loslichkeitsgrenze fur Selen fur einige ange-
nommene Ldsungstypen fir Endlager in Steinsalz- und Tongesteinsformationen be-

rechnet werden. Wenn Selenit die vorherrschende Spezies ist, so wird die Ldslichkeit



durch die Bildung von Calciumselenit begrenzt. Fur Selenat, fur lodid und Casium

konnten keine l6slichkeitsbegrenzenden Phasen identifiziert werden.

2.4 Aquatische Chemie und Thermodynamik von Tc(IV)

Im Rahmen der Arbeiten von KIT-INE wurde die Redoxchemie von Technetium in end-
lagerrelevanten Lésungen eingehend untersucht. Auf Basis einer umfangreichen und
systematischen Untersuchung der Technetium-Redoxchemie in verdinnten bis hoch-
salinaren Losungen, konnte das Stabilitdtsfeld des i.A. schwerl6slichen Tc(lV) genauer
abgegrenzt werden und Aussagen zur Redoxkinetik abgeleitet werden. Es wurden Ar-
beiten in verdinnten bis hochsalinaren Na und MgCl, Lésungen durchgefiihrt, wodurch
erstmalig der Einfluss der lonenstarke auf die Redoxgleichgewichte des Technetium
eingeschatzt werden konnte. Die durchgefiihrten Arbeiten erlauben die Validierung
verschiedener thermodynamischer Modelle zur Tc-Redoxchemie. Die hohe Relevanz
der tetravalenten Oxidationsstufe von Technetium in endlagertypischen stark reduzie-

renden geochemischen Verhéltnissen wurde herausgestellt.

In verschiedenen experimentellen Studien wurde die Loslichkeit der amorphen Tc(1V)-
Oxid/Hydroxid-Phase TcO2xH20(s) in wassriger Losung Uber einen groRen pH- und lo-
nenstarkebereich (NaCl, MgClz und CaClz) bei 25 °C untersucht. Die umfangreichen
Arbeiten ermdglichten die Ableitung experimentell belastbar abgesicherter thermody-
namischer Daten (Ldslichkeitsprodukt und Hydrolysekonstanten) und lonenwechsel-
wirkungsparameter (SIT + Pitzer), die in die thermodynamische Datenbasis THEREDA
integriert werden. Die abgeleiteten thermodynamischen Daten sind standortunspezi-
fisch und stellen grundlegende physikalisch-chemische Grof3en dar, die im Rahmen
von geochemischen Modellrechnungen die gezielte Analyse der Technetiumchemie in

verschiedenen Endlagerkonzepten und Szenarien erlauben.

2.5 Reduktion, Sorption und Einbau von Tc(VIl) in Magnetit

Basierend auf EXAFS Untersuchungen gibt es starke Hinweise, dass es nicht nur zur
Reduktion von Tc(VII) und Ausbildung eines Tc(IV)-Magnetit-Oberflachenkomplexes
kommt, sondern es findet dariiber hinaus ein Einbau von Tc(IV) in die Magnetit-
Struktur statt. Dieses stellt einen potentiellen Rickhaltemechanismus in niedrigsalina-
ren NaCl-Lésungen dar. Zudem wurden weiterfihrende EXAFS-Messungen zum Re-
doxverhalten von Tc(VII)/Tc(IV) bei Anwesenheit von Eisenphasen durchgefiihrt. Die

Ergebnisse lassen sich so interpretieren, dass der Umfang und Mechanismus der



Rickhaltung von Technetium an Eisenoxid-Phasen sehr stark von der Oberflachenbe-
ladung und dem pH- Wert abhéngig ist. Ein signifikanter Teil des Tc(IV) ist bei niedriger
Technetium-Konzentration in Magnetit eingebaut, wéhrend er bei htheren Konzentrati-
onen ausfallt. Der Einbau wird zusétzlich von hoheren Magnetit-Umkristallisationsraten
begunstigt. Diese Ergebnisse liefern Schlusselinformationen zum Verstandnis der Tc-
Retention an der relevanten sekundaren Eisenphase Magnetit in einem Endlager.

2.6 Einfluss der Reduktionskinetik auf die Tc-Migration in nattrlichen

Systemen

Die Wechselwirkung von Tc(VIl) mit potentiellen Wirtsgesteinsmaterialien wurde an
kristallinen Gesteinsproben aus dem Aspd-HRL (Hard Rock Laboratory, Schweden)
und an Proben eines potenziellen Standorts fir die tiefengeologische Endlagerung von
abgebranntem Kernbrennstoff und hochradioaktiven Abfallen in Russland (Nizne-
kanskij-Massiv (NK), Sibirien) untersucht, sowie an Magnetitproben unterschiedlicher
Stochiometrie. Die Bohrkerne aus Aspd wurden im Rahmen des EU- Projektes CP
CROCK unter anoxischen Bedingungen gewonnen, transportiert und gelagert, um
moglichst ungestorte, naturnahe geochemische Bedingungen speziell bzgl. der Re-
doxchemie zu erhalten. Teile des so gewonnenen Aspo-Diorit (AD) wurden kiinstlich
aufoxidiert, um den Effekt oxidativer Stérung auf die Tc- Rickhaltung zu dokumentie-

ren.

Die durchgefiihrten Batch-Experimente zeigen, dass die Reduktion von Tc(VIl) an
Fe(ll)-haltigen Mineralphasen (speziell Biotit) stattfinden. Spektroskopische Untersu-
chungen mittels XPS und XANES konnten ausschlie3lich Tc(IV) an der Granitoberfla-
che identifizieren. Zusatzliche Untersuchungen zur Tc Bindungsumgebung mittels
EXAFS werden ausgewertet. Weitere Untersuchungen unter Variation der eingesetzten
Tc- Konzentration im Bereich 10° — 10™° mol/L zeigen eine von der Tc(VII) -
Konzentration abhangige Reduktion und Kinetik im Einklang mit der Reduktionskapazi-
tat des nicht oxidierten Gesteins. Die Untersuchungen an auf-oxidierten Proben doku-
mentieren weiterhin den starken Einfluss der Probenlagerung auf die Tc(VII) -
Rickhaltung in den untersuchten kristallinen Gesteinen. Sorptionsdaten an nicht oxi-
dierten AD nach drei Monaten Kontaktzeit bei niedrigen Tc-Konzentrationen zeigen Re-
tardationskoeffizienten log Kd > 2.5 Kd-Werte fur oxidiertem AD- und NK-Materialien
sind deutlich niedriger als fur die unoxidierten Proben aber untereinander sehr ver-
gleichbar. Eine kolloidale Tc-Phase konnte unter den eingestellten Grundwasserbedin-
gungen (pH 8, I = 0.2 M fiir AD und pH 8, | = 0.005 M fuir NK) nicht nachgewiesen wer-



den. Die Tc-Desorption ist insignifikant unter den natirlichen Grundwasserbedingun-

gen, erreicht aber durch Oxidation der Proben durch Luftsauerstoff ~ 95 %.

Weitere Untersuchungen fokussierten auf Tc-Migrationsexperimenten an einer natirli-
chen zuvor mittels uCT (Computer Tomographie) charakterisierten Kluft unter anaero-

ben Bedingungen.

Experimentell gewonnene HTO (tritiertes Wasser) und **Cl Durchbruchskurven (sog.
break-through curves — BTC) unter Variation der FlielBgeschwindigkeit zeigen ein aus-
gepréagtes Tailing bedingt durch die Kluftgeometrie bzw. Matrixdiffusion, jedoch konnte
kein Anionen-Ausschluss unter den gewéhlten Versuchsbedingungen beobachtet wer-
den. Die Tc-Migrationsstudien wurden mit *™Tc im Konzentrationsbereich ~10™ M —
10° M durchgefiihrt. Der Tc-Wiedererhalt in diesen Versuchen nimmt mit Erhéhung der
Verweilzeit in der Kluft ab und dokumentiert deutlich den Einfluss kinetischer Effekte
auf die Tc-Mobilitat bzw. -Rickhaltung. Die in diesen Versuchen beobachteten Raten
der Tc-Oberflachenriickhaltung bzw. -Reduktionskinetik liegen mit 0.45 — 0.61 d™* um
ca. eine GrolRenordnung hoher als die Uber Batchexperimente ermittelten Daten von
0.036 d™.

Die Erkenntnisse aus diesen grundlegenden Studien wurden zur Bewertung der Tc-
Ruckhaltung an Eisenoxiden bzw. der Untersuchung der Tc(VII)-Reduktionskinetik in
natirlichen Systemen herangezogen, welche sowohl im Rahmen von Batchexperimen-
ten als auch Migrationsstudien analysiert wurden. Die gewonnenen Daten bezuglich
des Einflusses von kinetischen Aspekten der Tc-Reduktion kdnnen weiterhin zur Sensi-
tivitatsanalyse im Vergleich zu einem Gleichgewichtsansatz bzgl. der reaktiven Trans-

portmodellierung dienen.

Die im Vorhaben VESPA durchgefihrten Arbeiten fuihrten zu einem deutlich verbesser-
ten Verstandnis und erlauben eine wesentlich genauere quantitative Beschreibung der

Tc-Retention in endlagerrelevanten Systemen.

2.7 Struktureller Einbau von Selen in Mineralphasen (Calcit, Pyrit)

Die oxidierten Selenspezies Selenat (Se(VI)O,*) und Selenit (Se(IV)Os*) sind relativ
leicht I6slich und wechselwirken nur schwach mit gewohnlichen Mineraloberflachen.
Daher wurde "°Se von verschiedenen Waste-Management-Organisationen (z. B.

Ondraf/Niras (Belgien), Andra (Frankreich), Nagra (Schweiz)) als fur die Langzeitsi-
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cherheit eines Endlagers potenziell kritisches Radionuklid identifiziert, das Uber lange
Zeitrdume die Radioaktivitat in der Umgebung eines Endlagers erhéhen kann. Nach
den Erkenntnissen aus der Literatur und den Untersuchungen im Rahmen von VESPA
kann vierwertiges Selen (Selenit, Se(IV)O3*) sowohl an Calcit-Oberflachen adsorbie-
ren, als auch in das Calcit-Volumen strukturell eingebaut werden. Es lasst sich leicht
zeigen, dass durch solche Prozesse die Selenkonzentration in endlagerrelevanten
Aquifersystemen um mehrere GréRenordnungen herabgesetzt werden kann. Nach bis-
herigen Erkenntnissen erfolgen Sorption und Einbau von Se(IV)O;* an/in Calcit iiber
die Bildung einer Oberflachen-solid-solution mittels eines lonenaustauschprozesses.
Die Se-dotierte Oberflachenmonolage wird beim Calcit-Wachstum tberwachsen. Das
pyramidale Se(IV)Os* verursacht an der Oberflache nur geringe Spannungen in der
Kristallstruktur und wird daher relativ stark eingebaut (Kp = 0.002 + 0.001 L/g, Vertei-
lungskoeffizient (einer Monolagen dicken Oberflachen-solid-solution), D = 0.02 £ 0.01).
Die Zusammensetzung der Oberflache wird beim Kiristallwachstum konserviert.
Dadurch entsteht ein im Volumen mit Se(IV)Os* dotierter Calcit-Kristall in dem
Se(IV)03* - CO3* strukturell substituiert. Im Bulk-Kristall verursacht Se(IV)Os* sehr
groRe Spannungen, weshalb die Se-Dotierung dort einem Ungleichgewichtszustand
entspricht. Eine Konsequenz dieses ,Adsorption/Entrapment® Modells [HEB/VIN2014]
ist, dass unter Calcit-Gleichgewichtsbedingungen Selenit nur durch Oberflacheneinbau
an Calcit gebunden wird. Nur bei erhéhter Calcit-Ubersattigung (abhangig von der Se-
lenkonzentration) kann Selenit in signifikanten Mengen mit Calcit mitgefallt werden
(Verteilungskoeffizient der Bulk-solid-solution, D = 0.02 £ 0.01).

2.8 Koprazipitation und Adsorption von Selen an FeS/FeS,

Unter reduzierenden Bedingungen, wie sie Uber lange Zeitrdume in Endlagern, bei-
spielsweise im Ton, erwartet werden, liegt Selen in niedrigen Oxidationsstufen (Se-
lenid: Se,*, Se?) vor. Selenid-Spezies weisen eine niedrige Loslichkeit auf und werden
somit stark im Nahfeld zurtckgehalten. Allerdings sind kaum Daten zur Selenid-
Ruckhaltung, und insbesondere zum Prozessverstandnis der Rickhaltemechanismen,
in der Literatur vorhanden. Im Rahmen des Vorhabens VESPA wurde seitens des KIT-
INE die Rickhaltung von Selenid an/in Eisensulfid untersucht. In einem ersten Schritt
wurde ein experimentelles Verfahren zur elektrochemischen Reduzierung von Selenit
(Se(lV)) zu Selenid (Se(-1l)) etabliert und optimiert. Danach wurde die Selenid-
Rickhaltung durch Koprazipitation mit und durch Adsorption an Eisensulfid untersucht.
Ergebnisse zeigen ausschliel3lich die Bildung von Mackinawit (FeS) durch Synthese

von FeS in Anwesenheit von Se(-Il). Die Bildung einer separaten Se-Phase wurde
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nicht beobachtet. Informationen auf molekularer Ebene wurden mittels Réntgenabsorp-
tionsspektroskopie gewonnen. Die Ergebnisse zeigen einen Austausch von S(-Il) durch
Se(-1) in der Struktur, was auf Grund der ahnlichen lonengréf3e von Selenid und Sulfid
auch zu erwarten ist. Die Wechselwirkung von Se(-Il) mit vorhandenem FeS in Sus-
pension (Adsorptionsexperimente) wurde ebenfalls untersucht. In einer FeS Suspensi-
on sind immer Kolloide vorhanden, die sehr stark mit gelosten Se(-1l) wechselwirken.
Untersuchungen zeigen die Bindung von Selen in Phasen die, hinsichtlich der chemi-
schen Umgebung der Se-Atome, sehr &hnlich zu den in Koprazipitationsexperimenten
gefundenen Phasen sind. Eisenselenid (FeSe) ist ebenfalls schwach I6slich und wurde
synthetisch hergestellt. FeSe und FeS sind isostrukturell und Endglieder einer

FeSe,S;«x Mischkristallreihe. Die Bildung solcher Phasen in einem Endlager sollte zu
einer sehr effektiven Rickhaltung von Selen fiihren. Pyrit (FeS,) ist die unter Stan-
darddruck und -temperatur und reduzierende Bedingungen thermodynamisch stabilste
Fe(I)-Sulfid-Phase und in natirlichen Tonformationen weit verbreitet. FeS, kann durch
Reaktion von FeS mit H,S gebildet werden. Genauso wie Selen in Mackinawit struktu-
rell eingebaut werden kann, kann es auch in Pyrit eingebaut werden. Beispielsweise
enthalten natlrlich vorkommende Pyrite oftmals signifikante Mengen an Selen. Das
legt nahe, dass der Einbau von Selen in die Precursor-Phase FeS, auch zur Langzeit-

rickhaltung von Selen in Pyrit flihren kann.

2.9 Sorption von Selenit und Selenat an endlagerrelevanten Mineralpha-

sen

Die Sorption von Selenat (SeO,*) und Selenit (SeOs*) wurde durch das HZDR
exemplarisch an endlagerrelevanten Mineralphasen untersucht. Hierzu zahlen Korrosi-
onsprodukte (Hamatit und Maghemit), Komponenten der geotechnischen und geo-
logischen Barriere (6-Al,O3 und Kaolinit) und in der Umwelt ubiquitar vorkommende

Modelloxide (Anatas).

Fir ausgewahlte Systeme wurde der Einfluss von Temperatur und Salzgehalt der Lo-
sung bestimmt und Parameter, die fiir thermodynamische Datenbanken wie THEREDA
relevant sind, wurden ermittelt. Die Ergebnisse werden in die Sorptionsdatenbank

RES®*T aufgenommen.

Generell kann die Aussage getroffen werden, dass die Retention von Selenit effektiver
ist als die von Selenat. FUr beide Se-Spezies ist die Sorption an Eisenphasen am

hochsten, wéhrend die Sorption an Tonmineralen sehr gering ist. Die Retention von
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Selenat und Selenit wird daher an der technischen Barriere des Endlagers als am
starksten angenommen. Mit steigender Temperatur und lonenstarke wird die Sorption
von Selenat und Selenit generell erniedrigt, wobei der Temperatureinfluss bei den Oxi-

den hoher ist als beim Kaolinit.

Strukturelle Informationen zu den sorbierten Komplexen mittels ATR FT-IR und EXAFS
Spektroskopie zeigten die Bildung von innerspharischen Komplexen fur Selenit an ver-
schiedenen Mineralphasen. Selenat hat vorwiegend auf3ersphéarische Oberflachen-
komplexe gebildet. Jedoch konnte bei der Sorption von Selenat zwischen zwei be-
stimmten auf3ersphéarischen Komplexen unterschieden werden, wobei fur die Komple-
xe an den Eisenphasen und an 6-Al,O; zum ersten Mal gezeigt werden konnte, dass
es zu einer Symmetriereduktion kommt. Die gefundenen Strukturen lassen fiur das Se-
lenit eine geringere Reversibilitat der Sorption (und damit bessere Mdglichkeiten fir
langfristige Inkorporationen) als fir das Selenat erwarten.

Die Bildung einer kristallinen Selenit-Phase in Gegenwart von Ca** lonen wurde mittels
XRD, DTA/TG und Festphasen-NMR analysiert. Von den Ergebnissen kann abgeleitet
werden, dass die Calcium-lonen, die im naturlichen System eines Endlagers in Kon-
zentrationen weit Uber denen des Selens vorkommen, zur Ausféllung von Se(lV) und

damit zu einer Immobilisierung des Selens fuhren konnen.

Aus den Batch-Sorptionsversuchen wurden quasi-thermodynamische Parameter fir
die Oberflachenkomplexierung abgeleitet (Protolysekonstanten und Oberflachenkon-
zentration der Bindungsstellen, Komplexbildungskonstanten). Dazu wurden die expe-
rimentell bestimmten konditionellen Verteilungskoeffizienten (Kp-Werte) mittels einer
Kopplung der Codes FITEQL und UCODE ausgewertet. Diese wurden in die mineral-
spezifische Sorptionsdatenbank RES®T eingepflegt und gestatten eine Modellierung
sogenannter ,smart-Kd“-Werte, wie sie z. B. im Verbundprojekt WEIMAR (FKZ 02 E
11072B) genutzt werden.

2.10 Synthese von Sorelphasen fiir die Untersuchung der **°I Riickhaltung

Zur Vorbereitung von Sorptionsexperimenten mit **’I wurden verschiedene Methoden
zur Synthese von monomineralischen Sorelphase-Proben angewendet. Die syntheti-
sierten Sorelphase-Proben wurden mit mehreren Analysenmethoden hinsichtlich der
Phasenreinheit analysiert. Hinreichend reine Sorelphase-Proben wurden mit kon-

zentrierten Salzlésungen zusammengegeben und die Aquilibrierung der Sorelphase-
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Salzlésungssysteme Uber mehrere Wochen durch Analysen von Feststoff- und L6-
sungsproben verfolgt. Synthese, Charakterisierung und Aquilibrierung der Sorelphase-
Proben sind im Abschlussbericht dokumentiert. Die geplanten Arbeiten zur Ruckhal-
tung von **| an Sorelphasen in salinaren Lésungen konnten im Bearbeitungszeitraum
nicht mehr erfolgen. Auf Grund der erforderlichen Voraquilibrierungszeiten konnten die
synthetisierten Sorelphasen innerhalb der Projektlaufzeit nicht mehr mit **°I kontaktiert
werden. Sie stehen aber fur weitere Arbeiten zur Verfugung.

2.11 Synthese, Charakterisierung und Langzeitstabilitat von LDH-

Mischkristallen

Radionuklide zuriickzuhalten, die in anionischer Form vorliegen, ist fur die sichere End-
lagerung von besonderer Relevanz. Interessant erscheint dabei eine Verbindungsklas-
se anionischer Tonminerale (sogenannte LDH = Lamellare Doppelhydroxid-
Verbindungen, engl.: Layered Double Hydroxides), die als Korrosionsprodukte im Nah-
feld eines Endlagers, gebildet werden. In Gegenwart von zementhaltigen Abfallumge-
bungen zum Beispiel, entstehen die so genannten ,Friedel-Salze’ mit der allgemeinen
Formel [Ca,Al(OH)s(Cl,0OH)-2H,0]. Ebenfalls wurden, in Gegenwart von Behéltern aus
Metall LDH’s des Typs ,Griiner Rost‘ gefunden, die Fe** und Fe®" beinhalten. Bei der
Korrosion von Forschungsreaktorbrennelementen konnten MgAI-LDH-Verbindungen
mit Chlorid und Sulfat in der Zwischenschicht und Fe-LDH’s des Typs Griner Rost
nachgewiesen werden. LDH-Verbindungen sind zurzeit Forschungsobjekte vieler Wis-

senschaftler, da sie weitreichende Eigenschaften als Anionenaustauscher haben.

Die im Forschungszentrum Julich durchgefiihrten Arbeiten im Rahmen des Verbund-
projektes VESPA konzentrierten sich auf LDH Phasen, insbesondere auf drei ausge-
wahlte Mischkristall-Verbindungen und deren Fahigkeiten lber lonenaustausch die
Migration von lodid, Selenit und Pertechnetat durch Anionenaustausch zu verzdgern
bzw. zu verhindern. Im Vergleich zu einer ,reinen“ MgAIl-LDH-Verbindung sollte erst-
mals die Effizienz von Mischkristallen (0,0333 Molanteil des Magnesiums der MgsAl;-
LDH Verbindung wurde durch Eisen, Kobalt bzw. Nickel substituiert) untersucht wer-
den. In der Natur sind Mischkristall-Verbindungen allgegenwartig (Mischkristallbildung
wird bei metallischen Mehrfachsystemen, besonders auch bei Mineralen (z. B. Feld-
spat) beobachtet), sodass auch im Endlagerbereich davon auszugehen ist, dass die

Bildung von Mischkristallen von Relevanz ist.
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Die drei Mischkristallverbindungen konnten selektiv, d. h. ohne Bildung weiterer kristal-
liner Nebenphasen synthetisiert werden. Der strukturelle Einbau von Eisen, Cobalt und
Nickel in die Metallhydroxidschicht (oktaedrische Koordination der Metallkationen durch
Hydroxidgruppen) wurde mit XRD und EXAFS bestatigt.

Im Vorhaben VESPA konnten thermodynamische Daten generiert werden, um die Sta-
bilitat der LDH-Mischkristallverbindungen zu beschreiben. Mit Hilfe des thermodynami-
schen Software Codes GEMS (entwickelt am PSI) wurden unter der Annahme eines
thermodynamischen Gleichgewichtes zwischen synthetisierten Feststoffen und korres-
pondierender Syntheselosung die freien Gibbs-Bildungsenergien bestimmt. Es zeigt
sich, dass der strukturelle Einbau von Eisen, Cobalt und Nickel keinen signifikanten
Einfluss auf die Léslichkeit ausiibt. Die bestimmten freien Gibbs-Bildungsenergien dif-
ferieren um maximal 26 kJ/mol. Dem gegenuber belegen Ergebnisse aus ersten Unter-
suchungen, dass die Ladungsdichte des Anions in der Zwischenschicht erheblich die
Stabilitat der LDH-Verbindung beeinflusst. Beispielsweise ist eine MgAI-LDH-
Verbindung mit Carbonat als Anion in der Zwischenschicht deutlich stabiler (geringer
I6slich) als wenn Chlorid in der Zwischenschicht vorhanden ist. Die bestimmten freien

Gibbs-Bildungsenergien differieren um 127 kJ/mol.

Zukunftig soll die spéarliche thermodynamische Datenbasis fur LDH-Verbindungen
(vollstandige Mischkristallreihe) in Abhangigkeit unterschiedlicher Zwischenschicht-
anionen durch thermodynamische Modellierung und kalorimetrische Messungen erwei-
tert werden, um verlassliche Aussagen zur Langzeitstabilitat dieser LDH-Phasen ange-

ben zu kdnnen.

2.12 Bestimmung der Loslichkeitskonstanten von LDH-Mischkristallen

Fur die experimentelle Bestimmung der Ldslichkeitskonstanten wurden der GRS vom
FZJ drei synthetisierte LDH-Verbindungen zur Verfiigung gestellt. Hierbei handelte es
sich um teilsubstituierte Hydrotalcite, in denen ein kleiner Teil des Magnesiums durch
Kobalt bzw. Nickel oder zweiwertiges Eisen ersetzt wurde. Die Ldslichkeiten der LDH-
Verbindungen wurden in endlagerrelevanten Wassern (Opalinuston-Porenwasser;
MgCl,-L6sungen sowie IP21-Losung) bestimmt. Nach Gleichgewichtseinstellung der
CO2- bzw. z. T. auch O,-empfindlichen Versuchsanséatze erfolgte eine chemische Ana-
lyse der Lésungen. Auf Basis der Versuche konnten die Léslichkeitskonstanten fir die
mit Kobalt bzw. Nickel teilsubstituierten LDH-Phasen abgeleitet werden. Sie ist fir bei-

de Typen gleich grof3. Damit wurden die theoretisch abgeleiteten Prognosen (Arbeiten
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des FZ Jilich) bestatigt. Analoge Berechnungen fir die eisenhaltige LDH-Phase waren
aufgrund nicht messbarer Gleichgewichtskonzentration von Eisen nicht mdglich, jedoch
ist aufgrund der chemischen Ahnlichkeit von Co?*, Ni** und Fe* davon auszugehen,

dass die mit Eisen substituierte Phase die gleiche Ldslichkeitskonstante aufweist.

2.13 Ruckhaltung anionischer Radionuklidspezies an den modifizierten
LDHs

Die Rickhaltung anionischer Radioisotope Uber lonenaustausch wurde in reinem Was-
ser, zur Abbildung endlagerrelevanter Bedingungen zudem in Tonporenwasser und
gesattigten Salzlésungen untersucht. Die Ergebnisse zeigen, dass die LDH-
Verbindungen fir die untersuchten Anionen ein Retentionspotential besitzen. Aus den
ermittelten Verteilungskoeffizienten (Kd-Werte) kann abgeleitet werden, dass in reinem
Wasser und Tonporenwasser beachtliche Mengen durch die Mischkristall-
Verbindungen zuriickgehalten werden kénnen, hingegen eine Ruckhaltung durch An-
ionen-Austausch an der reinen MgAI-LDH-Verbindung nur in Wasser verifiziert werden
konnte. Die in Tonporenwasser ermittelten Kd-Werte lagen um bis zu drei Grof3enord-
nungen (250 ml/g) fir Selenit) und um eine GrofRenordnung (2,24 ml/g fir lodid und
5,62 ml/g fur Pertechnetat) héher als ein Kd-Wert von 0.1 ml/g. Obwohl der Kd-Wert
von 0,1 ml/g sehr klein ist, konnte fur diesen Wert eine erhebliche Auswirkung auf die
Migrationszeit bestimmt werden. Legt man eine Diffusionsstrecke von 50 m zu Grunde
und nimmt als Diffusionskonstante einen Wert von ca. 5 10 — 12 m?/s an, so erhéht
sich laut Berechnungen (ANDRA) in Ton die Migrationszeit von 140.000 Jahren auf
700.000 Jahren. In Salzlésungen konnte nur eine Ruckhaltung fur Selenit (hdhere La-
dungsdichte als Chlorid), nicht aber fur lodid und Pertechnetat (diese Anionen besitzen

geringere Ladungsdichten als Chlorid) bestimmt werden.

Die Ergebnisse verdeutlichen, dass Riickhaltung durch Anionen-Austausch durch das
Angebot an in der Losung vorhandenen Anionen, aber auch durch die im LDH vorhan-
denen Metallkationen, bestimmt wird. In zukinftigen Arbeiten soll der Zusammenhang
zwischen Stéchiometrie/Struktur und Rickhaltung detailliert untersucht werden, um ein

grundlegendes Prozessverstandnis zu entwickeln.

Zusammenfassend lasst sich festhalten, dass die bisherige Annahme, dass in anioni-
scher Form vorliegende Radionuklide nicht im Endlagersystem zuriickgehalten werden,
modifiziert werden sollte. LDH-Verbindungen, insbesondere Mischkristalle, zeigen,

dass anionische Radionuklide durch lonenaustausch, effizient zurtickgehalten werden
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kénnen. Die bestimmten Verteilungskoeffizienten (Kd-Werte) kdnnen in entsprechende

Berechnungen/Codes zur Radiomigrationen verwendet werden.

2.14 Methodische Weiterentwicklung von Redoxmessungen bei hohen

Temperaturen und Salinitaten

Die potentiometrische Messung des Redoxpotentials in salinaren Lésungen wird durch
das Auftreten eines konzentrationsabhangigen Diffusionspotentials an der grundsatz-
lich vorhandenen Referenzelektrode erschwert. Frithere Untersuchungen zeigten, dass
es zumindest in stark sauren eisenhaltigen Lésungen mdoglich ist, die primar erhaltenen
Zellpotentiale in Aktivitatsverhaltnisse von Eisen(ll)- und Eisen(lll)-Verbindungen um-
zuwandeln. Uber diesen Weg erhalt man den Zugang zu einem thermodynamisch defi-
nierten eisenspezifischen Redoxniveau. Der Ansatz wurde durch potentiometrische
Untersuchungen in pH-neutralen KCI-Losungen uberprift, die sowohl Kaliumhexa-
cyanoferrat(ll) als auch Kaliumhexacyanoferrat(lll) enthielten. Fur die Auswertung die-
ser Messungen war es erforderlich ein thermodynamisches Modell zu entwickeln, mit
der sich die Aktivitatskoeffizienten der Hexacyanoferrate in KCI-Losungen beschreiben

lassen.

Die Untersuchungen zeigten, dass es mit Hilfe des Versuchskonzeptes madglich ist, ei-
nen einfachen Zusammenhang zwischen dem Verhaltnis der Aktivitaten der beiden
Hexacyanoferrate und dem gemessenen Zellpotential herzustellen. Damit wére es um-
gekehrt moglich, aus einem Zellpotential einen Aktivitdtsquotient (ein Redoxniveau) in
Abhangigkeit von Hintergrundsalzgehalt abzuleiten. Es zeigte sich jedoch, dass der
numerische Zusammenhang nicht mit dem Modell in Ubereinstimmung zu bringen war,

das fur saure gemischte Fe(ll)- und Fe(lll)-Losungen abgeleitet worden war.

Nach naherer Auswertung wurde der Schluss gezogen, dass das eingesetzte Aktivi-
tatsmodell fir Fe** einer weiteren Verbesserung bedarf. Fiir neutrale Lésungen wurde
ein zusatzlich ein etwas anderer, vereinfachter Ansatz vorgeschlagen, der das gemes-

sene Potential mit dem Konzentrationsverhaltnisse der Hexacyanoferrate verknupft.

2.15 Berlicksichtigung der Ergebnisse in Ausbreitungsmodellen der Lang-

zeitsicherheitsanalyse

Das Verbundvorhaben VESPA hatte insbesondere zum Ziel, Annahmen, die fir die

Radionuklide *C, "Se, *°|, 13*Cs und *Tc in Langzeitsicherheitsanalysen verwendet
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werden, zu Uberprifen und ggf. Konservativitaten zu reduzieren. Um die Auswirkungen
dieser Annahmen auf die Radionuklid-Migration zu demonstrieren, wurden drei An-
wendungsfalle und chemische Randbedingungen definiert: Strecken- sowie eine Bohr-
locheinlagerung im Salz sowie Bohrlochlagerung im Ton. Die Projektpartner leiteten
daraufhin auf Basis ihrer Arbeiten im Vorhaben VESPA neue Loslichkeitsgrenzen und
Sorptionskoeffizienten ab. Diese Daten wurden dann bei der Aufstellung numerischer
Modelle fur Radionuklid-Ausbreitungsprozessen in Ton (Programmcode CLAYPOS)
und Salz (Programmcode LOPOS) bericksichtigt.

Im Salzgestein resultiert die Berticksichtigung der neu ermittelten Ldslichkeitswerte in
einem etwa drei ("°Se) bzw. funf (**Tc) GréRenordnungen niedrigeren Austrag, im Ton-
gestein in einem vier GréRenordnungen geringeren Austrag in das Deckgebirge. Die
Berticksichtigung der Sorption an Eisenkorrosionsphasen flhrt bei Salzgestein zu einer
Senkung des Austrags in Hohe von circa einer Grof3enordnung. Bei Tongestein ist der
Effekt der Sorption an Eisenkorrosionsphasen vernachlassigbar, da hier die bereits be-
ricksichtigte Sorptionskapazitat des Tons deutlich groRRer ist. Insgesamt zeigen die
Vergleichsrechnungen, dass eine detailliertere Wirdigung von geochemischen Pro-
zessen im Langzeitsicherheitsnachweis sehr bedeutsam sein kann, da konservative
Annahmen beziglich der Mobilitat von Radionukliden deutlich reduziert werden kon-

nen.

2.16 Resilimee

Die Arbeiten der Partner GRS, FZJ, HZDR und KIT-INE im Verbundvorhaben VESPA
weisen auf die herausragende Bedeutung der Geochemie fur die Einschatzung von
Mobilisierungs- bzw. Riuckhaltungsprozessen von Radionukliden in einem Endlager fur
radioaktive Abfalle hin. Durch gezielte experimentelle Studien konnte sowohl ein grund-
legend verbessertes Prozessverstéandnis des Verhaltens der langlebigen Spalt- und
Aktivierungsprodukte *C, "Se, *Tc, *°I, und **Cs in endlagerrelevanten Systemen
gewonnen werden, als auch grundlegende standortunabh&ngige thermodynamische
Daten und Modelle abgeleitet werden, die im Rahmen integraler geochemischer Mo-
dellrechnungen in Zukunft die Analyse verschiedener Endlagerkonzepte und unter-

schiedlicher Szenarien auf wesentlich verbessertem Niveau erlauben.

Das Projekt leistet einen wichtigen Beitrag fir geochemische Datenbasen, die fur die
Langzeitsicherheitsanalyse von Endlagern benétigt werden. Zusatzliche spektroskopi-

sche Befunde tragen zum grundlegenden Verstandnis von Sorptionsprozessen anioni-
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scher Spezies im Nahfeld eines Endlagers bei. Die Daten und Erkenntnisse gestatten
eine realistischere Festlegung von Konservativitaten, verringern die numerische Unsi-
cherheit der Ergebnisse der Langzeitsicherheitsanalyse, und erhéhen durch ein tiefe-
res Prozessverstandnis das Vertrauen in entsprechende Modelle und deren Ergebnis-

Se.
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3 Introduction

The long-term safety assessment of repository systems is performed on the basis of
several conceivable event sequences that can result in a mobilisation of radionuclides
into the near field. Solution intrusion is an element of some or all event sequences in all
host rock formations (clay, salt, granite) that are currently discussed in Germany for the
storage of heat developing radioactive wastes. If intruding solutions get into contact
with waste containers, corrosion of the waste containers and other metallic compo-
nents in the near field have to be taken into account. This process can result in a failure
of the waste containers, so that the safe confinement of radionuclides in the effective
containment zone is challenged. According to the current state of knowledge, such po-
tential evolutions of a repository system may take place even if the safety concept for a
repository in clay or crystalline rock formation is consequently implemented. These de-
velopments may also occur in a repository in a salt rock formation, but with a signifi-
cantly lower probability. In order to assess these event sequences, long-term safety
analyses have to be performed that use models to simulate mobilisation, migration and

retention of radionuclides.

The analyses are based on models and data that allow the description of processes
that are part of the considered evolutions of the repository system. In long-term as-
sessment codes the mobility of radionuclides is reflected by the factors radionuclide in-
ventory, release rate (source term), solubility limits, diffusion coefficients and sorption
coefficients. The reliable and robust deduction of these parameters represents central
activity fields of current geochemical research in the context of repository safety re-
search. Fission and activation products play an important role in release scenarios, be-
cause they may account for the largest share of the resulting additional dose in the bio-
sphere ([KEE/NOS2005]: salt/clay, [GRA2008, NAG2002]: clay, [SKB2011]: granite) —
in contrast to the main components of heat developing wastes. The mobile radionu-
clides *¥Cs, '2°, ®Tc, "®Se, *Cl, *C are of high relevance because it was assumed so
far that there is no or only a very little retention by natural and technical materials in a
repository. An improvement of the state of knowledge regarding solubility and retention
may lead to a significant reduction of the calculated activity release within long-term

safety analyses.

Therefore, it was necessary to investigate the retention processes for the mentioned
nuclides more closely and to obtain a more realistic overall picture of their mobility and

retention mechanisms. Furthermore, it was necessary to derive new information and
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data relevant for a quantitative description of mobilisation and transport of these com-

pounds on the water path. These included investigations of

» redox characteristics and physicochemical properties of relevant species in

aqueous solutions (technetium, selenium, iodine, caesium)

+ Identification and characterisation of retention processes on relevant solid
phases (technetium, selenium, iodine on iron oxides, magnesium containing

hydroxide phases, iron sulphides and calcite)
« predominant speciation in radioactive wastes (**C)

A precise understanding of the thermodynamic properties of radionuclides is necessary
to describe their chemical behaviour in agueous solutions, notably the retention caused
by the formation of solid phases and the formation of surface complexes. While the
state of knowledge of the major components of potentially intruding solutions (Na*, K",
Mg?*, Ca?*, H*, CI', SO,*, OH’, HCO4, COs*, H,0) is often very good, even at the ex-
pected increased near field temperatures of more than 25 °C, data and models for
aqueous selenium, technetium, caesium and iodine species are much less available
and/or precise. Particularly, this situation applies to reduced species of selenium and

technetium.

Within the framework of the project relevant thermodynamic data for the mentioned
chemical elements should be compiled and complemented by new experimental inves-
tigations at 25 °C and partly at higher temperatures (up to 90 °C). The thermodynamic
models that could be derived from this work should be applicable for all host rock for-
mations under consideration and for all relevant ionic strengths. Part of these efforts
was to further clarify the redox chemistry of selenium and technetium and to prepare
the basis for models that allow the calculation of activity coefficients. For techneti-
um(lV) it was planned to develop consistent data sets for a complete thermodynamic
description of Tc(IV) solubilities in different solution systems, which should be imple-

mented in the thermodynamic reference database THEREDA.

An interpretation of redox equilibria in saline solutions depends on approaches that al-
low the transformation of measured redox potentials into thermodynamically and un-

ambiguously interpretable quantities. Complementing activities should be undertaken in
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order to allow the application of Eh measurements to solutions over a broad range of

pH values.

Another key area of activities was the retention of anionic species of selenium, techne-
tium and iodine. It should be clarified if and how sorption or incorporation takes place
on solid phases that are relevant to repositories. Considered phases include iron ox-
ides (from the corrosion of container materials), layered double hydroxides (LDH, a
secondary product of reactions with aluminium containing container components), cal-
cite and iron sulphides (constituents of clay rock) and minerals from granites. An im-
portant part of the investigations was also to resolve which mechanism contributes in
each case to the retention (e. g. sorption, co-precipitation, incorporation). If redox sen-
sitive elements as selenium or technetium are concerned, the retention process may
be accompanied by reduction. Such processes can only be analysed properly if ad-

vanced spectroscopic methods giving molecular level information are employed.

An essential element of the project was the direct integration of the research results in-
to the models and computer codes for long-term safety assessment. This coupling of
basic research and application is achieved by an abstraction of the results into discrete
input data (sorption coefficients and solubility limits) for the necessarily simplifying
codes. Calculations should show the impact of altered/improved input parameters on

the release dose of radionuclides.

In particular it was planned to document the current state of knowledge on the predom-
inant speciation of *C in heat developing waste. The speciation in waste determines in
which chemical form carbon is initially released. This has a strong impact on the mobili-
ty of carbon. In addition, fundamental studies on the analysis of **C in highly radioac-

tive solutions should be conducted.
The partners within the project focussed their work on the following areas:

GRS: Determination of thermodynamic data for iodine, selenium and caesium in saline
solutions at temperatures between 25 and 90 °C. Determination of solubility constants
for LDH phases from solubility measurements. Documentation of the state of
knowledge on speciation of **C under the condition of a repository for HAW. Activities
on methods for the calculation of redox potentials in saline solutions. Integration of pro-
ject results on solubility and retention of radionuclides in computer codes for long-term

safety assessment.
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HZDR-IRE: Complex formation of selenium with cationic ligands at higher tempera-
tures. Sorption experiments with selenium and analysis of sorbents and surface com-
plexes. Modelling and data evaluation (including preparation for the integration into the
databases THEREDA and RES®T).

FZJ-IEF-6: Determination of experimental data on the retention of the anionic radioiso-
topes I, ®Tc, "°Se by synthesized partly substituted LDH compounds (LDH solid so-
lutions) and determination of their long-term stability.

KIT-INE: aquatic chemistry and thermodynamics of Tc(lV). Reduction chemistry of
Te(VIN)/ Te(lV) in different media. Influence of reduction kinetics on technetium migra-
tion in natural systems. Structural incorporation of selenium in mineral phases (calcite,
pyrite). Analytical work to determine the speciation of *C. Synthesis of Sorel phases

for the investigation of **°l retention.
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4 Aqueous speciation and sorption of selenium*
4.1 Relevance and context

Performance assessments (PA) are necessary to quantify the mobilization, behavior
and retardation of radionuclides in nuclear waste repositories. Several calculations
[ANDRA '05a; BRASSER '08; ONDRAF/NIRAS '01a] have shown fission and activation
products like **C, "Se, *I, %cCl, and *Tc to contribute significantly to the radiation
dose potentially reaching the biosphere. A detailed knowledge of the mobility and bioa-
vailability of selenium, mainly concerned by HZDR-IRE within this joint research pro-

ject, is therefore of great importance for a safe disposal of radioactive waste.

Selenium speciation depends on both the pH and the redox potential of the surround-
ing environment. Selenium can be found in four main oxidation states: selenium(-II)
(selenide Se?"), selenium(0) (elemental selenium Se®), selenium(lV) (selenite SeO3;?)
and selenium(VI) (selenate Se0,%). In the Pourbaix diagram of selenium (Fig. 4.1) cal-
culated based on the data (Tab. 4.1) of the Nuclear Energy Agency-Organization for
Economic Co-operation and Development [OLIN '05]), red lines represent oxidation

and reduction equilibrium of water according to the following semi-equations:
2H"+2e < Hy(g)

with E = — 0.059 pH (H, pressure of 1 bar)
1% 0,(g) + 2H" +2 e < H,0

with E = 1.229 — 0.059 pH (O, pressure of 1 bar)

! This chapter was prepared by Institut fiir Ressourcendkologie (IRE), Helmholtz-Zentrum Dresden-
Rossendorf (HZDR)
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Fig. 4.1 En-pH diagram for Se at standard conditions and 298.15 K
[Seli: = 10 mol L™

Tab. 4.1  Equilibrium constants and standard potentials

Acido-basic couple Acido-basic equilibrium log K°

H,Se (aq)/HSe (aq) H,Se (aq) <> HSe™ (aq) + H* -3.850

HSe™ (aqg)/Se? (aq) HSe™ (aq) «> Se* (aq) + H" -14.91

H,SeOs (aq)/HSeOs™ (aq) H,SeO; (aq) <> HSeOs3™ (aq) + H* | —2.640

HSeO; (aq)/Se0s” (aq) HSeO; (aq) <> Se05* (aq) + H* | -8.360

HSeO, (aq)/Se0,* (aq) HSeO, (aq) <> SeO,* (ag) + H* | -1.750

Redox couple Redox equilibrium E° (V)

Se,”” (aq)/Se’ (aq) Se,” (aq) + 2 e <> 2 Se? (aq) -0.749

Se. 2 /Se(-Il) | Ses* (aq)/Se* (aq) Ses* (aq) + 4 e < 3 Se” (aq) -0.739

Se,*” (aq)/Se’ (aq) Se, (ag) + 6 e” <> 4 Se? (aq) -0.720

Se(0)/Se(-1l) | Se(cr)/Se* (aq) Se(cr) + 2 e <> Se? (aq) -0.666
Se(IV)/Se(0) | H,SeOs (aq)/Se(cr) gé‘?’;?jr (51?4)2:)4 H'+de o 0.742
Se(VIy/Se(IV) (r;)em (aq)/HzSe0s Ezsse(%g ((23)) N Sleo+ t2e o 1.103

Thermodynamic calculations with available data indicate that selenide and elemental

Se should be found in reducing environments, selenite in mildly reducing environments,
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and selenate in oxidizing environments. As a function of pH, several protonated spe-

cies are formed, according to the Pourbaix diagram (Fig. 4.1).

Selenium’s mobility is depending on several parameters such as pH, ionic strength,
temperature, and redox state. The question arises which oxidation state should be
considered in performance assessments, in which the retention of selenium has so far

been considered as negligible (K4 set to O for the +IV oxidation state).

The identification of the redox state of selenium in UO, spent fuel has been suffering
the lack of reliable experimental data. By applying micro X-ray absorption near-edge
structure (U-XANES) spectroscopy, [CURTI '14] studied the pristine redox state and
coordination environment of selenium in high-burnup UO, spent nuclear fuel. Results
suggested that Se occurs as selenide, replacing oxygen atoms in a fairly disordered
UO, lattice. Considering Se to be is tightly bound in the UO, lattice, it would be slowly
released by matrix dissolution. This would explain why [JOHNSON '12] failed to detect
Se during leaching experiments of high burnup UO, fuel. Though surface oxidation at
the water-fuel interface cannot be excluded, such scenario would imply selenium to not
be an Instant Released Fraction contributor and require a reinvestigation of its impact
during Performance Safety assessments. In the far field, however, a re-oxidation could

lead to the presence of Se oxyanions.

Therefore, it is of great importance to characterize at both the macroscopic and molec-
ular level the different processes (sorption, reduction, surface precipitation, etc.) that
can take place onto mineral surfaces and thus affect the availability and the mobility of
selenium in the near field of nuclear waste repositories. Indeed, this data are necessary
to improve the quality and accuracy of the different scenarios used in the performance
of safety calculations. This information can be inserted in surface complexation models
for the description and prediction of their interaction with several sorbent surfaces in a

wide range of conditions.

A thorough understanding of the Se aqueous speciation is mandatory for the applica-
tion of advanced spectroscopic techniques such as ATR FT-IR or EXAFS for the eluci-
dation of sorption processes. The speciation of selenium(VI) and selenium(lV) can be
accurately described at room temperature and dilute concentration by considering ex-
clusively monomeric species [OLIN '05]. However, it has been established that the
aqueous dimerization of selenium(lV) starts at concentrations above 1 mM [TORRES

'10] and give rise to binuclear species linked by hydrogen bonding. This phenomenon,
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although reported in the past by conductometry and cryometry [JANICKIS '36; LEY '38;
MIOLATI '01; ROSENHEIM '21], potentiometric [BARCZA '71; GANELINA '73;
SABBAH '66], calorimetric [ARNEK '72] and kinetic [COOPER '76; DIKSHITULU '84;
DIKSHITULU '81; NADIMPALLI '90] studies, was still controversial. [BAES JR. '76;
GRENTHE '92] rejected the dimeric species postulating their inclusion in equilibrium
models to arise from experimental artefacts. [OLIN '05], in their evaluation of Se exper-
imental thermodynamic data available at the end of 2003, did not question the exist-
ence of these binuclear species, but highlighted that the published equilibrium con-
stants were too large. As highlighted above, no spectroscopic evidence of the Se(lV)
dimerization as well as no detailed knowledge of their vibrational spectral properties
were so far available. This lack of knowledge severely hampers the elucidation of sorp-

tion processes by means of vibrational spectroscopy.

Most of the thermodynamic data for Se are available for standard temperature condi-
tions at 25 °C, but only few focused on the changes that may occur at a higher temper-
ature levels. Heat emitted by high level and long-lived radioactive waste is well-known
to increase the temperature at the vicinity of the waste disposal site for at least
10,000 years. Such a thermal effect raises the question how the speciation of selenium
is influenced at elevated temperatures. This point has so far never been addressed in
the literature, to our knowledge. Same is true for influence of ubiquitous divalent cati-

ons such as Ca** and Mg?* on the mobility of Se oxyanions.

Among the different processes (sorption, co-precipitation, surface precipitation, hetero-
geneous reduction, etc.) leading to retarding Se migration and transfer to the bio-

sphere, sorption onto solid surfaces is of particular importance.

The affinity of selenate and selenite oxyanions towards mineral surfaces, e. g. iron ox-
ides and oxyhydroxides, aluminum oxides and titanium oxides has already been evi-
denced. Compared to selenate, selenite adsorption onto iron oxides was always found
to be greater and stronger in the same experimental conditions. The formation of the
interface complexes was studied under specific and environmentally relevant condi-
tions by variation of selective parameters, such as pH, ionic strength of the solvent, se-
lenium concentration, etc. Reactions of selenium at the water/mineral interface, such
as sorption via formation of inner- and outer-sphere complexes or surface precipitation
were examined by application of vibrational (IR and Raman) and X-ray Absorption
Spectroscopy (XAS), mainly. These techniques provided the structural identification of

the metal atom coordination and the character of the chemical bonding of the sorbed
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surface species. These studies confirmed that selenium(VI) and selenium(lV) sorption
mechanism is dependent on the nature of the sorbent surface, the pH and the ionic
strength. A continuum in the adsorption mechanism with the presence of both outer
and inner-sphere complexes, whose relative proportion is changing with pH and ionic
strength, was observed [FERNANDEZ-MARTINEZ '09]. Nevertheless, the sorption
processes of selenium oxyanions still showed major gaps of knowledge. Retention of
Se(VI) and Se(lV) on anatase and transition alumina was only evidenced at the macro-
scopic scale, but no information on sorption mechanisms is available [SHI '09; ZHANG
'09]. Although some EXAFS (Extended X-ray Absorption Fine Structure Spectroscopy)
and FT-IR (Fourier transform Infrared spectroscopy) data were available for the
Se(VI)/hematite binary system, they were limited to acidic pH conditions [PEAK '02].
The sorption capacity of maghemite, which was identified as a corrosion product of
steel waste canisters [BEN LAGHA '07], was so far never investigated. The reversibility
of sorption processes, if examined at all, was scarcely checked and only by means of
desorption experiments [DUC '06; VAN DER HOEK '94]. Without this information, the
interpretation of sorption mechanisms, for instance based on EXAFS data or IR applied

to wet pastes, can be misleading.

So far, impact of ionic strength on Se sorption was mainly studied at moderate back-
ground electrolyte concentrations (up to 0.1 M). Sorption of selenium(lV) was mainly
found to be independent of ionic strength variations [DUC '03; ELZINGA '09; HAYES
'88; HAYES '87; SHI '09; SU '00], contrary to selenium(VI) sorption which was found to
decrease upon increasing ionic strength [DUC '03; ELZINGA '09; HAYES '88; HAYES
'‘87; JORDAN '11; SU '00]. However, high ionic strength conditions (up to 4 — 5 M) are
to be expected at the vicinity of nuclear waste disposed in salt formations, in case of
water intrusion. Therefore, the effect of high ionic strength with different electrolyte

compositions (NaCl, MgCl,, CaCl,) on Se sorption needs to be investigated.

Almost all batch studies focused so far on the sorption selenium oxyanions (SeO,*” and
Se0;*) at room temperature. As mentioned before, the thermal effect coming from
high level and long-lived radioactive waste raises the question how the sorption and
mobility of selenium is influenced at elevated temperatures. Contradictory results have
been obtained in the literature. Selenite (SeO5%") sorption capacity onto iron oxides and
oxyhydroxides (goethite and ferrihydrite) [BALISTRIERI '87; PARIDA '97b], ferroman-
ganese nodules [PARIDA '97a], a and y activated alumina [JEGADEESAN '03], alumi-
na (a-Al,Oz and y-Al,O3) [PARIDA '03], layered metal double hydroxides, e. g. Mg/Fe
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hydrotalcite [DAS '02] and TiO, nanoparticles [ZHANG '09] was found to decrease up-
on increasing the ambient temperature. In contrast, a hybrid adsorbent, i. e. anion-
exchange resin impregnated with nano-hydrated iron oxides [PAN '10], a manganese
nodule leached residue [DASH '07], a calcined Mg-Al-CO; LDHs [YANG '05], a cal-
cined Mg—Fe—CO; layered double hydroxide (LDH) [DAS '07], a nano-magnetite [WEI
'12] and FeOOH (probably goethite) [SHARRAD '12] showed increasing selenite sorp-
tion capacity with increasing temperature. Concerning Se(VI), data is even scarcer.
Upon increasing temperature, [MISRA '00] showed increasing selenate sorption ca-
pacity onto activated y-alumina, while [VLASOVA '04] and [HASAN '10] observed a de-
crease of selenium(VI) sorption onto goethite and agro-industrial waste. Furthermore,
no information and insights about mechanisms involved at higher temperatures were
provided. In addition, potential changes in surface properties of sorbent materials were
not extensively studied. As far as we know, only [VLASOVA '04] related the decrease
of selenium(VI) sorption with increasing temperature to a decrease of the pHpzc (point

of zero charge) of goethite.

The completion of thermodynamic and sorption data base at higher temperatures for
safety assessments of water contamination is therefore strongly required. The thermo-
dynamic parameters, i. e. AgH, ArS and AgrG for Se sorption onto minerals phases
have to be determined from the temperature dependence sorption data, and the exo-

thermic/endothermic and spontaneous sorption characteristics has to be elucidated.

Surface complexation models (SCMs) are aiming at accurately and effectively descript-
ing and predicting the migration of aqueous species through their interaction with
sorbent surfaces in a wide range of experimental conditions (pH, ionic strength, tem-
perature, etc.). They provide a molecular description of adsorption processes based on
an equilibrium approach. The SCMs differ by the structural description of the solid-
water interface, e. g. the electrical double layer, the number of sorbing sites, the sur-
face configuration of adsorbed species as well as their charges, etc. An accurate de-
scription of chemical reactions occurring at the sorbent surface has to rely on a thor-
ough understanding of sorption processes at a molecular level. This implies knowledge
on the number of surface species, their nature (inner vs. outer-sphere complexes) and
their dependency on geological parameters (pH, ionic strength, etc.). This information
can only be gained by the application of advanced spectroscopic techniques such as
EXAFS or ATR FT-IR, in order to obtain a realistic description of sorption processes.

However, this rigorous approach was only applied in a few studies [FUKUSHI '07;
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HIEMSTRA '07; HIEMSTRA '99]. Otherwise, SCM was performed on a pure specula-
tive basis concerning the stoichiometries and nature of surface complexes at the inter-
face [MARTINEZ '06; ROVIRA '08; SHI '09]. This gives poor confidence on the robust-
ness and consistency of the derived surface complexation constants. In addition, sur-
face complexation constants of Se(VI) and Se(lV) on anatase, maghemite and alumina
are still lacking.

Contrary to selenium oxyanions species, literature concerning the retention of reduced
species is extremely scarce. Significant sorption of selenium(-Il) by pyrite (FeS;) and
chalcopyrite (CuFeS,) was evidenced by [NAVEAU '07]. The presence of Se(-Il) or
Se(-I) onto both sulfide surfaces was evidenced by XPS. Selenium(—Il) sorption onto
pyrite was investigated by [LIU '08], under strictly anoxic and reducing conditions. By
combining in situ XANES and XPS, [LIU '08] observed the presence of Se(0) on the py-
rite surface, explaining the rapid disappearance of selenium during sorption experi-
ments. [LIU '08] concluded that selenium(—Il) immobilization by pyrite proceeds via sur-
face redox reaction: Only [NAVEAU '07] compared the sorption behavior of Se(-11) and
Se(IV) and found that pyrite and chalcopyrite have the same affinity towards these two
species. A great effort must therefore be dedicated to the study of the sorption behavior

of these reduced Se species.

As it was mentioned before, selenium mobility strongly depends on its redox state. Re-
dox reactions of Se onto minerals like iron-bearing and sulfide-bearing compounds was
evidenced and seemed to depend on the selenium reduction kinetics and local concen-
tration of Se reduced species. Heterogeneous redox reactions of selenium oxyanions
at iron-bearing and sulfide bearing compounds were evidenced by spectroscopic
methods using X-ray techniques such as XANES, EXAFS or XPS. Elemental Se and/or
Fe selenide phases reaction end products were observed. Whether the formation of
iron selenides or elemental Se is favored depends on the selenium reduction kinetics.
[SCHEINOST '08b] observed that the reaction products considering selenium(lV) re-
duction were Fe selenides for Fe(ll) minerals with high specific surface area (magnet-
ite, mackinawite, GR) and fast reduction kinetics, and elemental Se for siderite which
had slower reduction kinetics. By comparing their spectroscopic results with thermody-
namic equilibrium modeling, [SCHEINOST '08b] suggested that the nature of the re-
duction end product in these Fe" systems is controlled by the concentration of HSe"™.
Lower HSe™ concentrations due to a slower selenium(lV) reduction kinetics would ex-

plain the formation of elemental selenium Se(0). However, highly reactive surfaces
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would favor the rapid reduction of selenium(lV) and the presence of a high initial
amount of reduced Se. This would consequently lead to the formation of iron selenide

phases.

The question also arises how heterogeneous surface reduction leading to the immobili-
zation and retardation of Se release to the biosphere is influenced by the increase of

temperature. This point was so far never examined in details.

In this project, we studied in Chapter 2 the aqueous speciation of Se, focusing on the
Se(lV) dimerization, the impact of elevated temperature (up to 333 K) and of divalent
cations (Ca?" and Mg?") by means of "’Se NMR, FT-IR, DTA/TG (Differential Thermal
Analysis (DTA)/Thermogravimetric analysis (TG)) and XRD. In Chapter 3, we thorough-
ly investigated the bulk and surface properties of the studied minerals, i. e. anatase,
hematite, maghemite, &-alumina, magnetite and kaolinite by a wide range of analytical
and spectroscopic tools. Anatase was chosen as a model system for its chemical sta-
bility and well-known surface properties, while transition alumina was studied as a
model mineral phase for more complex rock and backfill materials associated with a
nuclear waste repository. Kaolinite was studied as model clay mineral. Hematite, ma-
ghemite and magnetite were chosen as representative corrosion products of stainless

steel canisters and for their environmental ubiquity.

Sorption of Se(VI) and Se(lV) onto anatase, hematite, maghemite, alumina and kaolin-
ite was studied by batch experiments, where the impact of pH, moderate and high ionic
strength, as well as temperature were elucidated. Results are reported in chapter 4.4.
Sorption mechanisms for the above-mentioned binary systems were elucidated by ad-
vanced spectroscopic techniques, namely EXAFS and in situ Attenuated Total Reflec-
tion Infrared Spectroscopy (ATR FT-IR) in chapter 4.5. The heterogeneous redox pro-
cesses of Se(VI) and Se(lV) at the magnetite-water interface and the impact of elevat-
ed temperature were studied by means of X-ray Photoelectron Spectroscopy (XPS)
and are also presented in chapter 4.5. Surface complexation modeling including poten-
tiometric titration of minerals and determination of surface complexation constants is
presented in chapter 4.6. Finally, chapter 4.7 deals with the synthesis of selenium(-Il)

as well as its sorption onto minerals.
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4.2 Se aqueous chemistry

Se(lV) dimerization in aqueous solutions was studied by "Se NMR spectroscopy. The
impact of elevated temperature (up to 333 K) on Se(VI) and Se(IV) speciation was in-
vestigated by FT-IR and NMR spectroscopy. Finally, the complexation of selenium ox-
yanions with divalent cations such as Ca?* and Mg*" was revealed by means of ’'Se
solid state NMR, FT-IR, DTA/TG (Differential Thermal Analysis (DTA)/Thermogravi-
metric analysis (TG)) and XRD. All experimental details as well as supplementary in-

formation can be found in the Appendix (A.2).

421 Se(lV) dimerization

Considering the protonation state at moderate pH values, Se(lV) occurs as hydrogen

selenite being able to form a homodimer (HSeO3),* via hydrogen bonding (Fig. 4.2).

O—H -weeom. 0
s A
O=Sg Se=0
QO s H—0

Fig. 4.2 Lewis structure of H,Se,0¢*” dimer resulting from intermolecular hydrogen
bonding

As dimerization is equivalent to a lower degree of freedom, that is a lower flexibility and
a reduced proton exchange rate between two monomers or the monomer and the sol-
vent (water), the NMR line width may serve as a more sensitive probe for these molec-

ular processes than the chemical shift of the selenium signal itself.

Fig. 4.3 shows the NMR spectra recorded at pH. 5 and 13 at different Se(IV) concen-

trations as well as their graphical evaluation.

35



A B 0{a Als
S——— w 60 ‘/ -6
L
| 5‘ 40 / )
h z 20 6/‘ 2 2
| lLg——a— 001
I 1306.8 - L 12606
1 [j {/‘
M E 13DEET A T12504 =
f 2 1306.4 4 L 1260.2
|II| i O G_\_\_‘_‘—\—\_\_D / L =
e = 1306.2 12600 ©
f 13060 1 A A - 12588
R N 1058] A— o 12508

1311 1308 1305 1302
""Se chemical shift / ppm

1264 1260

Fig. 4.3

1256

Ty LR

1 10 100
Se concentration / mi

1000

"Se NMR of Se(lV) at pHc 5 (A) and 13 (B) with concentrations from

1 mmol L™ through 1 mol L™" and constant total ionic strength (3 mol L™).
Dependence of selenite concentration on line width (C) and chemical shift
(d) at pH: 5 (A) and 13 (O)

The chemical shift is slightly selenium-concentration dependent (Fig. 4.3) with increas-
ing values for pH. 5 and decreasing values for pH. 13, with overall changes of approx-
imately 1 and 0.5 ppm, respectively. Considering a total Se chemical shift range of
2000 ppm, or at least the range for aqueous Se(lV) species of about 50 ppm, the
changes are small, but, interestingly, the pH. 5 signal is clearly shifted to higher, that of
pH. 13 to lower frequencies. Moreover, analysis of the line width, Avy, (i. e. the sig-
nal’s width at half amplitude) clearly shows that the pH 5 solution exhibits a strong line
width dependence on concentration with line widths ranging over two orders of magni-
tude, whereas the line width of the pH. 13 solution is virtually constant. Since other
concentration-dependent effects such as changes in susceptibility or viscosity would

occur in both cases, these cannot be reasons for the broadening of the pH, 5 signal.

The apparent line width represents the sum of individual line width contributions from
different effects: natural line width (resulting from energy uncertainty), magnetic field
inhomogeneity (the line width of the reference sample is used as an indicator), and dy-
namics (including both proton and metal exchange reactions). The former two effects
are assumed to be the same in all cases. Metal exchange reactions are considered to
be negligible as it would have been indicated by line width changes upon increasing
Na* (ionic strength) content. In order to exclude line broadening contributions by re-
laxation enhancement due to either dipolar interactions or chemical shift anisotropy

(CSA), measurements with and without *H broadband decoupling or replacement of
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H,O by D,0O (data not shown) as well as measurements at different magnetic fields did

not result in changes of the spectral behavior (

Fig. A.1 in Appendix). Interestingly, the spin-lattice relaxation time, T, even increased
from 1.72 + 0.02 s to 4.54 + 0.11 s at magnetic field strengths of 9.4 and 14.1 T, re-

spectively.

Additionally, one also has to consider the ionic strength, resulting from the Se(IV) con-
centration itself and the pH adjustment. To obtain pH. 5, this requires higher amounts
of HCI at higher selenium concentrations and thus increases the ionic strength. The
higher the ionic strength, the more downfield shifted is the signal as determined by
0.1 mol L™ solutions at varying NaCl background concentrations (Fig. A.2). However,
line broadening caused by increasing ionic strength can be ruled out.

Speciation calculation performed at | = 0.3 mol L™ with the equilibrium constants of
[TORRES '10] (derived from potentiometric titration) predict the H,Se,O¢” dimer to be-
come predominant at concentrations higher than 10 mmol L™" (Fig. A.3 and Tab. A.1 in
the Appendix).

Our NMR spectroscopic findings reflect exactly this threshold at which significant spec-
tral changes were observed. However, one has to keep in mind that our NMR experi-
ments were performed at | = 3 mol L™, at which the speciation (and hence the di-
mer/monomer ratio) might be different in comparison to lower ionic strength. Speciation
calculations with and without consideration of dimerization also showing the concentra-
tion dependence, can be found in the Appendix (Fig. A.3). To perform these calcula-
tions at high ionic strength using the SIT or Pitzer model, one would need a consistent

set of interaction coefficients, which are to our knowledge not available.

Consequently, the line broadening is, in general, attributed to dimerization. Proton ex-
change reactions between HSeO;™ and water (diluted solution) can be considered as
rapid. With increasing HSeO3;™ concentration (also referred to as lower water activity)
the proton exchange rate is lowered because of hydrogen bonding between HSeO;™
molecules among one another instead of water, resulting in line broadening. Hence,
the broadening is likely to be due to a reduced proton exchange rate in consequence of
monomer association. The line broadening of 2 M Se(lV) signals in the pH range 4 — 7

was already observed by [KOLSHORN '77]. They suggested that additional species are
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involved in the equilibrium, which may be H,Se,0¢> dimers, stabilized by hydrogen

bridges.
4.2.2 Impact of temperature
4.2.2.1 IR spectroscopy

The impact of temperature on Se(lV) and Se(VI) speciation was first investigated by IR-
spectroscopy within the range from 298 to 333 K at pH 4 and 10 (Fig. 4.4). A change of
the speciation, for instance due to protonation, deprotonation or dissociation of dimers,
implies changes of the molecule symmetry, thus, causing vibrational mode alterations

with concomitant frequency shifts and/or band shapes.
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Fig. 4.4 FT-IR spectra of 0.1 mol L™ solutions of Se(1V) at pH 4 (A) and pH 10 (B)
and Se(VI) at pH 4 (C) at variable temperatures

The spectra of the Se(lV) solutions recorded at pH 4 do not significantly change with
increasing temperature (Fig. 4.4 a). As the bands at 849 and 823 cm™ represent the
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symmetric and antisymmetric Se—O stretching modes of the H,Se,04>" dimer, respec-
tively, it is obvious that a dissociation process does not occur in this temperature range.
At pH 10, three main bands can be observed at 850, 808 and 737 cm™ at ambient
temperature (Fig. 4.4 b), lower trace). These bands reflect a mixture of the H,Se,0¢>
dimer with maxima around 850 and 823 cm™" and the SeO5*>~ monomer showing maxi-
ma around 808 and 737 cm™". Increasing the temperature does not significantly change
the shape of the spectra apart from the slightly increased amplitude (Fig. 4.4 b), upper
trace). From the shape of the spectra, the predominance of the selenite monomer at
pH 10 can be derived for all spectra recorded at pH 10 showing maxima at 808 and
737 cm™', whereas the characteristic maxima of the dimer around 850 and 820 cm™
are hardly observed. These findings are also predicted by speciation calculations (Fig.
A.3).

For the selenate ion (Fig. 4.4 c), the band representing the asymmetric stretching vi-
bration v5(SeO) at 870 cm™ remains unchanged upon temperature increase at pH 4.
This is also valid for higher pH values as it is shown for pH 7.5 (Fig. A.4). To confirm
the findings regarding temperature impact on selenium speciation, the samples were

also investigated by NMR spectroscopy at different temperatures.

4.2.2.2 NMR spectroscopy

Chemical shifts are in principle temperature dependent. On the one hand, temperature
changes affect the chemical shift by changing intrinsic molecular properties such as
shielding tensors, bond lengths, excitation of rotational or vibrational inharmonic, etc.
On the other hand, changes of the solvent’s physical properties such as viscosity, den-
sity or the solvation ability itself may also lead to chemical shift changes for the ob-

served nucleus.

Temperature induced signal shifts are more or less linear and positive, i. e. higher tem-
peratures correspond to larger chemical shifts, and depend strongly on the structure of
the compounds [DUDDECK '95]. This behavior was used as a probe to monitor tem-
perature induced changes in aqueous selenium speciation. The results obtained for
Se(IV) can be found in Fig. 4.5.
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Fig.45  ""Se-NMR of 0.09 mol L™ Se(IV) at pH 4 (A), pH 10 (B) and pH 13 (C) at
variable temperatures (296, 308, 318 and 333 K from bottom to top)

At pH 10 and even more at pH 13, the fully deprotonated selenite ion, related to
=~ 1260 ppm, is the predominant species. At pH 4, the Se(IV) predominating species is
the hydrogen selenite ion and, depending on Se concentration, its dimer (vide supra),
corresponding to & = 1305 ppm. Obviously, the spectra show a temperature depend-
ence of the chemical shift, also referred to as the slope of the fitted data, which can be

considered as linear in all cases (Fig. A.5 and Tab. A.2 in Appendix).

Compared to a temperature-induced shift of 0.094 ppm K™ attributed to H,SeOj3 in H,O
[MILNE '93] , the determined values are reasonable (note that these experiments were
performed with saturated H,SeOs; solution, which makes the exclusive presence of

monomeric species highly questionable).

Although the investigated systems do not consist of one single species only, thereby al-
lowing to address their individual 8T correlation, it can be concluded that the value of
HSeO;™ and SeOs* must be close to 0.2 and 0.07 ppm K™, respectively. The consid-
erable high 6-T value of the pH 4 solution signal — at least twice the value of the fully
deprotonated monomeric selenite anion— is attributed to the predominating H,SeOg*
dimer at the chosen conditions (0.09 mol L™"). The temperature dependence of the
chemical shift at pH 10 and pH 13 are close to each other (Tab. A.2 in Appendix). This
was to be expected because the selenite ion is predominating at both pH values. The
slightly higher value of &—T correlation a pH 10 reflects the minor presence of a dimer

species, as observed by IR spectroscopy (Fig. 4.4 b).
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Since the 6T values of the H,SeOg> dimer and selenite differ significantly, heat-
induced changes in speciation, i. e. de/protonation, would result in different slopes be-
tween two adjacent points (temperature increments) in the above shown graphs, hence
loosing linearity. Furthermore, the high sensitivity of the chemical shift to protonation
changes itself would clearly indicate changes in speciation. As commonly known,
chemical equilibrium constants, including acid—base equilibria, show logarithmic de-
pendency (think of In K vs. 1/T plots, or logarithmic titration curves). If the Se(lV) equi-
libria had been perturbed non-negligibly, the apparent temperature changes would not

have shown linearity.

For Se(VI), the determined slopes of the & vs. T plots are 0.068 + 0.001 and 0.078 +
0.002 ppm K™, corresponding to R2 values of 0.9992 and 0.9990 for pH 4 and pH 7.5,
respectively (spectra not shown). Again, the temperature-induced shifts can be consid-
ered as linear. Chemical shift differences at comparable temperatures as well as the
different slopes (small difference compared to the Se(lV) case) indicate the presence of
small amounts of hydrogen selenate at pH 4, but undergo fast exchange reactions with

the coexisting and predominating selenate ion.

Consequently, both IR and NMR spectroscopy clearly showed the absence of signifi-
cant changes in selenium agueous speciation within the studied temperature range
(296 to 333 K).

4.2.3 Complexation with Ca?* and Mg?*

In the presence of calcium or magnesium ions, the selenate and selenite NMR signals
are shifted in comparison to the free aqueous oxy-anions. This highlights the interac-
tion between selenium and these divalent metal ions (Fig. 4.6). The magnitude of the
shift correlates with the selenium to metal ratio: the higher the ratio, the stronger the
shift is. The observed shifts are significant, but weak. This agrees well with the high
solubility as well as the low formation constants with log f =2 [OLIN '05] for selenate

complexes of magnesium and calcium ions.
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In contrast, the selenite sample containing an equimolar calcium concentration showed
precipitation. Evaluation of the solid state NMR spectra (Fig. 4.7) shows the occur-
rence of three selenium compounds, a major (96 %) and a minor (4 %) component with
Jiso at 1273.3 and 1315.3 ppm, respectively (Tab. 4.2).
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Fig. 4.7 ""Se solid state CP/MAS NMR spectrum of the Se(lV)—calcium precipitate

at a rotational frequency of 5 kHz; &5, and corresponding spinning side-
bands (*,°)
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Tab. 4.2  Analysis of CP/MAS spectra of the Se(lV)—calcium precipitate
diso o1 022 033 Q K % CP % SP
1273.7 1396.4 | 1321.6 1103.1 293.3 0.49 86.5 96
1315.3 1443.7 | 1434.0 1068.1 375.6 0.95 13.3 4

§in ppm | isotropic chemical shift de= 5 (511 + G2 + S33), With 811, &, 53 as principal components of the chemical shift
tensor, defined as &1 > &2 > 833 | span Q = di1 — 3 | skew K = 3(5x2 — dso)/Q

With a content of 0.2 %, the third component (ds, = 1331.3 ppm) is disregarded.
Though being precipitated from a pH. 5 solution, with the Se(IV) predominating as hy-
drogen selenite (HSeO3), the major component can clearly be assigned to a selenite
species, as compared to the solution Na,SeO3; chemical shift value of = 1260 ppm. The
minor component, however, points to a hydrogen selenite species, as NaHSeO; reso-
nates at 1305 ppm in solution.

Furthermore, comparing cross polarization (CP) and single pulse (SP) spectra, the lat-
ter allowing quantification, CP is more efficient for the minor component, suggesting
hydrogen close to selenium (Se—O-H), whereas the major component is lacking of Se—
OH groups. Moreover, solid state NMR line widths reveal the precipitate is crystalline,
though being prepared as batch sample. Crystal water or surface sorbed water can nei-
ther be proven nor excluded by NMR, however, discounting the low amount of the mi-
nor solid hydrogen selenite species (containing OH) it is likely to assume crystal water
due to both the morphology of the precipitate and the similarities between the selenium

and the respective sulfur compounds.

The IR spectrum (Fig. A.6) of the Ca-Se(IV) precipitate clearly indicates the occurrence
of OH as an important structural element as concluded from the asymmetric and sym-
metric stretching as well as the deformation vibration of OH, found at 3362, 3195 and
1672 cm™, respectively. None of the observed bands at 843, 777, 752, 704 and 633
cm™ in the mid-IR region fit the bands of solid Na,SeO; (790, 730 cm™) [TORRIE '73]
or that of solid NaHSeO; (879, 848, 827, 790 cm™) [TORRIE '73]Thus, the band shifts
are likely induced by complexation with calcium. Observed IR frequencies are in
agreement with those formerly observed for CaSeO;-H,O [EBERT '81]. In order to de-
termine the amount of crystal water, a thermogravimetric analysis (Fig. A.7) was per-

formed and revealed the loss of one mole water.
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As the precipitate is crystalline, X-ray diffraction is appropriate to finally confirm the ob-
tained precipitate to be a calcium selenite monohydrate (CaSeO3-H,0) (Fig. A.8 in Ap-

pendix).

"Se-NMR spectroscopy was shown to be a helpful tool in determining the aqueous
speciation of selenium and its interactions with metal ions as well as to characterize the
formed complexes in both the solution and the solid state. Our investigations confirmed
that Se(IV) dimerization occurs in solution. We also observed that the aqueous specia-
tion of Se(lV) as well as that of Se(VI) does not change within the investigated temper-
ature range (296 — 333 K). Consequently, temperature dependent sorption behavior is
not caused by changes in the aqueous selenium speciation. The results reveal the
possibility of calcium ions to immobilize selenium in +IV oxidation state. However, nei-
ther calcium nor magnesium in the divalent state is able to precipitate and therefore
immobilize selenium in its +VI oxidation state as it forms soluble complexes. These re-
sults will serve as reference data for further investigations addressing the mobility of

selenium oxyanions in the environment.
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4.3 Mineral phases characterization

An extended characterization of the bulk and surface properties of these solids was
performed. The specific surface area (SSA) was determined. The potential presence of
impurities in solids was checked by inductively coupled plasma-mass spectrometry
(ICP-MS). For maghemite, potential contamination by Fe(ll) was additionally checked

by UV-VIS spectrophotometry.

Materials as delivered and heated up to 333 K were characterized by X-ray powder dif-
fraction (XRD). Transmission Electron Microscopy (TEM) images/micrographs were ob-
tained aiming at studying the shape, morphology and primary particle size of commer-
cial samples. Mdssbauer spectroscopy and X-ray Photoelectron Spectroscopy (XPS),
which enable to distinguish the different Fe oxidation states [CHAMBERS '98; HUBER
'12; MURAD '10; PRASAD '11; TUCEK '05; ZBORIL '02] was also applied for iron-

bearing minerals.

The impact of pH and temperature (up to 333 K) on the isoelectric point (pHep) and
zeta potential of minerals was determined by electrophoretic mobility measurements.
Possible changes in minerals’ solubility and SSA at elevated temperature were also

checked. More details about all these measurements are available in the Appendix C.

Anatase (TiO,), hematite (a-Fe,0O3), maghemite (y-Fe,O3), alumina (8-Al,0O3) and kao-
linite (Al,Si,Os(OH),) were purchased. Due to the fact that the surface of magnetite
(Fez04) corrodes very fast, this mineral has to be synthesized freshly prior to the sorp-
tion studies. A full description of the magnetite’s synthesis is given in the Appendix C.
The characteristics of the commercially samples, as given by the providers, are de-
tailed in Tab. 4.3.
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Tab. 4.3

Data from the provider for purchased solid samples

Mineral Supplier Purity Average Specific sur-
particle size face area
(nm) (m?g™
MTI
Anatase . 99.99 % 5-10 210+ 10
Corporation
Hematite US Research 0
(a-Fe,0s) Nanomaterials | > 22> % 30 20-60
Maghemite | 2 pesar >99 % 20 - 40 30 - 60
(v-Fe203)
Alumina 0
(65-Al,05) Alfa Aesar >99.5 % 40 - 50 32-40
Kaolinite Clay Minerals 96 % <2000 (57.8 %) | 11.7
(KGa-1b) Society [CHIPERA'01] | <500 (32.0 %) | [PRUETT '93]
4.3.1 Specific surface area and presence of impurities

The determined specific surface area of anatase (234 m? g™'), hematite (41.1 m? g™"),
maghemite (38.0 m? g™'), alumina (37 m? g™") and kaolinite (11.8 m? g™*) [KREPELOVA
'07] were in fair agreement with values provided by the suppliers. The synthesized

magnetite showed a SSA of 89 m? g™*.

Minor contamination (in the range of 80 — 1000 ug g~') with Mg, Si, Zn, Nb, and Ta was
evidenced by ICP-MS (ELAN 9000 Perkin Elmer) after digestion of anatase [MULLER
'09]. For hematite, minor contamination (30 — 7050 ug g'“) with Na, Mg, Al, Si, Ca, Cr,
Mn, Ni and Zn was revealed. Small amounts of Na, Si, Mn, Ni, Cu, and Zn (below
40 pg g") were found in the bulk of maghemite. For maghemite, less than 1.0 % (w/w)
of total iron was found to be in the divalent state by UV-VIS spectrophotometry For
5-Al,03, amounts of approx. 20 pg g~' were found for Mg, Cu, and W, 120 pg g~ for Fe
and 550 ugg™' were found for Ca. Concerning kaolinite, Ca (5408 pgg™),
Ti (8915 pgg™'), Fe (1288 pg g™'), Na (135 pug g™") and Cr(119 pg g~') impurities were

found. Consequently, these solids were used as delivered without any pre-treatment.
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4.3.2 X-ray diffraction

The X-ray diffraction patterns of the minerals are summarized in Fig. 4.8.
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Fig. 4.8 X-ray diffraction pattern of anatase, hematite, maghemite and alumina

samples compared to ICDD reference cards

By comparing the XRD patterns to the ICDD (International Centre for Diffraction Data)
cards, the TiO, sample can be identified as a polycrystalline anatase phase (ICDD 00-
021-1272), without any indications for the presence of rutile (ICDD 21-1276) or brookite
(ICDD 29-1360). The XRD pattern of our a-Fe,Oz; sample, with (012), (104), (110),
(113), (024), (116), (214) and (300) diffraction lines, can be assigned to hematite ac-
cording to the ICDD 033-0664 file.

The XRD pattern of the y-Fe,O3; sample can be assigned to a maghemite phase with
an ordered cubic structure. Indeed, the diffraction lines (110), (111), (210), (211), (220),
(311), (400), (422), (511) and (440) matches well with the ICDD file 00-039-1346
(space group P4,32) or with the JCPDS file 89-5892 (space group P4;32). The XRD

pattern indicates a partial ordering of vacancies on the octahedral sites. However, the
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presence of fully ordered maghemite cannot be excluded based on our X-ray diffracto-
gram, since the extra lines showing up in the tetragonal symmetry are known to be very

weak.

Based on the obtained X-ray diffractogram, the presence of magnetite in hematite or
maghemite could be excluded. Indeed, the peaks positions of Fe;O, are shifted to low-
er angle values [CHIN '06; SUN '04; ZENG '10; ZHU '07]. Based on the ICCD file 00-
033-0664 and 00-029-0713, the presence of hematite or goethite as contaminant in
iron-bearing minerals could also be excluded. If any of these phases are present, they
are well below the detection limit of our device under the applied conditions.

The XRD pattern of alumina shows a mixture between 6-Al,O; (JCPDS/ICDD
00-056-1186) and y-Al,O3 (JCPDS/ICDD 00-02-1420) with a ratio of approximately
70:30. However, no bayerite, gibbsite or boehmite were found. The XRD pattern of
kaolinite confirmed a high purity mineral, together with traces of dickite, anatase and
crandallite [CHIPERA '01].

All obtained XRD pattern show well-defined peaks and clearly indicate that all samples

are crystalline.

The X-ray diffraction patterns of anatase, hematite and alumina heated up to 333 K are

summarized in Fig. 4.9.

For anatase, hematite, and alumina, no changes in the diffractograms at elevated tem-
perature were observed (Fig. 4.9) indicating the absence of any phase transformation
or significant modification of crystallite size of anatase, hematite, and alumina at tem-
peratures up to 333 K. Concerning anatase, this is in agreement with [HANAOR '11],
who found transformations occurring between 673 K and 1473 K, with kinetics depend-
ing on several parameters (initial particle size/shape, synthesis way, heating rate,
presence of impurities, etc.) [HANAOR '11]. Concerning hematite, it confirms the fact

that this is one of the most thermodynamically stable iron oxide [CORNELL '03].
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Fig. 4.9 X-ray diffraction pattern of anatase, hematite and alumina samples at room

temperature and heated up to 333 K; ICDD cards are shown as references

4.3.3 TEM

The morphology of the four minerals was observed by TEM (Fig. 4.10). For anatase,
TEM revealed slightly ellipsoidal shape, with a primary particle size between 5 to 10
nm. A high tendency to form agglomerates was also observed. Rounded particles with
size ranging from 10 to 50 nm were found for hematite. Micrographs of nano-sized y-
Fe,Os particles revealed particle sizes in the range of ~10 — 80 nm in diameter. Primary

particle size observed by TEM was in agreement with supplier’s data.
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20m AN

Fig. 4.10 Overview TEM images of (a) anatase (b) hematite (c) maghemite (d) mag-

netite nanoparticles

4.3.4 Mdssbauer spectroscopy

Mdssbauer spectroscopy enables to discriminate the different Fe oxidation states in
iron-bearing minerals, allowing the distinction of hematite, magnetite and maghemite
[MURAD '10; PRASAD '11; TUCEK '05; ZBORIL '02]. The Mo6ssbauer spectrum of

hematite fits well with one magnetic sextet (Fig. 4.11 left).
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Fig. 4.11 Mossbauer spectrum recorded at room temperature of commercial hema-
tite (US Research Nanomaterials, Inc.) (left) and commercial maghemite
(Alfa Aesar) (right)

According to hyperfine parameters (isomer shifts, magnetic fields and quadrupole split-
ting) summarized in Tab. 4.4, the room temperature Méssbauer spectrum of this com-
mercial sample shows that it only contains hematite [MURAD '10] and consequently
only Fe*" ions. In addition, typical magnetic fields of goethite, maghemite or magnetite

were not identified, confirming the absence of these phases.

The Mossbauer spectrum of maghemite fits well with three subspectra, i. e. two mag-
netic sextets and one superparamagnetic quadrupole doublet (Fig. 4.11 right). Accord-
ing to hyperfine parameters (isomer shifts, magnetic fields and quadrupole splitting)
summarized in Tab. 4.4, the room temperature Mossbauer spectrum suggests that the

commercial maghemite only contains Fe*" ions.

Indeed, typical isomer shifts of Fe?" ions in octahedral sites could not be detected. The
small iron(ll) traces determined by UV-VIS spectrophotometry are below the detection
limit of our experiment. In addition, typical magnetic fields of hematite or goethite were
also not identified, confirming the absence of these phases. The magnetic fields of the
two sextets are close to those found in literature [MURAD '10]. The doublet might be
due to the presence of nanometer-sized particles which exhibit superparamagnetism
[CUVANOVA '07; DUTTA '10; PRASAD '11; SIDDIQUE '10; TUCEK '05].
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Tab. 4.4

Mdssbauer parameters of commercial hematite (US Research Nano-

materials, Inc.) and commercial maghemite (Alfa Aesar)

Line Width Isomer Quadrupole | Inner mag- Relative
(mm/s) shifts splitting netic field spectrum
(mm/s) (mm/s) Bt (T) area ( %)
Hematite
Sextet 0.523 0.376 -0.222 50.4 100
Maghemite
Sextet 1 0.466 0.151 49.5 34.6
Sextet 2 0.466 0.414 49.9 59.4
Doublet 0.466 0.243 0.361 6.0
435 XPS

The survey XPS spectrum of maghemite evidenced the absence of major impurities at
the surface (Fig. 4.12a).
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The minor contaminants of maghemite evidenced by ICP-MS (Na, Si, Mn, Ni, Cu and

Zn) were not detected by XPS, indicating their presence in the bulk of the material.

The Fe 2ps3;, spectrum of maghemite (Fig. 4.12b) was measured to estimate the ratio
between Fe(ll) and Feror (Fe(ll)+Fe(lll)) [HUBER '12]. The maximum of the Fe 2ps, el-

emental line was located at 710.8 eV, in agreement with former studies [PARK '08;

TEMESGHEN '02]. If Fe(ll) was to be found in our maghemite sample, a shoulder at

lower binding energy side of the Fe 2pz. spectrum, would have been expected
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[CHAMBERS '98; HUBER '12]. The maghemite sample did not indicate presence of
detectable amount of Fe(ll). The Fe(ll)/ Feror on the surface was well below 3 %, which

is in the range of the analytical uncertainty.

The Fe 2p3;, spectrum of magnetite (Fig. 4.13) was measured to estimate the ratio be-
tween Fe(ll) and Feror [HUBER '12].
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Fig. 4.13 Narrow XPS scan of Fe 2p3;, spectrum of magnetite

The maximum of the Fe 2ps, elemental line was located at 710.8 eV, in agreement
with former studies [PARK '08; TEMESGHEN '02]. A shoulder at lower binding energy
side of the Fe 2p3;, spectrum, shows the presence of Fe(ll) [CHAMBERS '98; HUBER
'12]. The intensity of the shoulder was determined and set into relation to spectra of a
magnetite and a hematite reference by use of normalized spectra. The Fe(ll)/ Fetor on
the surface of the magnetite was calculated to be between 22 and 23 %. This is below
the expected Fe(ll)/ Feror ratio of 33 % for a stoichiometric magnetite. Further im-

provements are therefore necessary.
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4.3.6 Electrophoretic mobility measurements at room temperature and
333K

The impact of pH (from 3.5 to 11) at room temperature on the zeta potential of the neat

surfaces of the minerals is shown in Fig. 4.14.

At room temperature, the pHep of anatase (Fig. 4.14) was found to be located at pH
~ 6.6, in close agreement with former studies [COMARMOND '11; GUSTAFSSON '00;
KOSMULSKI '03].

For hematite, [CORNELL '03] reported pHep values for hematite ranging from 7.0 to
9.5. The pHgp of our commercial hematite was found to be located at pH 9.5. This
pHiep matches well with those reported in the past. Note that [SCHUDEL '97] who also
performed their zeta potential measurement under CO,-free conditions reported an
pHiep of 9.2. This influence of CO, on the surfaces properties of minerals (e. g. hema-
tite) was confirmed by [CARLSON '11]. This might explain lower reported values in the
literature, in addition to different synthesis pathways, presence of impurities, etc.
[COMARMOND '11].

The pHiep of maghemite was found to be located at pH 7.7 which fits well with recently
reported values ranging from 6.8 to 8.3 [BOGUSLAVSKY '08; MORNET '05; PARK '09;
TUUTIJARVI '10; YU '04].

For alumina, a pH;ep of 9.6 was found. No literature data was found for 6—Al,O3. How-

ever, the value is in good agreement with the literature concerning y-Al,O; (e. g.
[JEGADEESAN '03]).

54



Hematite

LoRd e
LoR3

|

eta Potential & mby
] i
(=]
(S SIS s =h=h=.)
)
n
I‘((
'/..-.
=
eta Fotential & mvy
i
(SIS =h=h=.)
)
n
i
1
L=l
; |

Porog
g
P TR SO

/
:

Maghemits . ._-—_—"_—'x_ §-Alumina
Z om Z 30 -
z = E o] \\|
= - = V1 oo
[ - [ 9.6
s ° T T T T T T T T s 0 T T T ™ T T T T T
T -1 4 = a = 04 4 g & =
[, i oo i

=ad =04 -]
B £ 20
N i g ]

ol 3 HE A 'R

. 1 \lagnetite A0 o= oli nite
E 1 ] ——a a Magnetit E 7 \ Faalinit;
= \*\ i = 20 -1
£ ] H-...l"i =

a r r r T r T r - —¥-—
£ ] HER § 7 | w8 10 £ 01
o o= \“‘x\_ o
T e —a o g
T ] &

Fig. 4.14 Zeta potential of the neat surface of anatase, hematite, maghemite and

alumina at room temperature

Anatase (0.01 mol L™ NaCl, m/v=0.25 g L™", 2 days of shaking). Hematite (0.1 mol L™’
NaCl, m/iv = 0.25 g L™, 2 days of shaking). Maghemite (0.1 mol L™' NaCl, m/iv=0.75g L™,
2 days of shaking). Alumina (0.1 mol L™" NaCl, m/v = 0.2 g L™ X days of shaking). Magnet-
ite (0.1 mol L' NaCl, miv = 0.2 g L™", X days of shaking). Kaolinite (0.1 mol L' NaCl, m/v =
0.1gL™", 7 days of shaking)

For magnetite, the pHigp was found at pH 7.4 which is slightly higher than values re-
ported in literature like e. g. [YANG '14a] who found values between 6.8 and 7.0. How-
ever, ageing tests of magnetite samples [CARLSON '13] showed that the pHp of
magnetite shifts to lower pH values due to ageing of the mineral. The pHep of the mag-
netite of this study is in good agreement with the pHep of magnetite which is not aged.
For kaolinite, no isoelectric point was found and the surface charge was negative

throughout the investigated pH range from pH 4 to pH 12.

With increasing temperature, the pHigp of anatase, hematite and alumina was shifted
towards lower pH (Fig. 4.15). The observed decrease of the pHgp of anatase, hematite

and alumina with increasing temperature is in good agreement with recent studies of
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[VLASOVA '04], [VALDIVIESO '06] and [KULIK '00]. Based on both experimental ob-
servations and theoretical calculations, a decrease of the pHpzc of different

(Al,Si,Fe,Ti,Zn),O, oxides was found with increasing temperature [KULIK '00;
VLASOVA '04].
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Fig. 4.15 Impact of temperature on the zeta potential of the neat surface of anatase,

hematite and alumina at 0.1 mol L™ NaCl
Anatase (m/v = 0.5 g L™", 2 days of shaking). Hematite (m/v = 0.75 g L ™", 2 days of shak-
ing). Alumina (m/v = 0.2 g L™, 2 days of shaking)

In addition, at constant pH lower than the pHgp, the total positive surface charge of an-
atase, hematite and alumina is decreased with increasing temperature up to 333 K.
This could be due to a favored proton desorption from the oxides’ surface upon in-

creasing temperature, as suggested by [VALDIVIESO '06] for a-Al,O:s.

Furthermore, no differences in the SSA and solubility of anatase, hematite and alumina

were observed at 333 K. Tab. 4.5 summarizes results obtained in this section.
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Tab. 4.5 SSA, Impurities and pHep of studied minerals

Mineral SSA1 Impuriti1es pHep pHiep
(m*g™) (g g™ @'RT | @ 333K

Anatase 234 Mg, Si, Zn, Nb, Ta (80 — 1000) 6.6 55

. Na, Mg, Al, Si, Ca,
Hematite 41.1 Cr, Mn, Ni, Zn (30 — 7050) 9.5 7.6
Maghemite 38.0 Na, Si, Mn, Ni, Cu, Zn (< 40) 7.7 2N.D.
Alumina 37 Mg, Cu (20), Fe (120), Ca (550) 9.6
Kaolinite 11.8 Ca, Ti, Fe, Na, Cr (119 — 8915) <®40 |°N.D

'RT: Room Temperature

®N.D.: Not determined

®pHiee not detected under applied experimental conditions
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4.4 Sorption of Se(VI) and Se(IV) onto mineral phases

Sorption of selenium(VI) and selenium(IV) onto anatase, hematite, maghemite, alumina
and kaolinite was studied. Time dependent experiments were performed, and the influ-
ence of pH and ionic strength (moderate and high) was investigated. The impact of se-
lenium oxyanions sorption on the zeta potential of the minerals was also checked. Fi-
nally, sorption experiments were also performed at elevated temperatures. Thermody-
namic sorption parameters, namely Gibbs free energy of reaction (ArG), enthalpy of
reaction (ArH), and entropy of reaction (ArS) were derived using the van’t Hoff plot.

Experimental details can also be found in the Appendix D.

4.4.1 Impact of time, pH and moderate ionic strength

44.1.1 Impact of time

The sorption of selenium(VI) and selenium(lV) onto all minerals was extremely fast and
already reached a plateau/saturation after 1 — 2 h to 24 h only. Examples for kinetic

studies on anatase, hematite and maghemite are shown in Fig. 4.16 and Fig. 4.17.
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Fig.4.16 Time-dependence sorption of selenium(VI) onto hematite and maghemite
at pH 4.0. [Se“Jiita = 1 x 10 mol L™", 0.1 M mol L™ NaCl; Hematite (m/v =
0.75 g L™"); Maghemite (m/v=1.0g L™
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Fig. 4.17 Time-dependence sorption of selenium(lV) onto anatase, hematite and

maghemite at pH 4.0. [Se]initia =5 % 10™° mol L™, 0.1 mol L™" NaCl; Ana-
tase (m/v = 0.75 g L™"); Hematite (m/v = 0.1875 g L™"); Maghemite (m/v =

0.25gL™

The extent of sorption remained unchanged for longer contact times. Such a fast sorp-

tion equilibrium was already reported for selenium(VI) sorption onto nhanosized jacob-
site MnFe,O, (GONZALES ‘10), nanosized anatase [JORDAN '11] and natural hema-
tite [ROVIRA '08]. Same is true for the uptake of selenium(lV) by nano-anatase [DENG
'12; LI '02; XU '12; YAMANI '14; YANG '14b] and natural [ROVIRA '08] or synthetic

[JORDAN '09] hematite. The time needed to reach a plateau in terms of selenium(VI)

or selenium(1V) sorption was assumed to be the period necessary to reach equilibrium.

Adding a safety margin of 100 % and for convenient reasons, an equilibration time of 2,

3 or 4 days was chosen for all further sorption experiments. For the Se(Vl)/anatase bi-

nary system, suspensions were shaken for 2 days, since a recent kinetic study showed

that a plateau was reached after a contact time of 24 hours [JORDAN '11].
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44.1.2 Impact of pH

The results of the batch experiments show selenium(VI) sorption onto all investigated
minerals to be strongly pH-dependent, being at maximum in the acidic pH range and
decreasing with increasing pH (Fig. 4.18), in agreement with former studies [DUC '03;
JORDAN '11; ROVIRA '08; SANUKI '00; ZHANG '09].
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Fig. 4.18 Selenium(VI) sorption edges onto anatase, hematite, maghemite and alu-

mina at two different ionic strengths in NaCl (0.1 and 0.01 mol L™);

Anatase ([Se""Jinta =1 x 10° mol L™, miv=0.5 g L™", 2 days of shaking); Hematite ([Se-
Vinitar = 1 x 10 mol L™, miv=0.75 g L™", 2 days of shaking); Maghemite ([Se"Jiniiai = 1 X
10 mol L', miv=1 g L™, 2 days of shaking); Alumina ([Se"Jiniias = 2 x 107> mol L™, miv =
1gL™", 2 days of shaking)

This behavior can be expected taking into account the surface charge of minerals and
the speciation of selenium in solution. According to the Pourbaix diagram of selenium
[OLIN '05], the selenate ion SeO,” is the predominant aqueous species in solution be-
tween pH 3.5 and 11. Furthermore, at a pH lower than the isoelectric point (pHep), the
electrostatic attraction between the positively charged (= XOH,", X = Ti, Fe or Al)) sur-
face groups of anatase, hematite, maghemite or alumina and negatively charged sele-

nate oxyanions promotes sorption. At pH > pHp, the neat surface of the minerals is
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then negatively charged. As the amount of = XOH," (X =Ti, Fe or Al) and = XOH (X
= Ti, Fe or Al) surface groups decreases with progressing deprotonation, dominant
negatively charged =XO~ (X = Ti, Al or Fe) surface groups are formed. Due to these
unfavorable electrostatic conditions, the sorption of selenium(VI) decreases with in-
creasing pH.

Selenium(lV) uptake onto anatase, hematite, maghemite and alumina strongly de-
creased with pH of the suspension (Fig. 4.19), as typically observed in the literature
[BENEDICTO '13; DUC '06; DUC '03; JORDAN '09; ROVIRA '08; YANG '14b; ZHANG
'09].

o .- ] i
3 .!! a0 4
=7 = o ;
E - ﬂ Anatase :f; 'f ¢ t i Hema tite
£ { £ 3 oy
Em - i Em 30 4 i
cﬁ z i c% 20 4 !
B BT ; | g
_ pH J pH f
g 4 H - il H -
: & - - o.u..'.. # -
a0 30 "\-
=7 F o1
; Waghemite :; 50 w ¥ iﬂ.ﬁli‘: iii &-Alumina
2 s £ ;
S ”1“{ 2] .
20 '}i # t 20 iﬁ
O " g 3 i " :

Fig. 4.19 Selenium(IV) sorption edges onto anatase, hematite, maghemite and alu-

mina at two different ionic strengths in NaCl (0.1 mol L™" and 0.01 mol L™);
Anatase ([Se“Jiita =5 *x 10 mol L', miv=0.75g L™, 2 days of shaking); Hematite
(1Se™Jinita =5 x 10° mol L™, miv = 0.25 g L™, 2 days of shaking); Maghemite ([Se"Jinitial = 5
x 10° mol L™, miv=0.25 g L™, 2 days of shaking); Alumina ([Se"Jinitas = 10> mol L™", m/v
=0.5g L™, 2 days of shaking)

For anatase, a high adsorption (> 90 %) was obtained in a wide pH range of 3.5 — 7,

followed by a sharp decrease at higher pH values, as noticed by [DENG '12]. Sorption
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of selenium(lV) on hematite and maghemite was found to decrease linearly with the
pH. The data presented in Fig. 4.19 show that there is still a significant amount of sele-
nium(lV) sorbed onto anatase, hematite and maghemite at pH values greater than the
pHep, Where the surface is negatively charged. Similar observations were also reported
for anatase [BENEDICTO '13], iron oxides [BALISTRIERI '87; PARIDA '97b] as well as
for water-washed manganese nodule leached residues [DASH '07], where selenium(IV)
sorption took place at pH values greater than the pHpzc (point of zero charge) or pHiep.
According to [STUMM '70] the free energy of adsorption is a combination of both chem-
ical and electrostatic effects. This means that above pHep, the chemical component
dominates the electrostatic one [BALISTRIERI '87; PARIDA '97b].

For 6—-Al,0O3; no sorption of Se(lV) was found above the pHp of the neat mineral sur-
face. This is in good agreement with recent studies about Se(IV) sorption onto gibbsite
[GOLDBERG '14].

The results of the batch experiments of selenium(VI) and selenium(lV) sorption onto

kaolinite are shown in Fig. 4.20.

Similarly to what was observed for single oxides, sorption of selenium(VI) and seleni-
um(IV) onto kaolinite decreases with increasing pH. Sorption of selenium(VI) vanished

at pH 5 already, whereas selenium(1V) sorption took place up to pH 8.
The sorption capacity of all minerals towards selenium(VI) ad selenium(lV) was com-

pared by calculating coefficients distribution (Kg), at pH 4 and 0.1 mol L™' NaCl
(Tab. 4.6).
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Fig.4.20 Selenium(VI) and selenium(lV) sorption edges onto kaolinite (m/v =30 g
L™, 0.1 mol L™ NaCl, 4 days of shaking, [Seliiia = 10° mol L™") (kaolinite
was pre-equilibrated in 0.1 M NaCl during 4 weeks)

Tab. 4.6  Comparison of the Kq (m*® kg™") of all minerals for Se(VI) and Se(lV) at pH 4
and 0.1 mol L™" NaCl

Mineral Se(VI) Se(lV)
Anatase 1.22 525.33
Hematite 5.86 7.05
Maghemite 1.60 2.74
Alumina 1.57 4.35
Kaolinite 0.01 0.03

The sorption capacity of all studied minerals towards selenium(lV) is stronger than for
selenium(VI), as expected [FERNANDEZ-MARTINEZ '09]. The sorption capacity of ka-
olinite is at least two orders of magnitude lower compared to single oxides (Tab. 4.6).
This severely hampers the application of advanced spectroscopic techniques such as
EXAFS and in situ ATR FT-IR. Consequently, kaolinite was not further considered dur-
ing this study.

During all sorption experiments, HG-AAS evidenced the absence of homogenous re-

duction of selenium(VI) and selenium(lV) in the aqueous phase.
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44.1.3 Impact of moderate ionic strength

Sorption of selenium(VI) onto anatase, hematite, maghemite and alumina was not only
pH-dependent, but also ionic strength-dependent (Fig. 4.18). An increase of the ionic
strength from 0.01 to 0.1 mol L™" led to a significant decrease of the amount of seleni-
um(VI) retained. This is in agreement with former studies investigating selenate sorp-
tion onto several mineral surfaces like goethite [DUC '03; HAYES '88; HAYES '87; SU
'00], amorphous iron oxyhydroxide [HAYES '88; SU '00], hematite [DUC '03], cuprite
Cu,O [WALCARIUS '04], y-Al,O3 [ELZINGA '09; WU '00], hydrous aluminum oxide
[PEAK '06a] and nanosized-anatase [JORDAN '11]. This macroscopic observation is

commonly considered as an indication for outer-sphere complexation.

lonic strength variation between 0.1 and 0.01 M had no significant effect on Se(IV)
sorption onto anatase, hematite and maghemite (Fig. 4.19), similar to previous studies
on goethite [DUC '03; SU '00], amorphous iron oxyhydroxides [SU '00], hematite [DUC
'06; DUC '03], anatase [SHI '09], and y-Al,O3 [ELZINGA '09]. An indication for inner-

sphere complexation is usually derived from such macroscopic observation.

For 6—-Al,0O3; an ionic strength dependency was observed — an increase of the ionic
strength led a significant decrease. This is in good agreement with recent studies about
Se(IV) sorption onto gibbsite [GOLDBERG '14] These macroscopic observations usual-
ly refer to outer-sphere complexation. While data from [ELZINGA '09] do not provide
any direct indications for the presence of outer-sphere selenite complexes at the y-
Al,O3 surface, [PEAK '06a] proposed a mixture of inner-sphere and outer-sphere com-
plexes on hydrous aluminum oxides at pH 4.5 — 8.0 based on the XANES data of ad-

sorbed selenite.

4.4.2 Impact of high ionic strength

The influence of ionic strength on the sorption of selenium(VI) and selenium(lV) was
studied exemplarily with &-Al,O3 as mineral phase and NaCl and MgCl, as background
electrolytes. An increase of the ionic strength from 0.01 to 1 M NaCl and 0.5 M MgCl,,
respectively led to a significant decrease of Se(VI) sorption. For example at pH 5 and
at 0.01 M NacCl, 88 % of Se(VI) was sorbed whereas at an ionic strength of 1 M, Se(VI)
sorption completely vanished (Fig. 4.21). Similar influences can be found for MgCl, as

background electrolyte.
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Fig.4.21  Selenium(VI) sorption edges onto d—alumina at different ionic strengths in
NaCl and MgCl,. ([Se""iia = 1 x 10° M, m/v = 0.5 g L™, 2 days of shak-
ing)

The sorption of Se(lV) onto alumina also showed an ionic strength dependency
(Fig. 4.22). However, the impact was not as high as for Se(VI). For example at pH 5,
90 % Se(lV) was sorbed at 0.01 M NaCl and 42 % Se(IV) was sorbed at 1 M NacCl.
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Fig. 4.22 Selenium(lV) sorption edges onto d—alumina at different ionic strengths in
NaCl. ([Se™]imiia =1 % 10° M, m/v=0.5 g L™, 2 days of shaking)

The decrease in sorption of Se(VI) and Se(lV) was consistent with changes in the vari-
able surface charge of the neat mineral (Fig. 4.23). The isoelectric point (pHip) oOf

0-Al,O3 was located at pH 9.6 for low NaCl concentration (I = 0.1 M). The increase of
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ionic strength (up to | = 1 M) resulted in a decrease of the zeta potential for both the
acidic and alkaline pH range. However, in the alkaline range, the decrease of the zeta
potential was more pronounced. Additionally, in the presence of MgCl,, we observed
that the pHep was shifted to more alkaline values and at 0.1 M MgCl, no charge rever-
sal was observed. Above pH 10, a sharp potential decrease occurs due to Mg(OH),

precipitation.
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Fig. 4.23 Zeta potential of the neat surface of alumina at different background elec-

trolyte concentrations (m/v = 0.2 g L™", 2 days of shaking)

443 Impact of sorption on the pHigp of minerals

The zeta potential of selenium(VI)-reacted anatase, hematite, maghemite, and alumina
indicated that the isoelectric point of these minerals was not significantly impacted up-
on sorption (Fig. 4.24). Indeed, the differences between the pHp of the neat surfaces
(e. g. maghemite pH 7.7) and the pHgp of the selenium(VI)-reacted surfaces (e. g. ma-

ghemite pH 7.4) were within the experimental error and cannot be differentiated.
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Fig. 4.24 Zeta potential of the neat and selenium(VI) reacted surface of anatase,
hematite, maghemite and alumina. (m) [Se"'Jintia = 0 Mol L™, (®) [Se"|iniial =
5x 10 mol L™ or1 x 10 mol L™
Anatase (0.01 mol L' NaCl, m/v = 0.5 g L™", 2 days of shaking); Hematite (0.1 mol L™

NaCl, m/v = 0.75 g L', 2 days of shaking); Maghemite (0.1 mol L™' NaCl, miv=0.75g L™,
2 days of shaking); Alumina (0.1 mol L™" NaCl, miv=0.2 g L™", 2 days of shaking)

The zeta potential of minerals loaded with selenium(VI) correlates with those of the se-
lenium-free surface, i. e. it decreased with increasing pH. The results suggest that the
sorption of selenium(VI) still takes place at pH 6.0 and pH 7.5 for anatase and for ma-
ghemite, respectively. Sorption becomes then negligible at pH higher than 6.5 and 8.0
for anatase and for maghemite, respectively, since the zeta potentials of the solid
phases are no longer affected (Fig. 4.24). However, sorption edges presented in Fig.
4.18 clearly demonstrate that sorption of selenium(VI) is already completed at pH 5.5
for anatase, and 7.0 for maghemite. This discrepancy might be explained by the differ-
ent mass/liquid ratio and initial selenium(VI) concentrations used in the different exper-

iments.

A similar behavior of the pHgp upon sorption was also observed during selenate sorp-
tion onto y—Al,O3; [ELZINGA '09] and anatase [JORDAN '11]. From these investiga-

tions, the formation of outer-sphere complexes was deduced from X-ray absorption

67



[ELZINGA '09] and vibrational spectroscopic measurements [JORDAN '11]. Thus, the
absence of a shift of mineral’'s pHgp after selenium(VI) sorption gives a strong indica-
tion that selenium(VI) sorption onto solids leads to the formation of outer-sphere com-

plexes.

The lowering of the surface charge of minerals at pH < pHpp can generally be ex-
plained by the sorption of selenium(VI) anions creating negatively charged surface
complexes possibly at the vicinity of the shear plane and, thus, indicating a close asso-
ciation to the surface. On the other hand, the reduction of the net positive charge dur-
ing selenium(VI) sorption might be attributed to electrostatic H-bonding between the
= XOH," (X =Ti, Fe or Al) surface groups and the negatively charged selenate oxyan-
ions. Again, this type of bonding requires a close association between the selenium(VI)
ions and the investigated surfaces. This has also been suggested from investigations

of selenate sorption onto y—Al,O3; [ELZINGA '09].

After reaction with Se(lV), the pHep of anatase, hematite, maghemite and alumina was
significantly shifted toward lower pH (Fig. 4.25). At pH 10, the zeta potential of anatase
and maghemite is no longer affected by Se sorption, whereas this happens for hema-
tite and 8-alumina at pH 11. This suggests that sorption does not take place at these
pH values. This is in agreement with batch sorption experiments (Fig. 4.19) for all min-
erals (although for anatase and &-alumina, different initial selenium(lV) concentrations

were used in the batch and zeta potential experiments).
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Fig. 4.25 Zeta potential of the neat and selenium(lV)-reacted surface of anatase,

hematite, maghemite and alumina

(m) [Seinitias = O M, (@) [Se"]iniiar = 10 mol L™, 5 x 10° mol L™ or 10 mol L™". NaCl 0.1
mol L™ Anatase (m/v = 0.75 g L™, 2 days of shaking); Hematite (m/v =0.25 g L™, 2 days
of shaking); Maghemite (m/v = 0.25 g L™, 2 days of shaking); Alumina (miv=XgL™", X
days of shaking)

The shift of the pHgp of mineral surfaces to lower values upon anion uptake, due to ac-
cumulation of negative charge within the shear plane, can be interpreted as inner-
sphere coordination or surface precipitation. XAS showed no evidence for surface pre-
cipitates including iron(lll) selenite phases for maghemite (see Chapter 4.5.5). There-
fore, the formation of inner-sphere complexes is the most plausible explanation. In-
deed, in parallel to spectroscopic investigations (EXAFS, FT-IR, Raman), the lowering
of both pHigr and zeta potential values of mineral surfaces after sorption was consid-
ered to be an indication of inner-sphere complexation, e. g., after sorption of As(V) onto
maghemite [TUUTIJARVI '10] and SeO3?” onto am-Fe(OH); and y-Al,O5 [ELZINGA '09;
Su '00].
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4.4.4 Impact of temperature

44.4.1 Batch studies

The effect of temperature on the removal of selenium(VI) and selenium (IV) by ana-

tase, hematite and alumina is comparatively shown in Fig. 4.26 and Fig. 4.27.
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Fig. 4.26  Selenium(VI) sorption edges onto anatase, hematite and alumina at differ-

ent temperatures
[Se"nitar= 1 x 10° mol L™*, NaCl 0.1 mol L™". Anatase (m/v = 0.5 g L™, 2 days of shaking);
Hematite (m/v = 0.75 g L™", 2 days of shaking); Alumina (m/v = 0.5 g L™, 2 days of shaking)
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Fig. 4.27 Selenium(IV) sorption edges onto anatase, hematite and alumina at differ-

ent temperatures

NaCl 0.1 mol L™"; Anatase ([Se"Jinita = 1 x 10° mol L™, miv = 0.25 g L™, 2 days of shak-
ing); Hematite ([Se"Jiniiar=5 x 10 ° mol L™", m/v = 0.25 g L™, 2 days of shaking); Alumina
(1Se™inita= 1 x 10 mol L', miv=0.5 g L™, 2 days of shaking)

At elevated temperature, the influence of the pH on the sorption of selenium(VI) and
selenium(lV) onto the investigated minerals shows a similar general tendency, that is, a
decrease in the sorption with increasing pH. However, the sorption capacity of anatase,
hematite and alumina towards selenium(VI) and anatase and alumina towards seleni-
um(lV) is significantly lowered at higher temperatures. This is in agreement with the
formerly observed decrease of selenium(VI) sorption onto goethite [KERSTEN '13;
VLASOVA '04] and agro-industrial waste [HASAN '10] with increasing temperature, re-
spectively. Impact of temperature on selenium(lV) sorption by anatase is also in
agreement with recent studies, where selenite sorption capacity onto iron oxides and
oxyhydroxides (goethite and ferrihydrite) [BALISTRIERI '87; PARIDA '97b], ferroman-
ganese nodules [PARIDA '97a], a and y activated alumina [JEGADEESAN '03], alumi-
na (a-A;O3 and y-Al,O3) [PARIDA '03], layered metal double hydroxides, e. g. Mg/Fe
hydrotalcite [DAS '02], iron-coated fly ash [WASEWAR '09], TiO, nanoparticles

[ZHANG '09], different biomaterials, e. g. a waste product from agro-industrial waste
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[HASAN '10], dead green algae [TUZEN '10] was found to decrease upon increasing
the ambient temperature. Note that the temperature impacts selenium(lV) sorption by
hematite to a smaller extent in comparison to anatase. This might reflect surface pre-
cipitation of e. g. Fe,(SeOs); phases, whose solubility would not be so significantly dif-
ferent at 333 K. Such phase precipitation upon Se(IV) sorption by hematite at room
temperature was already suggested by [DUC '06]. Furthermore, the pH value at which
Se(VI) and Se(lV) sorption is suppressed is shifted to lower pH values, reflecting modi-
fications of the mineral surface properties with increasing temperature (see

Chapter 4.4).

In addition to the change of the surface charge of the minerals, the decrease in seleni-
um(VI) and selenium(lV) adsorption efficiency with increasing temperatures might in-
volve other parameters: the exothermic nature of the sorption process or the instability
of the selenium-mineral surface complex (which may result in the release of selenium
ions from the solid phase to the solution). A phase transformation or an increasing dis-
solution of anatase and hematite leading to fewer available sorption sites can be dis-
carded under our experimental conditions (see Chapter 4.3). The decrease of seleni-
um(VI) and selenium(lV) sorption with increasing temperature, observed during the
batch experiments, is also not related to a change in selenium aqueous speciation (see
Chapter 4.2.2)

4.4.4.2 Thermodynamic evaluation of sorption process

Thermodynamic parameters were evaluated to assess the thermodynamic feasibility
and to determine the exothermic/endothermic nature of the adsorption process. The
changes in Gibbs free energy of reaction (ArG), enthalpy of reaction (AgH), and entro-
py of reaction (ArS) were determined at different temperatures and pH for the sorption
of selenium(VI) by anatase, hematite and alumina and for the sorption of selenium(lV)

by anatase and alumina. For this, the following equations were used:

Kd = Cads/Ceq (4'1)
ARG = - RT In Ky (4.2)
ARG = AgH - T ARS (4.3)
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where Ky expresses the distribution coefficient at equilibrium (L g™"), while Cags (ug g7")
and Cqq (Mg L™") are the equilibrium concentrations of selenium on the mineral surface
and in the supernatant, respectively. R is the universal ideal gas constant (R = 8.314 J
mol™ K™") and T is the temperature (K) [DASH '07; HASAN '10; NEGREA '10; TUZEN
'10].

The van’t Hoff equation enables the calculation of AgH and AgS:

AgH | AS (4.4)

InK, =-
RT R

Hence, In Kq was plotted as a function of 1/T (Fig. 4.28 and Fig. 4.29), allowing the
calculation of the AgH (slope) and ARS (intercept) [DASH '07; HASAN '10; NEGREA
'10; TUZEN '10]. It was assumed that enthalpy and entropy changes upon reaction

were constant and therefore not temperature-dependent in the studied range.
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Fig. 4.28 van’t Hoff plot for selenium(VI) sorption by anatase and hematite
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Except at pH 4.0 for the Se(Vl)/anatase binary system, the van’t Hoff plot was found to
be linear for all binary systems under investigations. The obtained correlation coeffi-
cients R? for the binary Se(Vl)/anatase system are indicated in Tab. 4.7, as well as
ARG, AgH and AgS values (Tables for Se(VI)/hematite and Se(lV)/anatase can be
found in Appendix).

The negative values of the enthalpy of reaction AgH indicate that the adsorption of
Se(VI) onto anatase (Tab. 4.7) and hematite (Tab. A.9 in Appendix) as well as the
sorption of Se(lV) by anatase (Tab. A.10) is an exothermic process, in agreement with
former studies [DAS '02; HASAN '10; JEGADEESAN '03; KERSTEN '13; TUZEN '10;
ZHANG '09]. The negative values of ArS might indicate a higher order, i. e. a reduced
degree of freedom at the solid—solution interface due to the adsorption of selenium on
the active surface sites of minerals, as already mentioned by Tuzen and Sari [TUZEN
'10] and Hasan and Rajan [HASAN '10]. The increase in ArG values with increasing pH
and temperature indicates that the sorption process becomes unfavorable and less

feasible [HASAN '10], in agreement with macroscopic results.
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Tab. 4.7 Estimated values of ARG, ArH, ARS and R? (correlation coefficient of the
van’'t Hoff plot) for the adsorption of selenium(VI) onto anatase at different

pH and temperatures

pH 4.0
T (K) ARG (kJ mol™) AgH (kJ mol™) ArS (3 mol™' K™ R?
298 -0.9+0.3
313 -0.4%0.1 -11.0+5.0 -33.0+15.0 0.845
333 04+03
pH 4.5
T (K) ARG (kJ mol™) AgH (kJ mol™) ArS (3 mol™' K™ R?
298 -0.6+0.2
313 1.5+0.1 -41.0 + 4.0 -135.0 + 13.0 0.991
333 42+0.3
pH5.0
T (K) ARG (kJ mol™) AgH (kJ mol™) ArS (3 mol™' K™ R?
298 4.0+0.2
313 7.0+0.1 -61.0 + 3.0 -220.0 + 10.0 0.998
333 12.0+0.2

In summary, anatase, hematite, maghemite and d—alumina nanoparticles exhibited fast
adsorption kinetics toward selenium(VI) and selenium(lV). Batch experiments showed
a decreased sorption of both oxyanions with increasing pH (3.5 — 11) on studied min-
erals. Increase of ionic strength (0.01 to 0.1 M NacCl) led to a decrease of selenium(VI)
sorption, while it had no significant influence on selenium(IV) sorption concerning ana-
tase, hematite and maghemite. For the Se(lV) sorption, d—alumina is an exception.
Here, an increase of ionic strength led to a decrease in sorption. Electrophoretic mobili-
ty measurements showed that selenium(VI) sorption had no impact on the pHpp of
minerals, while it was significant shifted toward lower values upon selenium(lV) sorp-

tion.

Results from sorption edges as well as electrophoretic mobility measurements strongly
suggest that selenium(VI) forms outer-sphere complexes onto studied minerals, i. e.
the interaction proceeds through electrostatic attraction. The occurrence of seleni-
um(lV) inner-sphere complexes via the formation of chemical bonds between Se spe-
cies and the anatase, hematite and maghemite surfaces, can be postulated. For
O0—alumina, a mixture of inner- and outer-sphere complexes can be expected. However,

a spectroscopic characterization is mandatory for a detailed knowledge of the sorbed
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species at the solid/liquid interface at a molecular scale. Upon increasing temperature
up to 333 K, a decreased sorption was observed. Temperature-dependent studies re-
vealed that selenium(VI) and selenium(IV) sorption is an exothermic process. The ob-
served decrease of sorption upon increasing temperature leads to an increase mobility
of selenium, which might have drastic consequences in the context of nuclear waste
management. Hence, an increased mobility of selenium species must be taken into ac-

count in future safety assessments
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4.5 Spectroscopic elucidation of Se(VI) and Se(lV) sorption and redox

processes

A full understanding of adsorption mechanisms and identification of sorbed species at
the molecular level can only be achieved by applying advanced spectroscopic tech-
nigues such as in situ ATR FT-IR and EXAFS. The identification of the sorption com-
plexes of selenium onto minerals by in situ ATR FT-IR can be accomplished by a com-
parative analysis of vibrational data of structurally well-known selenium-complexes.
Due to considerations of the molecule symmetry and valid selection rules of IR spec-
troscopy, the number of observed bands as well as their relative intensities potentially
allows the derivation of structural characteristics of the surface species. Anatase, hem-
atite, maghemite and alumina do not show any significant strong bands in their IR
spectra between 1000 and 750 cm™ (Fig. A.9 in Appendix). Thus, the sorption pro-
cesses of Se can be investigated without any spectral interferences of the mineral sur-
faces. By applying EXAFS spectroscopy, the distances between a central heavy metal
atom and its neighbor atoms together with their coordination number can be deter-
mined. Different oxidation states of selenium can be observed at mineral surfaces
down to a micromolar level using XANES. Experimental details about in situ ATR FT-IR
and EXAFS, as well as additional information, can be found in the Appendix E. The re-
dox reactions of Se(VI) and Se(lV) at the magnetite surface and the identification of the

end-products were accomplished by applying XPS.

45.1 Se(VI) onto Anatase

The sorption process of selenium(VI) by anatase was elucidated by in situ ATR FT-IR

and the impact of elevated temperature was on line monitored for the first time.

According to [OLIN '05], the uncoordinated tetrahedral SeO,* molecule is the predom-
inant aqueous species between pH 3.5 and 14. Due to the T4 symmetry, the selenate
ion has only two IR active normal modes, i. e. the v; triply degenerate asymmetric Se—
O stretching and the v, triply degenerate out of plane O-Se-O bending modes
[NAKAMOTO '97; PERSSON '96; SU '00]. Because the v, mode is outside of the spec-

tral range of our ATR device, it will be not considered in the following discussions.

[JORDAN '11] evidenced the sorption of selenium(VI) onto anatase to proceed via for-

mation of outer-sphere complexes. Their study highlighted the absence of changes in
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the sorption mechanism of selenium(VI) onto anatase with increasing pH at room tem-
perature. Hence, we performed our IR spectroscopic sorption experiments only at
pH 3.5 where the highest sorption capacity was observed and at three different tem-
peratures (298K, 313K and 333 K) (Fig. 4.26).

The course of an in situ sorption experiment is exemplarily shown for 313 K (Fig. 4.30).
The prepared anatase film on the ATR crystal was sufficiently stable, reflected by IR
spectra showing no relevant spectral changes after 60 min of equilibration (Fig. 4.30a).
In addition, the absence of bands in the equilibration spectrum in the region between
1000 and 700 cm™' enables the investigation of Se sorption processes without any

spectral interferences of the anatase film.

313 K

equilibration (a)

sorption (b)
20 min
10 min
5 min
3 min

Absomption fa.u,

] <885

flushing (c)

' I
1100 1000 900 a00
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Fig. 4.30 Course of Se(VI) in situ IR spectroscopic sorption experiment at 313 K: (a)
Equilibration of the anatase film with blank solution (0.1 mol L™ NaCl, pH
3.5), (b) Se(VI) sorption onto anatase ([Se"iniia =5 * 10™* mol L™, 0.1 mol
L™" NaCl, pH 3.5) recorded at different times after induced sorption as indi-
cated and (c) Flushing of Se(VI) loaded anatase with blank solution. The

indicated value is in cm™

Upon Se(VI) sorption, one distinct band at 885 cm™ was detected (Fig. 4.30). The in-
creasing intensity with contact time reflects the Se(VI) accumulation on the surface. No
modification of the surface speciation during the sorption process was noticeable, since

the shape of the band did not change throughout the complete contact time. The ab-
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sence of intensity changes after 20 min of induced sorption indicates fast formation of

equilibrium conditions (Fig. 4.30, black traces).

The nature of selenium(VI) sorbed species onto anatase can be identified by a com-
parative analysis of vibrational data of the free agueous species as well as structurally
well-known selenato-complexes. The slight blue shift of vs(Se-O) from 872 cm™ to
885 cm™" reflects a slightly disturbed local symmetry of the sorbed complex in compari-
son with the T4 symmetry of the aqueous species SeO,?” and can be explained by the
formation of a predominantly outer-sphere complex. Such outer-sphere complexes with
slightly disturbed T4 symmetry were recently observed for sulfate reacted onto y-Al,O3
[MULLER '11] and SeO,* surface species onto anatase [JORDAN '11] by in situ ATR
FT-IR spectroscopy. Additionally, a slightly shifted frequency of the v; (F,) mode com-
pared to the aqueous species was reported from selenate sorption experiments on

goethite by Raman spectroscopy [WIIJNJA '00].

Subsequent to sorption, the Se(VI) loaded film is flushed with the blank solution for an-
other 30 min. The respective difference spectrum showed a negative band at nearly the
same frequencies compared to those observed during the sorption process (Fig.
4.30c). The negative absorption is assigned to the release of sorbed selenate species
from the anatase film. The fast and reversible sorption process of selenium(VI) onto
anatase by in situ ATR FT-IR can be related to electrostatic interactions, in agreement
with a recent study [JORDAN '11].

The courses of the sorption experiments at 298 and 333 K were found to be identical,
and the calculated mid-IR difference spectra obtained at the end of the Se(VI) sorption

process as a function of the temperature are compared in Fig. 4.31.

79



Absorption f OD

Sorption

IE.E m OD

T [ T I T [
1100 1000 200 800
Wavenumber [ cm™

Fig. 4.31 In situ mid-IR spectra of selenium(VI) sorption complexes onto anatase
([Se"finitas =5 % 10* mol L™, pH 3.5, 0.1 mol L™" NaCl) recorded at different
temperatures as given
Ordinate scaling is given by the bar in units of optical density. Other values

indicated are in cm™

At all temperatures, the high congruence of the spectra suggests that the same Se(VI)
surface species are formed on the anatase. With increasing temperature, a very small
blue shift of 6 cm™ of the asymmetric vs(Se-O) stretching mode was observed, but no
changes that would imply different sorption mechanisms. In agreement with the batch
experiments, the decreasing amplitude of the band of v3(Se-O) reflects that the sorption
capacity of selenium(VI) was reduced at higher temperatures. This slightly disturbed
symmetry can indicate some chemical contribution to the electrostatic attraction (short-
er distance/reduced hydration shell), which would in turn induce a decreased entropy,

in agreement with the negative entropy of reaction derived from the batch experiments.

In situ ATR FT-IR results evidenced the formation of outer-sphere surface complexes
upon Se(VI) sorption onto anatase, with no significant structural changes within the in-
vestigated temperature range (298K to 333 K). The decreasing amplitude of the IR

band was in agreement with batch studies (see Chapter 4.4.4).
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45.2 Se(VI) onto Maghemite

45.2.1 In situ ATR FT-IR spectroscopy

The vs mode of the Se0,%” molecule is observed at 867 cm™ in the IR spectrum of a
0.1 mol L™" aqueous solution at pD 4.0 (Fig. 4.32a). The slightly shifted frequency of
this band compared to literature data [SU '00] is due to the isotopic effect of the solvent
D,0 (Tab. 4.8).

The formation of a maghemite film with a sufficient stability during the preparation pro-
cedure was demonstrated by the IR spectra showing no relevant spectral changes after

45 minutes of equilibration (data not shown).

The sorption spectra (Fig. 4.32b) recorded after different times after induced sorption
show a characteristic pattern of four partially overlapping bands in the spectral region
between 1000 and 750 cm™'. From second derivative spectra the maxima of these
bands were determined to 911, 883, 855, and 830 cm™". The intensities of these bands
are increasing within the first 20 minutes of sorption time. After this time, the band in-
tensities did not change significantly, suggesting that the solid phase was saturated
with Se0,* and an equilibrium state was achieved. The shape of the band pattern
does not change throughout the complete time of sorption (up to 120 min) indicating
that there is no change of the surface speciation during the sorption process. Addition-

ally, this precludes the formation of surface precipitates at extended sorption times.

Subsequently, the maghemite film was again flushed with a 0.1 mol L™ NaCl blank
electrolyte for another 45 min. The respective spectra (Fig. 4.32c) show negative
bands at nearly the same frequencies compared to those observed during the sorption
process. As mentioned before, there are no bands expected from maghemite between
1000 and 750 cm™, thus, these bands must be due to the release of sorbed selenate

species from the maghemite film.
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Fig. 4.32 IR spectra of selenium (1V)
(a) IR spectrum of 0.1 mol L™ selenium(VI) in aqueous solution at 0.1 mol L™ NaCl in D,0.
(b) In situ IR spectra of selenium(VI) sorption complexes onto maghemite ([Sev']mma| =5x
10~ mol L™, D,0, pD 3.5, 0.1 mol L™ NaCl, Ny) recorded at different points of time after in-
duced sorption. (c) In situ IR spectrum of released selenium(VI) sorption complex recorded

at different points of time after subsequent flushing of the maghemite phase with blank solu-
tion (DO, pD 3.5, 0.1 mol L™" NaCl, Ny)
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Tab. 4.8

Observed frequencies of vibrational modes and assigned symmetry group

of aqueous and complexed selenate ions observed by IR and Raman

spectroscopic technigues

Mode and ob-
served frequency
Symmetry (cm™) Technique |Coordination| Reference
Vq V3

Se0,* free aqueous species

Tq 872 IR [SU '00]

Tq 867 IR This study

Ty 837|873 Raman [WIINJA '00]
Solid cobalt selenato(VI) complexes

Cav 800(885 845 |IR Monodentate |?[ROSS '70]

Cov 780|930|895 830 | IR Bidentate lagene |77]

mononuclear
; 5
Co 801 |908|872(822 |IR Bidentate | TWIEGHARDT
bridging 71]

Selenium(VI) sorption complexes on iron oxides and oxyhydroxides
Sorbent
a-Fe;,O; |Cay 820|880 (850 IR Monodentate |![PEAK '02]
®hydrous Bidentate [HARRISON
Fe-oxide |2 910880820 IR bridging '82]
®a- Bidentate :
FeOOH Cov 911|885|815 |DRIFT bridging [SU '00]
y-Fe,03 |Cyy 829|904 (879|859 |IR Bidentate This study
a-Fe,0; |Cyy 827]912|882(853 |IR Bidentate This study

! Measurements performed in D,O;
2 [Co(NH3)sSeO,]Cl
% As highlighted by Wijnja and Schulthess (2000), this band was present in the IR spectrum, but not attributed to SeO,

species;

* Co(ps)Se0y;

® [C0x(Se04)2(OH)(NH3)e]Cl;
Cair-dried solids
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The high congruence of the spectra in the sorption and flushing step strongly suggests
that the same selenium(VI) species observed during the sorption process are released
from the solid phase during the flushing step. With desorption time, the intensity of the
observed bands increases with accumulation time during the first 20 minutes (with a
constant width). At longer desorption times, no more selenium(VI) is desorbed. The fast
and reversible sorption process of selenium(VI) onto maghemite observed by in situ
ATR FT-IR can be related to an outer-sphere complexation mechanism, in agreement
with batch sorption experiments and zeta potential measurements. In addition, the for-
mation of similar outer-sphere complexes upon Se(VI) sorption onto y-Al,O; was re-
cently derived from batch experiments, electrophoretic mobility measurements and
EXAFS [ELZINGA '09]. However, since the amplitude of the desorption reaction spec-
tra does not exceed 80 % of the sorption spectra, it can be assumed that the reversibil-
ity of the sorption reaction is not fully given under the prevailing conditions. This might
be due to different kinetics of both reactions or even due to the formation of a small

fraction of another not yet identified surface species.

The spectral features representing the selenate anions sorbed onto the solid phase
(Fig. 4.32b,c) clearly reflect a different local symmetry in comparison to the T4 sym-
metry of the aqueous species (Fig. 4.32a). From the second derivative spectrum four
spectral components were identified in the sorption spectra. The resulting fitting proce-
dure provides a best fit as shown in Fig. 4.33 with four single peaks located at 904,

879, 859 and 829 cm™" and a local residual root-mean-square error of 4.2 x 1075,

The first three former peaks are assigned to the vz mode which is split upon sorption to
the solid phase. Such a splitting of this mode is observed for selenato groups showing
a C,, symmetry, either with a bidentate mononuclear configuration in compounds like
Co(ps3)SeO,4 [BENELLI '77] or with a bidentate bridging configuration in compounds like
[C0o,(Se0,4),0OH(NH3)6]Cl [WIEGHARDT '71] (Tab. 4.8). There, the lowering of the
symmetry from T4 to C,, led to the appearance of three bands, located at 908, 872 and
822 cm™'. Moreover, the v; mode observed at 801 cm™' becomes IR active and shows

a lower frequency compared to the free selenate aqueous species.
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Fig. 4.33 Deconvolution of the IR spectrum of selenium(VI) sorption onto maghemite
(1S€"nitis = 5 % 10™* mol L™", D,0, pD 3.5, 0.1 mol L™ NaCl, N,). Dotted

line indicates the overall fit

A similar split of the v3 mode into three bands has been also observed for the isostruc-
tural sulfate anion in the [Co,(NH3)g(NH2)SO,4](NO3); complex by [NAKAMOTO '57]
which has a bidentate bridging configuration and a C,, symmetry. In this case, the v;
mode becomes also IR active, but it is blue shifted compared to the free sulfate aque-

ous species.

From these findings, we conclude that the three bands observed at 904, 879, 859 cm™
in Fig. 4.32 represent the split v; mode while the band at 829 cm™ is attributed to the v,
mode becoming IR active due to the lowered symmetry of the sorbed ions. Conse-
quently, the spectra strongly suggest a bidentate coordination of the selenate ions to

the maghemite surface.

In analogy to the batch experiments, the impact of the ionic strength on the sorption
processes can be spectroscopically verified by the in situ IR measurements. Reducing
the ionic strength by a factor of 10 (0.01 mol L™") led to the same spectral characteris-
tics (Fig. 4.34a).
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Fig. 4.34 In situ IR spectra of selenium(VI) sorption complexes
(a) In situ IR spectra of selenium(VI) sorption complexes onto maghemite ([Se"Jinitia = 5 %
10™* mol L_1, H20, pH 4, 10 min of sorption, N>) recorded at different ionic strength. The
amplitude is decreasing with increasing ionic strength, reflecting the reduced amount of
sorbed selenate with increasing the background electrolyte concentration. (b) In situ IR
spectra of selenium(VI) sorption complexes onto maghemite ([Sev']inma| =5x10*mol L™,
D,0, 0.1 mol L’ NaCl, 10 min of sorption, N>) recorded at different pD values. The ampli-
tude is decreasing with increasing pD reflecting the reduced amount of sorbed selenate

with increasing pH

Moreover, in agreement with batch sorption studies, it can be explicitly demonstrated
that the sorption of selenium(VI) was higher at a lower ionic strength. These findings
corroborate the postulated formation of outer-sphere complexes from the batch exper-

iments.

Furthermore, at higher pD values the same spectral characteristics are observed (Fig.

4.34b). In accordance to observations made of the sorption edge, the band amplitudes
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correlate with the amount of sorbed selenium(VI), i. e. their amplitudes are decreasing
with increasing pD. The formation of different surface complexes between pD 3.5 and
pD 6.0 can be discarded, since no significant band shifts were observed. However, one
can see that the spectra at pD 8.0 has no splitting anymore and its peak maximum is
located at 871 cm™, i. e. close to the aqueous selenate species (867 cm™). This
means that at pD 8.0, no sorption takes place, as suggested by the batch experiments
presented in Fig. 4.18.

45.2.2 EXAFS

In this section, we discuss results obtained from samples adjusted to pH 3.5 and 4.0.
At higher pH values, spectra were too noisy to be analyzed because of the low loading
levels. The XANES edge energy of 12.663 keV as well as the strong white-line intensity
(Fig. 4.35 left, Tab. 4.9) of the selenate-reacted maghemite samples is in line with
Se(VI).

-

Fluorescence /fa.u
=
I
w
on
FT Magnitude

12.60 12.65 12.70 12.75 0 1 2 3 4 5 6
Photon energy / keV R/A

Fig. 4.35 XAS spectra of selenate sorbed onto maghemite at two different pH val-
ues; (Left: XANES; right: EXAFS Fourier transform (3-13 A™) with k*-

weighted chi functions as insert)
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Tab.4.9 Se-K edge XAFS, fit results (So?= 0.8)
(The fits include all tri- and four-legged MS paths as described in the text)

Oxygen shell Iron shells AE [eV] Xres %

pH | 'CN | °R[A] | 0?[AY | CN | R[A] | 0?[A?
35 (3.8 |1.65 0.0004 |0.3 |3.38 |0.0006 15.4 15.1
40 |41 |1.65 0.0004 |0.3 |3.38 |0.0008 14.8 14.3

Since no additional shoulders at lower energy, i. e. 12.662 keV, characteristic of sele-
nium(lV) and 12.656 — 12.657 keV characteristic of elemental selenium and seleni-
um(-Il) were observed, it can be deduced that sorption to maghemite did not change
the Se oxidation state. Therefore, the presence of Fe(ll) traces as verified by UV-VIS
spectrophotometry did not lead to a significant amount (> 2.5 %) of reduced selenium.
Hence, only sorption processes were responsible for the withdrawal of selenate oxyan-

ions from the aqueous phase.

The Fourier transform magnitude (Fig. 4.35 right) shows a strong peak at about 1.3 A
(not corrected for phase shift), which was fit with four Se-O paths at 1.65 A, typical for
the tetrahedral coordination of selenate. At around 3 A, there is another broad FT peak
visible. While its height may appear insignificant, it is consistently reproduced in both
spectra. Furthermore, this peak arises from a beat pattern, which is already present at
low k-range (see e. g. the shoulder at 4.5 A™") and much higher than the noise level.
Therefore, this small and broad peak has to be considered as significant backscattering

contribution from atoms beyond the coordination sphere.

In earlier work, this region was fitted with about two Se-Fe paths between 3.29 and
3.38 A distance and interpreted as binuclear bridging inner-sphere sorption complex
[HAYES '87; MANCEAU '94]. When we fitted this region in the same way, i. e. with a
Se-Fe path, we obtained a coordination number of 2 - 3 and distances of 3.33 — 3.35 A,
which would confirm the earlier interpretation. However, this result is in obvious contra-
diction to the results obtained by IR spectroscopy, the ionic strength dependence and
the absence of the pHep shift observed in zeta potential measurements, all suggesting

formation of outer-sphere sorption complexes.

Wavelet analysis [FUNKE '05], which allows the discrimination of backscattering from
Fe and from Se, showed for this FT peak a k-space maximum at 6 A™" in line with Fe

backscattering, and lower than a maximum at 7 — 8 A" expected for Se-Se backscat-
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tering [SCHEINOST '08b]. Therefore, we can exclude formation of Se ion pairs or sur-
face polymerization of selenate at the surface of maghemite. This is consistent with the
fact that as far as we know, the polymerization of the selenate ion in sodium selenate
aqueous solutions has never been reported [MANCEAU '94; OLIN '05; SU '00].

In a next step, we considered multiple scattering (MS) contributions from the coordina-
tion sphere. In tetrahedral coordination all four Se-O distances have the same length
(within the EXAFS resolution of about 0.13 A at the given k-range of 2.0 — 14.5 A™),
giving rise to 16 tri-legged Se-O-O MS paths with distances around 3.0 A, and to 16
four-legged Se-O-Se-O MS paths at twice the distance of the coordination shell (3.3 A),
as for instance in Na,(SeOQ,) [FUKAMI '03]. When these MS paths were included into
the fit (CN, distances and Debye-Waller factors linked to the single scattering path of
the coordination shell), then the Se-Fe CN dropped to 0.3 and the fit improved signifi-

cantly. Therefore, only these fit results are shown in Tab. 4.9.

The Se-Fe distance in both pH samples is 3.38 A, in line with previous results of sele-
nate sorption to Fe oxides. Assuming a straight corner-sharing arrangement between a
selenate tetrahedron and a Fe(O,0H)e octahedron, the expected distance would be be-
tween 3.59 and 3.69 A, assuming an Se-O distance of 1.64 A and Fe-O/OH distances
between 1.95 and 2.05 A. The observed, much shorter distance of 3.38 A indicates
hence a bent angle along the Fe-O-Se unit, which has been previously interpreted —
along with a Se-Fe coordination number of two — as a bidentate, binuclear corner-

sharing complex.

Since maghemite contains also Fe(lll) in tetrahedral coordination, the coordination to
Fe-O tetrahedra (R(Fe-O) = 1.92 A) has to be considered. To obtain the distance of
3.38 A, an angle Se-O-Fe of 143° would be required, which is still unreasonable for a
single corner-sharing arrangement. A binuclear corner-sharing arrangement between
selenate and either two tetrahedral Fe centers, or one tetrahedral and one octahedral
Fe center is more likely. However, previous studies elucidating the bonding structure of
As(l), Sb(lll) and Pu(lll) on magnetite have demonstrated, that the octahedrally termi-
nated {111} faces are the most reactive [KIRSCH '11; KIRSCH '08; MORIN '09; WANG
'08]. This was also confirmed for As(lll) sorption to maghemite [AUFFAN '08; MORIN
'08]. Therefore, sorption of selenate to Fe octahedral centers in binuclear corner-
sharing is the most likely explanation for the observed Se-Fe distance of 3.38 A, alt-

hough the coordination numbers far below 2 seem to contradict this interpretation.
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Taking into account the outer-sphere complexes suggested by IR spectroscopy, how-
ever, allows deriving an explanation. Such outer-sphere complexes do not show Se-Fe
interactions, because their distances would be too far and to disordered to be detecta-
ble by EXAFS spectroscopy, but show only the Se-O backscattering from the coordina-
tion shell. Since the signal from the coordination shell is expected to be similar (again
within EXAFS resolution) for the inner-sphere and the outer-sphere complexes, and
since EXAFS spectra represent the weighted statistical average of all excited Se atoms
and hence Se species, the low coordination number may arise from a special mixture
of these inner- and outer-sphere complexes. Since the Se-Fe coordination number is O
for the outer-sphere complex, and 2 for the binuclear corner-sharing complex, the frac-
tion of the binuclear complex is 0.3/2 = 0.15. The majority of Se, 85 %, can then be as-
sumed to be present as outer-sphere complex, so the EXAFS results are largely in line
with the conclusion from batch sorption experiments, zeta potential measurements and
in situ ATR FT-IR studies, that selenate is sorbed to maghemite predominately as out-

er-sphere complex under the given conditions.

The IR spectra of the wet pastes prepared under identical conditions to the EXAFS
samples (with similar surface loadings) are similar to those obtained during the in situ

experiments (Fig. 4.36).

Therefore, it can be assumed that outer-sphere species are predominantly observed by
IR spectroscopy, irrespective of the sample preparation. However, we do not complete-
ly rule out the presence of inner-sphere complexes also showing a bidentate coordina-
tion. A relatively small fraction of formed inner-sphere complexes might be present and
cannot be resolved under the prevailing conditions by the IR technique applied. We can
hypothesize that this small fraction could represent the unreleased fraction observed

during the flushing step in the in situ IR experiments.
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Fig. 4.36  Deconvolution of the IR spectrum of selenium(VI) sorption onto maghemite
(wet paste). ([Se“"]iniia = 10 mol L', miv=2g L™, D,O, pD 3.9, 0.1 mol
L™" NaCl, 3 days of shaking)

Gray dotted line indicates the overall fit. The resulting fitting procedure provides a best fit
with four single peaks located at 907, 883, 861 and 828 cm™" and a local residual root-
mean-square error of 3.12 x 107, in agreement with in situ ATR FT-IR measurements
showed in Fig. 4.33. At higher pD (4.4), the amplitude is decreasing with increasing pD re-
flecting the reduced amount of sorbed selenate with increasing pH, and a similar shape
spectra was obtained (results not shown)

45.2.3 Outer-sphere complexation classification

The appearance of inner-sphere complexes results from the formation of a chemical
bonding between the sorbed species and a functional group located at the surface.
This sorption mechanism is referred to specific adsorption. If the selenate oxyanions
are coordinated to such a functional group via one or two of their oxygen atoms, their
symmetry will be lowered compared to the free aqueous species. This change of the
molecule symmetry is expected to be reflected by significant alterations in the vibra-

tional spectra compared to those of the fully hydrated aqueous oxyanions. Generally,
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because of the symmetry change vibrational modes might become IR active which
were previously IR inactive and/or a different splitting of multiple degenerate modes

might be observed.

During outer-sphere complexation, water molecules separate the sorbed species and
the functional surface groups. This is referred to non-specific adsorption. Indeed, dur-
ing the formation of outer-sphere surface complexes, the oxyanions retain their hydra-
tion shell and do not form chemical (covalent) bonds with the surface sites. Rather, the
attraction is done by electrostatic forces. Therefore, the symmetry of outer-sphere
complexes is expected to be very similar to those of the free oxyanions in solution, i. e.
Tq. However, a slight distortion could lead the v; mode to become IR active and the
frequency of the vz mode should increase. For example, [NAKAMOTO '57] studied the
complex [Co(NH3)g]2(SO4)3'5H20. In the IR spectra, the v; (F2) mode of the S0,% ion,
which is isostructural to SeO,*", was not split, but its frequency was shifted to higher
wavenumbers. In addition, the authors observed a very weak v; mode, due to the pres-
ence of [Co(NHs)s]**. Despite the slight distortion, a tetrahedral T4 symmetry for such
complexes was assumed. Such outer-sphere complexes with slightly disturbed T4
symmetry were recently observed for sulfate reacted onto y-Al,O; [MULLER '11] and
Se04*” surface species onto anatase [JORDAN '11] by in situ ATR FT-IR spectrosco-
py. Additionally, a slightly shifted frequency of the v; (F,) mode compared to the aque-
ous species was reported from selenate sorption experiments on goethite by Raman
spectroscopy [WIINJA '00].

In this study, we observed the formation of bidentate outer-sphere complexes during
selenium(VI) sorption onto maghemite showing a C,, symmetry instead of T4 by IR
spectroscopy. A close association of these outer-sphere complexes to the maghemite
surface could take place via H-bonds, as it was recently suggested from sorption ex-
periments of atmospherically derived carbonate onto ferrihydrite [HAUSNER '09]. From
this study, an outer-sphere H-bonded surface species was derived showing a signifi-

cantly different IR spectra compared to the aqueous species.

Such an intermediate complex would not be easily detectable by EXAFS spectroscopy
because of two reasons. First, the specific geometry suggests that Se-Fe distances are
longer than 4 A, which are difficult to detect for non-solids. Second, the H-bond is most
likely weak, leading to a disordered arrangement at the surface. The resulting length
variation of the Se-Fe backscattering paths is then subject to substantial destructive in-

terference, which annihilates the corresponding signal. Therefore, the absence of a Se-
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Fe path at > 3.5 A does not contradict the formation of such a specific type of outer-

sphere complex.

For the first time, this study highlights the possibility to differentiate between different
types of outer-sphere complexes of the selenate anion by IR spectroscopy. These find-
ings are related to the work of [LEE '10], who investigated the hydrated cation specia-
tion (Cu®*, Zn**, Sr**, Hg*, and Pb?") at the muscovite (001)-water interface using res-
onant anomalous X-ray reflectivity. Among the formation of inner-sphere complexes,
the existence of two types of outer-sphere complexes was proposed: the classical out-
er-sphere complex which retains its hydration shell, but is adsorbed at the surface by
displacing the hydration layer of the surface, and an extended outer-sphere surface
complex located farther from the surface than the “classical” outer-sphere complex, i. e.

above the surface hydration layer.

In the context of our study, this implies that selenium(VI) forms a “classical” outer-
sphere complex on the maghemite surface showing a symmetry reduction from Ty
(Fig. 4.37a) to C,, (Fig. 4.37D).
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Fig. 4.37 Scheme of Se0,* surface species.

Aqueous species (A), outer-sphere complex as derived for maghemite surfaces (B) and ex-
tended outer-sphere complex as derived for anatase surfaces (C). The circles around the

selenate ions symbolize intact hydration shells of the anion.

This can only be explained by specific molecular interactions occurring due to the sorp-
tion process. It is conceivable that the SeO,*” ion is compelled into the predominant
lowered symmetry at the hydration layer of maghemite surface by keeping the charac-
teristics of an outer-sphere complex (Fig. 4.37b). However, the selenate ion must be
located in a less specific molecular environment on the anatase surface, because its
molecular symmetry was close to the T4 symmetry of the aqueous species. This can
only be interpreted in terms of the formation of an extended outer-sphere surface com-
plex (Fig. 4.37c) [JORDAN '11]. However, the spectroscopic results of this work do not
provide any detailed information about the molecular properties of the water network at
the mineral interface. In the end, we are inclined to conclude that the classification of
inner- and outer-sphere coordination might not be accurate enough for the full interpre-

tation of the spectroscopic results presented in this work.

Based on in situ ATR FT-IR studies, we concluded that selenium(VI) is sorbed onto
maghemite as bidentate outer-sphere surface complexes over the whole pH range
studied (3.5 — 8), i. e. the selenate oxyanions are sorbed onto the maghemite surface

primarily via electrostatic interaction. However, EXAFS results revealed the presence
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of a small portion of inner-sphere complexes together with outer-sphere surface com-

plexes, at acidic pH.

45.3 Se(VI) onto Hematite

45.3.1 In situ ATR FT-IR spectroscopy

The sorption spectra (Fig. 4.38) recorded at pD 4 after different times after induced
sorption show a characteristic pattern of four partially overlapping bands in the spectral
region between 1000 and 750 cm™'. From second derivative spectra the maxima of
these bands were determined to 912, 882, 853, and 827 cm™ (Tab. 4.8).

The intensities of these bands are increasing within the first 20 minutes of sorption time
(Fig. 4.38). After this time, the band intensities did not change significantly, suggesting
that hematite was saturated with SeO,* and an equilibrium state was achieved. The
shape of the band pattern does not change throughout the complete time of sorption
(up to 120 min) indicating that there is no change of the surface speciation during the

sorption process, as observed for maghemite.

Subsequently, the hematite film was flushed with a 0.1 M NaCl blank electrolyte for an-
other 45 min. The respective spectra (Fig. 4.38) show negative bands at nearly the
same frequencies compared to those observed during the sorption process. The high
congruence of the spectra in the sorption and flushing step strongly suggests that the
same selenium(VI) species observed during the sorption process are released from the

solid phase during the flushing step.

With desorption time, the intensity of the observed bands increases with accumulation
time during the first 20 minutes (with a constant width). At longer desorption times, no
more selenium(VI) is desorbed. The fast and reversible sorption process of seleni-
um(VI) onto hematite observed by in situ ATR FT-IR can be related to an outer-sphere
complexation mechanism, in agreement with batch sorption experiments and zeta po-

tential measurements and with the findings for maghemite.

However, since the amplitude of the desorption reaction spectra does not exceed 70 %
of the sorption spectra, it can be assumed that the reversibility of the sorption reaction

is not fully given under the prevailing conditions. This might be due to different kinetics
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of both reactions or to the formation of a small fraction of an inner-sphere surface spe-

cies like for maghemite.

From the second derivative spectrum four spectral components were identified in the
sorption spectra. The resulting fitting procedure provides a best fit as shown in Fig.
4.39 with four single peaks located at 912, 882, 854 and 828 cm™" and a local residual

root-mean-square error of 9 x 107°.
Based on the similarity with maghemite in terms of sorption pattern and high reversibil-

ity, it can be assumed that the formation of an outer-sphere complex with a reduce

symmetry (C,,) also takes place at the hematite surface.

96



Fig. 4.38
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(a) IR spectrum of 0.1 mol L™ selenium(VI) in aqueous solution at 0.1 mol L™ NaCl in D;0.
(b) In situ IR spectra of selenium(VI) sorption complexes onto hematite ([Se""Jinitai = 5 x 107
mol L', D,0, pD 4.0, 0.1 mol L™" NaCl, Ny) recorded at different points of time after induced
sorption. (c) In situ IR spectrum of released selenium(VI) sorption complex recorded at dif-
ferent points of time after subsequent flushing of the hematite phase with blank solution
(D20, pD 4.0, 0.1 mol L™ NaCl, N,)
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Fig. 4.39 Deconvolution of the IR spectrum of selenium(VI) sorption onto hematite
(1Se"initia = 5 % 10™ mol L', D,0, pD 4.0, 0.1 mol L™" NaCl,120 min of sorption, N2). Dotted

line indicates the overall fit

At higher pD values, the band amplitudes correlate with the amount of sorbed seleni-
um(VI), i. e. their amplitudes are decreasing with increasing pD (Fig. 4.40) in accord-

ance with batch experiments (Fig. 4.18).
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Fig. 4.40 In situ IR spectra of selenium(VI) sorption complexes onto hematite
([1S€"itis = 5 % 10™ mol L™", D0, 0.1 mol L™ NaCl, 120 min of sorption,

N,) recorded at different pD values

(For clarity, the amplitude of the spectrum recorded at pH 6 is enlarged by a factor of ~7)

At pD 3.5 (Fig. A.10 in Appendix) and pD 4.0 (Fig. 4.38), identical spectral characteris-
tics can be observed. This indicates that a bidentate outer-sphere complex is predomi-
nantly formed at the hematite surface at acidic pD conditions. However, at pD 6.0 (Fig.
A.11 in Appendix) and pD 8.0 (Fig. A.12 in Appendix), the band pattern is significantly

changed and does not correspond any longer to a C,, symmetry (Tab. 4.8).

Sorption spectra at pD 6.0 (Fig. A.11 in Appendix) and pD 8.0 (Fig. A.12 in Appendix)
exhibit two main peaks around 870 and 820 cm™". The resulting fitting procedure pro-
vides a best fit at 824 and 871 cm™" at pD 6 (Fig. A.13 in Appendix) and at 822 and
870 cm™ at pD 8 (Fig. A.14 in Appendix). The local residual root-mean-square error

was 2 x 10° and 1.1 x 10™*at pD 6 and pD 8, respectively.

From these results, a change of the surface speciation with increasing pD values can
be derived. However, the assignment of the spectral findings to a distinct surface spe-

cies at higher pD values is still equivocal. Diverse interpretations of the predominant
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bands centered at 870 and 820 cm™' observed at pD 6 and 8 can be given. On the one
hand, the bands represent a species showing a Cz, symmetry where the splitting of the
vz mode is only of low extent. On the other hand, the spectrum might represent a mix-
ture of surface species showing C,, and Tp symmetry. The C;, symmetry species
would imply the formation of a monodentate complex whereas the mixed species re-
flect the formation of bidentate and tetrahedral surface species. In particular the latter
species should represent an outer-spheric species according to the Se(Vl)/anatase
sorption system. However, this is in contradiction to the findings of the lower reversibil-
ity during the experiments performed at higher pD values, where the amplitude of the
desorption reaction spectra did not exceed 60 — 70 % of the sorption spectra. This
suggests a slight increase of inner-sphere complexation with increasing pD. Unfortu-
nately, the spectra recorded at higher pD values are of reduced quality for a more de-

tailed spectral deconvolution.

It can be concluded that selenium(VI) sorption onto hematite proceeds predominantly
via the formation of outer-sphere complexes through the whole pH range. A transition
in the symmetry of the outer-sphere complex upon increasing pD was noticed. An in-
creasing fraction of inner-sphere complex at higher pD correlated with a lowered re-

versibility of the sorption process was also observed.

45.3.2 EXAFS

In this section, we discuss results obtained from the seven XAFS samples listed in
Tab. 4.10. In tetrahedral coordination all four Se-O distances have the same length
(within the EXAFS resolution of about 0.13 A at the given k-range of 2.0 — 14.5 A™),
giving rise to 12 tri-legged Se-O-O MS paths with distances around 3.0 A, and to 12
four-legged Se-O-Se-O MS paths at twice the distance of the coordination shell (3.3 A),
as for instance in Na,(SeO,) [FUKAMI '03]. Considering these MS paths during the fit-
ting (CN, distances and Debye-Waller factors linked to the single scattering path of the
coordination shell), the Se-Fe CN dropped to 0.3 and the fit improved significantly.

Therefore, only these fit results are shown in Tab. 4.10.
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Tab. 4.10 List of EXAFS samples for the Se(VI)/hematite binary system

Vi lonic %Se(VI :
Sample pH [(rsneol][‘ﬂa; strength eSe(Vl) S?HI]O?S'?Q
(mol L'1) sorbed g/Kg
1 6.0 250 0.1 4.8 475
2 5.0 250 0.1 15.4 1525
3 35 50 0.1 85.9 1697
4 35 100 0.1 66.3 2620
5 4.0 250 0.1 30.6 3025
6 35 250 0.1 33.7 3325
7 35 250 0.01 43.8 4325

The XANES edge energy of 12.663 keV as well as the strong white-line intensity (Fig.
4. A) is in line with Se(VI). All XANES spectra are well reproduced by one single princi-
pal component, demonstrating the absence of redox processes at the hematite surface

across the investigated pH and Se-loading range.
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Fig. 4.41 Se K-edge XAS results of Se(VI) sorbed hematite

(A) XANES spectra and their reconstruction by 1 principal component (B) Fourier Transform
EXAFS spectra and their reconstruction by 2 principal components, k3-weighted chi spectra
as insert (C) ITT-derived relative concentration of principal component 1 as a function of Se
loading (D) Fitted EXAFS spectrum of sample 1 with lowest Se loading

The Fourier transform magnitude (Fig. 4.b) is dominated by strong peak at about 1.3 A

(not corrected for phase shift), arising from the typically four O atoms in the coordina-

tion spher

e of selenate [SCHEINOST '08b]. In our previous study on the selenate sorp-

tion complex on maghemite, we observed additional peaks out to about 3 A clearly

arising ab

ove the background noise at higher R-space. These were fitted with 3 and 4-

legged multiple scattering contributions from the O coordination shell, and with one Se-

Fe path at 3.38 A indicative of formation of a small percentage of an edge-sharing, in-

ner-sphere complex in addition to the prevalent outer-sphere complex (see Chap-

ter 4.6.2).

While the multiple scattering contributions are again visible, the existence of
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a statistically significant Se-Fe path is much less clear (Fig. 4.b). Furthermore, there
seems to be small changes in this region, but hardly above the background noise level.
Therefore, we performed a detailed factor analysis to investigate whether there are sta-
tistically significant trends within the data set [ROSSBERG '03]. The analysis revealed
in fact that 2 principal components are required to reconstruct the spectra (see red
lines in Fig. 4.b and insert) and based on a minimum of the Malinowski indicator value
for 2 (not shown). Sorting the spectra along their Se loading showed that the relative
contribution of principal component 1 (PC1) decreases systematically with increasing
loading (Fig. 4.d). When fitting the two most extreme spectra, only spectrum 1 with the
lowest Se loading could be fitted with an Se-Fe path at 3.41 A, while this was not pos-
sible for spectrum 7 with the highest loading (Fig. 4.c). No attempt was made to fit the
intermediate spectra, since they are simply composites of the two end-member spec-

tra.

The Se-Fe distance observed for low loading is 3.41 A and hence, although slightly
longer than the one observed before for maghemite, in line with a bidentate, binuclear
corner-sharing (CS) complex (Tab. 4.11) (see Chapter 4.6.2).

Tab.4.11 Se-K edge XAFS, fit results (S¢> = 0.8). (The fits include all tri- and four-
legged MS paths as described in the text.)

Se loading Edge 1 R 3g2 AE,
Sample | 1q selkg] | [eV] CN A AR | [ev] |Xes%
400 1.66 0.0011
1 475 12,663.1 13.8 20.0
0.4 Fe 3.41 0.0011
7 4325 12,662.8 400 1.64 0.0009 13.1 19.5

1 CN: coordination number, error + 25 %
?R: radial distance, error + 0.01 A

% 6% Debye-Waller factor, error + 0.0005 A®

Likewise the maghemite case, the observed coordination number for the Se-Fe path of
0.4 arises from the sum signal of two different complexes, the outer-sphere complex
with a coordination number of 0, and the binuclear corner-sharing complex with a coor-
dination number of 2. The fraction of the binuclear complex is therefore 0.4/2 = 0.2,
while the fraction of the outer-sphere complex is 0.8. Note that this surface speciation

accounts only for the lowest loading of about 500 mg Se/kg. As suggested by Fig. 4.c,

103




the fraction of the inner-sphere complex decreases linearly with increasing Se loading,

and reaches 0 at a loading of about 4000 mg Se kg™".

The first two samples at pH 6 and 5 reflect the expected anion sorption behavior, i. e. a
decrease of loading with increasing pH. Note, however, that sample 3 with a pH of 3.5
has a similar loading as sample 2, simply because of a 5-fold lower initial Se concen-
tration (Tab. 4.11). Therefore, the fraction of the inner-sphere complex appears solely
as a function of surface loading, and not of pH. The pH and IS act only indirectly on the
inner-sphere complex fraction through loading (Fig. 4.42).

s000
| 100 %0S ® [Se ]=2510" molL”". NaCI0.01 molL”
.7 m [Se ]=2510" molL™" NaCl0.1 molL™
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Fig. 4.42 Surface loading of EXAFS samples for the Se(VI)/hematite binary system.

Note, however, that the absolute amount of the IS complex may remain constant: Due
to the about 9-fold increase in surface loading, its fractional contribution to the EXAFS
sum signal would decrease to 0.02, which falls below the lower detection limit of about
0.05 to 0.10. Therefore, expected additional controls on the surface speciation like pH
and ionic strength (i. e. competition by the background electrolyte) cannot be ascer-

tained with the current data set and method.
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From EXAFS data, Se(VI) sorbs prevalently as outer sphere complex. When the Se
loading decreases by about one order of magnitude, also a small percentage of a CS

inner sphere sorption complex becomes visible.

The increasing fraction of inner-sphere complex with increasing pH is in line with IR
observations, where a decreased reversibility was noticed. The bidentate outer-sphere
complexes detected by IR spectroscopy do not show Se-Fe interactions, because their
distances would be too far and to disordered to be detectable by EXAFS spectroscopy.
Same is true for the monodentate or tetrahedral (mixed with bidentate) outer-spheric
species observed by IR at pD 6 and pD 8.

Based on in situ ATR FT-IR studies and EXAFS, we conclude that selenium(VI) is pre-
dominantly sorbed onto hematite as outer-sphere surface complexes over the whole
pH range studied (3.5 — 8). A change in the symmetry of the outer-sphere complex is
also observed upon increasing pH by in situ ATR FT-IR. Both IR and EXAFS data re-
vealed an increasing fraction of inner-sphere complex at higher pH. EXAFS evidenced
this inner-sphere complex to be a bidentate, binuclear corner-sharing (CS) one. This
might represent the unreleased fraction observed during the desorption step in the in

situ IR experiments at high pD.

45.4 Se(VI) onto Alumina

The sorption process of selenium(VI) by alumina was elucidated by in situ ATR FT-IR.
The formation of an alumina film with a sufficient stability during the preparation proce-
dure was demonstrated by the IR spectra showing no relevant spectral changes after

60 minutes of equilibration with 0.1 M NaCl blank solution (data not shown).

Upon Se(VI) sorption onto 6—Al,O3, both band shifting and band splitting of the v; mode
of the SeO,* is observed Fig. 4.43a). The sorption spectrum recorded five minutes af-
ter induced sorption shows a broad band with two shoulders. The maxima or shoulders
are approximately at 922, 898, and 874 cm™, respectively. The intensities of these
bands are increasing for the first 60 minutes; after this time, a further increase is very
slow; indicating the approach to an equilibrium state. Additionally, during the course of
the sorption process, the band pattern changes and more shoulders are shaped out,
indicating that there might be a change of the surface speciation or the formation of

surface precipitates during the sorption process.
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After the sorption process, the alumina film was flushed with a 0.1 M NaCl blank solu-
tion for another 60 min. The respective spectra (Fig. 4.43b) show negative bands at
nearly the same frequencies compared to those observed during the sorption process.
Here, it is interesting that the first spectra after 5 min is the inversion of the last spectra
of sorption (90 min) and the spectra after 60 min is the inversion of the first spectra
(5 min). This indicates that the secondly formed species is removed first and subse-
quently the firstly formed species is removed. However, in general it is observed, that
desorption spectra intensities increase very fast at the beginning, indicating a fast re-
versibility of the sorption process. This can be related to an outer-sphere complexation
mechanism, in agreement with batch sorption experiments and zeta potential meas-
urements. Additionally, the formation of similar non-protonated outer-sphere complexes
upon Se(VI) sorption onto y—AI203 was recently derived from both macroscopic and

spectroscopic investigations. [ELZINGA '09]

At longer flushing times (> 60 min), no more Se(VI) is desorbed and the amplitude of
desorption reaction spectra does not achieve the level of the sorption spectra. Hence, it
can be assumed that the reversibility of the sorption reaction is not fully given under the
prevailing conditions. This might be due to different kinetics of both reactions or to the
formation of a small fraction of an inner-sphere surface species like for maghemite and

hematite.

In order to elucidate the exact sorption process and the formed species, further in situ
ATR FT-IR and additionally EXAFS experiments will be performed.
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Fig. 4.43 In situ IR spectra of Se(VI)
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(a) In situ IR spectra of Se(VI) sorption complexes onto d-alumina ([Se"nitial =

5x 10 mol L™, D;0, pD 4.0, 0.1 mol L™" NaCl, N,) recorded at different times after in-

duced sorption. (b) In situ IR spectra of released Se(VI) sorption complex recorded at dif-

ferent times after subsequent flushing of the alumina phase with blank solution (D20, pD

4.0, 0.1 mol L™ NaCl, Ny).

455 Se(lV) onto Maghemite

4551 in situ ATR FT-IR spectroscopy

A decrease of spectral intensity with increasing pD can be observed in Fig. 4.44, con-
firming the observed tendency in batch experiments (Fig. 4.19). A significant change of

spectral bands at different pD is not observable. However, a shift of the bands at 845

and 770 cm™" at pD > 6 can be seen, indicating a change in the sorption mechanism.
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Fig. 4.44 In situ IR spectra of selenium(lV) sorption complexes onto maghemite
(1S€]iniias = 5 % 10™ mol L™", D,0O, 0.1 mol L™ NaCl, 120 min of sorption,
Ny, recorded at different pD

The spectra recorded at two different ionic strengths (Fig. 4.45) showed that at con-
stant pD the sorption increased at lower ionic strength, which could not be verified by
batch experiments (Fig. 4.19). This could originate from kinetic effects because during
in situ IR experiments no thermodynamic equilibrium state is reached. In addition, in
comparison to Se"', the relative change in intensity at different ionic strength was less

significant for Se'¥ which again implies kinetic effects.
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Fig. 4.45
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In situ IR spectra of selenium(lV) sorption complexes onto maghemite
(1SeV]iniias = 5 % 107, D,O, pD 4.0, 120 min of sorption, N, recorded at dif-

ferent ionic strength

The time resolved IR spectra of Se'” sorption by maghemite at pD 3.5 and pD 8.0 show

that after 10 minutes sorption, a major amount of Se'" is already sorbed (Fig. 4.46). Af-

ter 20 — 30 minutes, a small increase of sorption is still to be observed. The saturation

of the maghemite surface seems to occur later in comparison to Se"' sorption (Fig.

4.32).
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Fig. 4.46 IR-Spectra of selenium(lV)
(a) IR-Spectrum of 0.1 mol L™ aqueous selenium(lV) in 0.1 mol L™" NaCl in D-O, pD 4.0
(left) and pD 10 (right)
(b) In situ IR-Spectra of selenium(IV) sorption complexes onto maghemite recorded at dif-
ferent points of time after induced sorption. ([Se"Jiniia =5 x 10™* mol L™", D,0, 0.1 mol L™
NaCl, Ny), pD 3.5 (left) und pD 8.0 (right)
(c) In situ IR-Spectra of selenium(IV) sorption complexes onto maghemite recorded at dif-
ferent points of time after subsequent flushing of the maghemite phase with blank solution (I
= 0.1 mol L™" NaCl, N2). pD 3.5 (left) und pD 8.0 (right)

The shape of the band pattern did not change throughout the complete time of sorption
(up to 120 min) at pD 3.5 (Fig. 4.46, left). However, a slight shift of the most intensive
band with increasing contact time was noticeable. After 5 minutes, this band exhibits a

peak maximum at 773 cm™' while it was located at 766 cm™" after 120 minutes of sorp-

tion.

Subsequently, the maghemite film was again flushed with a 0.1 M NaCl blank electro-
lyte for another 45 min at pD 3.5.The respective spectra show negative bands at slight-
ly shifted frequencies (853 and 755 cm™") compared to those observed during the sorp-

tion process (847 and 766 cm™") (Fig. 4.46, left).
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Based on the shift observed during the desorption process, the formation of two differ-
ent inner-sphere surface species upon sorption is indicated at pD 3.5. During the de-
sorption step, the species which is the less attached to the surface and characterized
by a bigger gap of the bands at 853 and 755 cm™" is desorbed. The most stable surface
species will therefore be created in an earlier sorption stage and exhibits frequencies at
847 and 773 cm™' (Fig. 4.46, left).

Contrary to observations at pD 3.5, no change of the band pattern and no significant
shift of the peak maxima throughout the complete time of sorption (up to 120 min) oc-
curs at pD 8.0 (Fig. 4.46, right). Same is true for the desorption stage. The high con-
gruence of the spectra in the sorption and flushing step strongly suggests that a single
selenium(lV) species observed during the sorption process are released from the solid

phase during the flushing step.

The amplitude of the desorption reaction spectra at pD 3.5 and pD 8.0 (Fig. 4.46) is
significantly lowered in comparison to sorption spectra, indicating that the reversibility
of the sorption reaction is far away from being fully given under the prevailing condi-

tions, contrary to observations for Se(VI) (Fig. 4.32).

Based on the different band pattern observed during sorption as for the free Se(lV)
species, it can be deduced that a change of the selenite ion symmetry (Cs,) takes
place. The two bands at 720 and 680 cm™' cannot be assigned to sorbed selenium(1V)
species, since maghemite itself exhibits IR bands at the same frequencies (Fig. A.9 in

Appendix).

Considering the low reversibility of sorption process observed by ATR FT-IR as well as
the macroscopic results (see Chapter 4.4.1), it can be concluded that selenium(IV)
sorption onto maghemite proceeds via the formation of inner-sphere complexes
through the whole pH range. A mixture of two inner-sphere complexes occurs from pH

3.510 6.0. At pH 8.0, only one surface complex is formed.
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455.2 EXAFS

The Se K-edge XANES spectra of selenium(lV)-reacted maghemite samples (data not
shown) are dominated by a strong white line at 12.662 keV, characteristic of the +IV
oxidation state of selenium [SCHEINOST '08a]. Since no additional shoulders at lower
energy (12.656 — 12.657 keV) characteristic of elemental selenium and selenium(-Il)
were observed, it can be deduced that the presence of Fe(ll) traces as verified by UV-
VIS spectrophotometry did not lead to a significant amount (> 2.5 %) of reduced sele-
nium. Therefore, sorption was not accompanied by a significant reduction of seleni-
um(IV) in contrast to Fe(ll)-bearing minerals [SCHEINOST '08a].

Sorption samples at four different pH values (3.4, 4.0, 6.0 and 8.0) were analyzed by
Se K-edge XAFS spectroscopy (Fig. 4.47).
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Fig. 4.47 Se K-edge EXAFS spectra of Se(IV) sorbed to maghemite
Left: Experimental spectra (black lines) and their reconstruction by two factors (red lines)
shown as Fourier Transform and k3-weighted chi spectra (insert). Right: Varimax loadings
of the two factors, the first one predominating at low pH representing both edge- and cor-
ner-sharing complexes, the second one predominating at high pH representing only the
edge-sharing complex

The Fourier transform magnitude is dominated by a strong peak at about 1.3 A (uncor-
rected for phase shift), which arises from backscattering of the oxygen atoms in the co-

ordination sphere. This peak was fitted with 3 Se-O paths with a length of 1.71 A (Tab.
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4.12), confirming the structure of the pyramidal selenite Se"O; unit [CHARLET '07;
PEAK '06b].

Tab. 4.12 Se-K EXAFS fit results of Se(IV)-sorbed maghemite (amplitude reduction
factor Sp?= 0.9)

Oxygen shell Iron shells AE, [eV] Xres %
pH| !CN | 2R[A] | %0?[A3 |CN | R[A] | o©%[A?

35/ 30| 171 0.0020 | 05| 2.91 0.0077 17.0 13.0
1.3 | 3.38 0.0065

40|29 | 1.71 0.0015 | 0.2 | 2.91 0.0024 16.3 15.1
1.2 | 3.38 0.0055

6.0 3.0 | 1.71 0.0018 | 0.2 | 2.89 0.0021 16.2 14.9
05| 3.36 0.0040

80|29 | 171 0.0020 | 0.5| 2.88 0.0046 16.7 14.1

L CN: coordination number, error + 25 %
2R: radial distance, error + 0.01 A

%% Debye-Waller factor, error + 0.0005 A?

Beyond this coordination sphere, the signal intensity becomes very weak, but two
peaks (depending on pH) clearly rise above the background noise level in the region
beyond 3.5 A. The first one at about 2.6 A (labeled ES) is present for all four pH values,
while the second at 2.9 A (labeled CS) is present for the three more acidic samples,
and seems to be absent at pH 8.0. The ES peak was fitted with 0.2 to 0.5 Fe atoms at
distances of 2.88 — 2.91 A. The CS peak was fitted with up to 1.3 Fe atoms at distanc-
es of 3.36 — 3.38 A (Tab. 4.12). While such small coordination numbers have a large
error and may appear statistically insignificant, they were necessary to obtain a satisfy-
ing fit of the spectra. Furthermore, they are supported by the factor analysis as shown

further down.

While the fit with two Se-Fe paths provided consistent results, two alternative scenarios
have to be considered. (1) For the SeOs*" ion, the Se-O double bond is fully delocal-
ized, resulting in Cz, symmetry and three equal Se-O distances, while the HSeO;™ and
H,Se05° species have lower symmetry and Se-O distances varying by up to 0.05 A
[PEAK '06b; VALKONEN '78]. In the case of the SeOs* ion, a tri-legged multiple scat-
tering path Se-O-O about 3.0 A in length may become significant, resulting in a 6-fold
degeneracy for the C;, symmetry as has been also observed for other oxyanions such
as arsenic(V) [SHERMAN '03]. (2) The ES peak could also arise from a Se-O single-

scattering path about 2.9 A in length, occurring in selenite solids. A wavelet analysis of
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the 2.5 to 3.5 A region, however, did not reveal significant contributions of lighter atoms
besides the heavier Fe [SCHEINOST '08b]. Furthermore, by considering these two ad-
ditional paths during the shell fit, neither significant contribution to the “ES” FT peak,
nor changes in the fit parameters of the Se-Fe shell appeared. They were consequently
omitted. The absence of the tri-legged multiple scattering path points to a deviation
from the C3, symmetry, induced by the surface complexation.

The shorter Se-Fe distance of 2.9 A is in line with a bidentate mononuclear edge-
sharing (*E) linkage between one SeO* pyramid and one FeOg octahedron, as e. g. in
the structure of the solid Fe3(H,0)(SeOs); [XIAO '04]. The longer Se-Fe distance of
3.37 A is in line with a bidentate binuclear corner-sharing (°C) linkage between one
SeOz%” pyramid and two FeOg octahedral [XIAO '04]. The even longer Se-Fe distances
> 3.5 A of monodentate mononuclear corner-sharing complexes (V) could not be fitted,
indicating that they occur only in negligible proportion if at all. The small coordination

numbers exclude formation of precipitates.

Based on EXAFS studies, the co-existence of bidentate mononuclear edge-sharing
(*E) and bidentate binuclear corner-sharing (°C) inner-sphere selenite surface com-
plexes on Hydrous Ferric Oxide (HFO) was suggested [MANCEAU '94], while only the
bidentate binuclear corner-sharing (°C) complex was consistently observed on goethite
[HAYES '87; MANCEAU '94; MISSANA '09]. According to Manceau and Charlet
[MANCEAU '94], the presence of additional bidentate mononuclear edge sharing (*E)
surface complex onto HFO was due to structural differences between goethite and
HFO (different proportion of edge termination on both solids). From IR studies on air-
dried goethite and air-dried am-Fe(OH)s, [SU '00] suggested that sorption of selenite

leads to the formation of bidentate bridging surface complex.

Former studies highlighted the influence of surface loading on the coordination fashion
of oxyanions onto iron oxides. [FENDORF '97] examined by XAS the sorption of AsO,>
onto goethite according to the surface loading (arising from different pH). The formation
of monodentate complex was favored at low surface coverage, while formation of a bi-
dentate-binuclear complex and bidentate-mononuclear complex was observed at high-
er surface coverage (the bidentate-binuclear complex was the predominant one for
high surface loadings) [FENDORF '97]. [MISSANA '09], who studied selenite sorption
onto magnetite by EXAFS, observed that the 'E surface complex was favored at low
surface loading (i. e. at pH 9.4), while a mixture of 'E and C complexes appeared at

higher surface loading (i. e. pH 6.4).

114



In our study, we observe that the bidentate mononuclear edge-sharing *E complex pre-
vails at pH 8, while at lower pH both complexes occur. Not surprising due to their rela-
tively high uncertainty, the Se-Fe coordination numbers do not show a clear trend with
pH. However, the FT peaks suggest that °C becomes more important for the samples
at pH 3.5 and 4.0 in comparison to the sample at pH 6.0, where the 'E peak height
seems to be higher Fig. 4.47). To follow this trend more systematically, we applied fac-
tor analysis [ROSSBERG '03; SCHEINOST '08a]. The close match between the exper-
imental spectra (black in Fig. 4.47) and their reconstruction by two factors (red)
demonstrates that two structural entities or species are present in all four samples. The
Varimax factor loading confirms that the samples at pH 3.5 — 4.0 and at pH 8.0 consti-
tute extremes; however, only sample pH 8.0 with 'E configuration represents a limiting
species, while the samples at pH 3.5 and 4.0 contain a mixture of both species. The
factor loadings further validate the visual impression that the sample at pH 6 represents
an intermediate in speciation, with a higher ratio of 'E over ?C. These results match
perfectly with the IR observations for this binary system. Reasons for such pH-

dependent transition will be given in the following section.

While this is to the best of our knowledge the first molecular study of selenite sorption
to maghemite, previous studies were conducted on selenite sorption to magnetite. Due
to its Fe(ll) content and low bandgap, magnetite reduced selenite to the —Il oxidation
state [SCHEINOST '08a; SCHEINOST '08b]. However, in the study of [MISSANA '09],
no reduction occurred. In our study, we observed the transition from solely ‘E to a mix-
ture of 'E and 2C complexes with increasing surface loading (decreasing pH), in
agreement with [MISSANA '09] observations onto hano magnetite particles (nanocrys-
tals (50 — 200 nm)), confirming the crystal similarity between both maghemite and

magnetite surfaces.

According to literature, based on the Wulf theorem and morphology studies (TEM and
SEM), the magnetite and maghemite nanoparticles with a cubic symmetry expose pre-
dominantly the {111}, {110} and {100} low-index and low energy crystallographic
planes, which are the three densest lattice planes [AUFFAN '08; ZHAO '09]. The mor-
phology of our commercial nano-sized y-Fe,O3 particles was observed by TEM (Fig.
4.48).
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Fig. 4.48 HRTEM image of an y-Fe,O3 nanoparticle along the [100] zone axis to-
gether with its Fourier transform indexed based on the cubic structure of

maghemite

In particular, Fig. 4.48 shows a HRTEM image of a maghemite nanoparticle. Fourier
transformation of the corresponding part of the high-resolution electron micrograph in-
dicates, that the nanoparticle is oriented along the [100] zone axis and exhibits {100}
and {110} facets. {111} facets are not observed in Fig. 4.48. They would be inclined to
the [100] zone axis by 54.7°.

Based on structural information [AUFFAN '08; WANG '11; WANG '08], a scheme rep-
resenting the crystalline structure of maghemite (Fig. 4.49) containing the three main

lattices was drawn.
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Fig. 4.49 Scheme representing the crystalline structure of maghemite containing the

three main lattices {111}, {110} and {100} and the two observed 'E and *C

surface complexes

In agreement with Wang et al. [WANG '11; WANG '08], it becomes obvious that the
formation of bidentate binuclear 2C complex on the octahedral surface termination of
the {111} facet of maghemite is not possible since adjacent iron octahedra do not show
the required singly coordinated oxygens for such complexation pathway [WANG '11;
WANG '08]. However, such complexes can be formed on the {100} facet, where rows
of octahedra with singly coordinated oxygens are clearly visible [WANG '11]. The for-
mation of the second kind of surface complex, namely the bidentate mononuclear
edge-sharing complex, is likely to occur on the {110} facet of maghemite (Fig. 4.49).
We hypothesize that edge sites, located e. g. at the {110} facet, are high energy sites
and active at low surface loading, while the formation of C takes place at {100} facets
having rows of octahedra with singly coordinated oxygens (low energy sites). This
seems to be a reasonable explanation of the presence of a mix of bidentate mononu-
clear edge-sharing (‘E) and bidentate binuclear corner-sharing (°C) complexes whose
proportion change upon surface loading. Note that the formation of *E complexes could
also alternatively take place at the {111} facet or at edges between {111} and {100} or
{110} facets [DULNEE '13]. Surface charge effects, which may be distinct for each fac-
et, could be another possibility to explain the relative proportion of inner-sphere com-

plexes. To get further information, Resonant Anomalous X-ray Reflectivity
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[CATALANO '08] or Crystal truncation rod diffraction [PETITTO '10] on maghemite

could be excellent methods, but require single crystals.

However, we cannot definitely rule out the presence of outer-sphere complexes during
selenium(1V) sorption onto maghemite. Indeed, it is difficult by EXAFS to detect the oc-
currence of outer-sphere surface complexes in the simultaneous presence of inner-
sphere surface complexes [CHARLET '11]. The ability of resonant anomalous X-ray re-
flectivity (RAXR) and Grazing-Incidence X-ray absorption fine structure (GI-XAFS)
spectroscopy to observe outer-sphere complexes during sorption processes was evi-
denced by [CATALANO '08] and [BARGAR '96], as recently highlighted
[CHARLET '11]. Indeed, [CATALANO '08] showed, for the first time, by using RAXR
the presence of outer-sphere complexes (probably hydrogen-bonded species) in addi-
tion to inner-sphere *C complexes upon As(V) sorption onto corundum and hematite
(012) surfaces. In addition, GI-XAFS was used by [BARGAR '96] to study the adsorp-
tion of Pb(Il) onto a-Al,O3; (0001) single crystal surface (although data were not cor-
rected for polarization effects, which may question the numbers of reported Al(llI)

neighbors and interatomic distances).

Our in situ ATR FT-IR and EXAFS spectroscopic results provide new detailed
knowledge at the molecular level to improve surface complexation modeling and to
predict the retention behavior of selenium(lV) by maghemite. They allow constraining
without ambiguity the surface complexes denticity. A mixture of bidentate bridging and
bidentate chelate inner-sphere complexes formed on two different facets of maghemite
occurs from pH 3.5 to 6.0, whose proportion is pH-dependent. At pH 8.0, only the bhi-
dentate chelate complex is formed. These surface complexes observed for maghemite
might also be the surface complexes forming on magnetite, before the interfacial reduc-

tion step to Se(-lI).

4.5.6 Se(VI) and Se(IV) redox reactions with magnetite (FesO,)

The interaction of Se(VI) and Se(lV) with freshly synthesized magnetite nanoparticles
(Fe'"Fe",0,) was examined. All experiments were conducted under anoxic conditions
and exclusion of CO,. The pH values of the solutions were set to pH 5.4, concentration
of both Se(VI) and Se(lV) ranged from 1mM to 5mM. XPS was applied to probe the

presence of reduced selenium species and to analyze the amount of oxidized Fe(ll).
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The Fe 2p3;, spectrum of magnetite (Fig. 4.50) was measured to estimate the ratio be-
tween Fe(ll) and Feror [HUBER '12]. Compared to the pure magnetite, the selenium-
reacted magnetite samples showed a less pronounced shoulder at the lower binding

energy side of the Fe 2p3, spectrum.
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Fig. 4.50 Narrow XPS scan of Fe 2ps,; spectrum of fresh magnetite and magnetite
reacted with Se(VI) or Se(lV)

The calculated ratios between Fe(ll) and Feror show that due to the reaction with sele-
nium, part of the Fe(ll) is always oxidized (Tab. 4.13). In general, the amount of oxida-
tion of Fe(ll) is higher for Se(VIl) samples than for Se(IV) samples and higher for the

sample with higher selenium concentrations.
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Tab. 4.13 Ratio between Fe(ll) and Feror for the pure magnetite and magnetite re-
acted with Se(VI) and Se(lV)

Fe.O Fez0,4 Fez0,4 Fe;0,4 Fes0,4
74 1mM Se(lV) | 1mM Se(VI) | 5mM Se(lV) | 5mM Se(VI)
Fe(ll)/Feror | 22.6 21.9 18.4 17.5 15.9

Due to the fact that the most intensive Se line (Se 3d) interferes with the Fe 3p line, the
Se 3p line was measured (Fig. 4.51). However, this line makes it difficult to distinguish
between the selenium oxidation states. Samples with Se(VI) showed slightly higher
binding energies compared to samples with Se(lV) indicating that a small amount of se-

lenium was reduced.
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Fig. 4.51 Narrow XPS scan of Se 3p spectrum of magnetite reacted with Se(VI) or
SelV)

The combination of determining the Fe(ll)/Feror—ratio and the Se 3p spectra show that

for both systems, Se(VI) and Se(IV), Fe was oxidized while Se was reduced. For a bet-

ter quantification of the redox reactions further experiments will have to be conducted.
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4.6 Surface Complexation Modeling of Se(VI) and Se(IV) sorption pro-

cesses

In this chapter, potentiometric titrations of anatase and maghemite were performed and
were fitted using a Charge Distribution MUIti-Slte Complexation model (CD-MUSIC)
with a basic Stern model to describe the electrical double layer. Surface complexation
constants of two binary systems, i. e. Se(Vl)/anatase and Se(IV)/maghemite were then
determined. Experimental details about potentiometric titrations can be found in the

Appendix F.

4.6.1 Minerals surface properties

Potentiometric titration data of anatase and maghemite were modeled using the CD-
MUSIC model [HIEMSTRA '96]. For anatase, following the approach of [BOURIKAS

'01] based on crystallographic studies, singly =TiOH™"?

and doubly coordinated groups
=Ti,O 2", were considered, with a site density for both sites of 6 sites nm™. Since spec-
troscopic results clearly highlighted the formation of two different surface complexes on
two different binding sites (belonging to two different surfaces), two sites, i. e. singly-
coordinated hydroxyl groups with fractional charges =FeOH "2, were considered for
maghemite. To reflect the proportion of each site available for sorption, a density of 4
and 8 sites.nm™? for site 1 and site 2 were taken, respectively. Identical pK for the two
sites of anatase and maghemite was taken. A basic Stern model with electrolyte bind-
ing was applied and the adjustable parameters were the pK value of the sites, the elec-

-1/2

trolyte association constants (Equation 1 and 2 exemplarily shown for =FeOH™ ") and a

capacitance value (C).
EFeOH_”2 + Na' « EFeOH—HZ ..... Na*
=FeOH "2 + H" + CI” < =FeOH,""?CI’

The shear-plane distance s was also fitted using the experimental zeta potential data.

The obtained parameters are given in Tab. 4.14.
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Tab. 4.14 Parameters of the surface complexation model to describe titration curves

of anatase and maghemite

Solid/ K log K log K c s

Parameter (protonation) (CI- (Na- (Fm™ | (nm)
association) | association)

Anatase 6.55 -0.565 -0.155 0.90 0.84

Maghemite 7.70 -0.209 -0.209 1.14 0.59

The models fit to the experimental data for the titration curves and for the zeta-potential

are shown in Fig. 4.52 and Fig. 4.53 for anatase and in Fig. 4.54 and Fig. 4.55 for ma-

ghemite.
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Surface charge of the neat surface of anatase (m/v =12 g L™"). (o) experi-
ment; —fit: 0.1 mol L™ NaCl; (o) experiment; ——fit: 0.05 mol L™' NaCl;
(A) experiment; fit: 0.01 mol L™ NaCl
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Fig. 4.53 Zeta potential of the neat surface of anatase (m/v=0.25¢gL™", 1 mmol L™

NaCl). (m) experiment; —fit.
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Fig. 4.54 Surface charge of the neat surface of maghemite (m/v =30 g L™"). (o) ex-
periment; ——fit: 0.1 mol L™ NaCl; (o) experiment; ——fit: 0.05 mol L™’
NaCl; (A) experiment; fit: 0.01 mol L™ NaCl.
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Fig. 455 Zeta potential of the neat surface of maghemite (m/v=0.5g L™, 1 mmol

L™" NaCl). (m) experiment; —fit.

For anatase, the model fits perfectly the titration curves except in the pH range higher
than 8.0, whereas the whole pH region can be described for maghemite. The zeta po-
tential and isoelectric point of anatase and maghemite are perfectly matching with the
experimental data.

The parameters from the acid-base model were kept constant during the parametriza-

tion of the adsorption model. We considered that the adsorption of selenium oxyanion

does not change the inner layer capacitance.

4.6.2 Surface complexation modeling

The acidity constants of selenium(lV) and selenium(VI1) were taken from the NEA-TDB
review [OLIN '05].

H,SeO; (aq) = HSeO; (aq) + H, log K = -2.64
H,SeO; (aq) = SeOs* (aq) + 2 H', log K = -11.00

HSeO, (aq) = Se0,* (aq) + H', log K = -1.75
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46.2.1 Se(VI) onto anatase

The spectroscopic data (see Chapter 4.5.1) suggest formation of outer-sphere surface
complexes at the anatase surface. We assumed the interaction between the selenate
ion and the surface to involve singly coordinated hydroxyl groups only. Two stoichi-
ometries were needed to obtain a good fit. This results in 5 adjustable parameters, i. e.
the two log K and the two charge distribution (CD) factors of the two stoichiometries,
and the shear plane distance as well. The model is summarized in the following reac-

tion equations and the model fit to the data is shown in Fig. 4.56.
=TiIOH " + H' + Se0,* = =TiOH,%**Se0, " (log K = 7.26)
=TiIOH ™" + 2H" + Se0,*” = =TiOH,>**HSe0, ™ (log K = 11.5)
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Fig. 4.56  Selenium(VI) sorption edges onto anatase ([Se"']iiia = 1 x 10~ mol L™,
m/iv =0.5 g L™, 2 days of shaking). (m) experiment; —fit: 0.01 mol L™
NaCl; (m) experiment; —fit: 0.1 mol L™ NaCl

At lower ionic strength, the adsorption of selenium(VI) is underestimated below pH 5,
while the adsorption is overestimated at pH above 4.5 for the higher ionic strength. A
better description of the anatase titration curves could be obtained by following the re-
cent approach of [RIDLEY '13], who considered the formation of an inner-sphere Na-

bidentate species, an outer-sphere Na-monodentate species, and outer-sphere CI-
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monodentate species (with support of DFT calculations). The involvement of an addi-
tional site; i. e. =Ti,0™® could improve the adsorption model but this would lead to
more adjustable parameters. A better knowledge of the interaction of Se(VI) at the ana-
tase surface by application of Resonant Anomalous X-ray Reflectivity (RAXR) on single
crystals of anatase would help to better define the stoichiometries and the involved
sites. Such approaches will be followed in the future to improve the model.

4.6.2.2 Se(lV) onto maghemite

For this binary system, EXAFS results evidenced the formation of two inner-sphere
complexes, one bidentate bridging and one bidentate chelate on two different facets
(see Chapter 4.5.5). This helped to constrain the stoichiometries of the surface com-
plexes. Again, we assumed the interaction between selenium(lV) and the surface of
maghemite to involve singly coordinated hydroxyl groups only, resulting in two reaction
equations. During the fitting procedure, again 5 parameters were adjusted (as for ana-
tase). The model is summarized in the following reaction equations and the model fit to

the data is shown in Fig. 4.57.
(Site 1) (EFeOH™?), + H,SeO; = (EFe0), *%Se0™? + 2H,0 log K; = 5.86

(Site 2) =SFeOH™ "2 + H,Se0; = =Fe0™%*Se0, "' + H" + H,0 log K3 = 1.17
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Fig. 4.57  Selenium(IV) sorption edges onto maghemite ([Se"“Jia = 5 x 10™° mol L™,
m/v =0.25 g L™, 2 days of shaking). (m) experiment; —fit: 0.01 mol L™
NacCl; (m) experiment; —fit: 0.1 mol L™ NaCl

In this case, the sorption edges at two different ionic strengths are properly fitted along
the whole pH range. As for anatase, a better comprehensive overview on the surface

sites of maghemite involved during sorption would allow improving the model.

The Se(Vl)/anatase and Se(IV)/maghemite sorption edges were fitted using a CD-
MUSIC model. In each case, two stoichiometries were required, based on spectroscop-
ic results. The results will be implemented into the sorption database RES®T. This data
will help to improve the description and prediction of selenium oxyanions reactive

transport through the different retention barriers.
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4.7 Sorption of Se(-Il) onto mineral phases

In this chapter, we present the setup established to generate Se(-Il) from the electro-
chemical reduction of Se(lV). The presence of Se(-Il) was confirmed by UV-vis and
"Se NMR spectroscopy. Experimental details about UV-vis and NMR spectroscopy
can be found in the Appendix G.

4.7.1 Electrochemical synthesis of Se(-ll)

As highlighted by [LIU '08b], three main ways were so far applied to produce selenide

solutions:
¢ the chemical reduction of Se(0) by hydrazine (N,H,) [IIDA '11; IIDA '14]

¢ the hydrolysis of Al,S under inert gas, which generated volatile hydrogen sele-
nide which needs to be trapped [WAITKIN '46]

¢ the electrochemical reduction of Se(lV) or Se(0) in NH4CI or NaOH with a mer-
cury pool electrode [DIENER '11; FINCK '12; LICHT '95; LINGANE '48; LIU
'08b]

We opted for the last option since it is safer and allows more reproducible selenide
concentration [LIU '08b]. The starting solution was made of 5 mmol L™ of Se(lV) in 1
mol L™ NH,CI at pH 8. A scheme representing the setup used for the electrochemical
reduction of Se(IV) to Se(-Il) is shown in Fig. 4.58. This experiment was performed in
a glovebox under inert conditions (N;). Prior to electrolysis, the solution was purged at

least 30 minutes with argon. The applied potential was set at -1.55 V /AgCI (std NaCl).
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Fig. 4.58 Scheme of the electrochemical reduction of Se(IV) to Se(-Il)

At the beginning, the selenite solution is colorless and turns rapidly red, due to the for-
mation of amorphous red Se(0) colloids. After 3 — 4 hours, the solution is again color-

less due to the generation of HSe™ (Fig. 4.59).

Fig. 4.59 Evolution of the selenium solution during the electrochemical reduction.
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The obtained solution was characterized at first by UV-vis spectroscopy (Fig. 4.60).
From the obtained 5 mmol L™ Se(-Il) solution, different concentrations ranging from
5x 107> mol L™" to 10™ mol L. All solutions were prepared in 1 mol L™" NH,Cl at pH 8.
The UV-vis spectra exhibit one single peak at 247 nm, characteristic of the HSe™ spe-
cies [IIDA '11; LICHT '95; LIU '08a].

247 10 M
— 7.5x10° M
——5x10° M

Absorbance / a.u.
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T T 4 T ¥ T T T T T T T ¥ T ¥
200 300 400 500 600 700 800 900 1000
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Fig.4.60 UV-vis spectra of the Se(-Il) solution at different concentrations.

Afterwards, 6 mL of the Se(-Il) solution were mixed with 6 mL of hydrazine N,H;.H,O
(98 %) in order to keep the Se(-Il) stable for NMR spectroscopy. Indeed, Se(-Il) solu-
tions are extremely sensitive towards oxygen and can be extremely rapidly re-oxidized
to Se(0) [LIU '08a]. NMR spectroscopy of solutions measured 1 day and 1 week after
their preparation revealed a single signal at a chemical shift of —499 ppm (Fig. 4.61), in
agreement with expected values for the HSe™ ion [DUDDECK '95]. In addition, no addi-
tional signals in other regions could be observed (data not shown), highlighted absence

of re-oxidation of the HSe™ ion.
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Fig. 461 ""Se NMR of Se(-Il) solution after 1 day and 1 week of storage.

4.7.2 Batch sorption experiments

Due to experimental difficulties in establishing the set-up for the electrochemical reduc-
tion of Se(IV) to Se(-Il) and to keep the obtained solution stable, sorption experiments
could not be started. They will be part of the VESPA 1l project, where the focus will be

the study of sorption processes onto iron phases.

131



4.8 Implications on Se mobility in the context of nuclear waste disposals

Within the project VESPA, the aqueous selenium speciation has been thoroughly in-
vestigated. Impact of different oxidation states, concentration, pH, ionic strength and
temperature as well as divalent cations such as Ca®* and Mg?* was studied by means
of NMR, FT-IR and RAMAN.

The formation of Se(IV) oxoanion dimers occurs in aqueous solution as it was demon-
strated by the combined spectroscopic and theoretical approach (data not shown) of
this work. Hence, this data will serve as references for future spectroscopic investiga-
tions of the sorption processes of Se on mineral phases. The evaluation of these sur-
face reactions requires a detailed knowledge of the spectral properties of the dominat-
ing aqueous species present at the interfaces under investigation. In particular, the oc-
currence of transient unknown species during the surface reactions is necessary to be
identified spectroscopically. Thus, the spectral data presented in this work might be of

invaluable help in future times.

During the last years the impact of elevated temperatures on the sorption processes at-
tracts wide interest in the research field of deep ground repositories. The findings of
this work evidenced that temperature dependent sorption behavior (at least up to 333

K) is not related to changes of the aqueous selenium speciation.

"Se NMR spectroscopy was shown to be a helpful tool in determining the aqueous
speciation of selenium and particularly its interactions with metal ions as well as to
characterize the formed complexes in both the solution and the solid state. The results
reveal the possibility of calcium ions to immobilize selenium in +IV oxidation state.
However, neither calcium nor magnesium in the divalent state is able to precipitate and
therefore immobilize selenium in its +VI oxidation state as it forms soluble complexes.
These findings contribute to a deeper understanding for further investigations address-

ing the mobility of selenium oxyanions in the environment.

Sorption of selenate (Se0,%*) and selenite (SeO3?") onto relevant phases such as iron
corrosion products (hematite, maghemite), components of the geological barrier (-
Al,O3; and kaolinite), and environmental ubiquitous model oxides (anatase) have been
investigated. In general, it could be shown that the retention of selenite is much more
effective than the one of selenate. For both Se-species the sorption is the highest on

iron phases, whereas the sorption on clay minerals is very low. The retention of sele-
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nite and selenate is therefore supposed to be most efficient at the technical barrier of

the repository.

For some selected systems, elevated temperature up to 333 K decreased the sorption
of selenium oxyanions onto mineral phases. The impact of temperature was not due to
changes in selenium aqueous speciation as explained above, but to modification of the
surface properties of sorbing phases (i. e. the surface charge and the pHip). Thermo-
dynamic parameters relevant for thermodynamic databases like THEREDA, namely
ARG, AgRH and AgrS have been calculated. The exothermic nature of the sorption pro-
cesses was revealed. The reduction at elevated temperatures of the sorption capacity
of mineral surfaces towards selenium(VI) and selenium(lV) might have drastic conse-
guences in the context of nuclear waste management. Hence, an increased mobility of

these species must be taken into account in future safety assessments.

For the first time, the impact of high ionic strength on selenium sorption was studied on
8-Al,03. An increase of the ionic strength led to a significant decrease of both Se(IV)
and Se(VI) sorption at which the decrease was more pronounced for the sorption of
S(VI) than the one of Se(lV). Even at 1 M NaCl and within the pH range of pH 5 to 6,
no more sorption of Se(VI) took place for Se(VI) concentrations, which resulted in an
80 to 90 % sorption at 0.01 M NaCl. Concerning Se(lV) at least around 40 % were
sorbed at the same conditions. These results show, that especially in regard to reposi-
tory-relevant ionic strengths, the speciation of selenium is essential in terms of reten-

tion.

Structural information on the sorbed complexes obtained by ATR FT-IR and EXAFS
revealed the exclusive formation of inner-sphere complexes of selenium(lV) on the dif-
ferent mineral phases. Selenate mostly formed outer-sphere complexes, together with
a small fraction of inner-sphere complexes on maghemite and hematite. On the surface
of the iron phases and 8-Al,O3, a new type of outer-sphere complexes with a reduced
symmetry could be identified for the first time. In summary, the spectroscopic results
enabled to discriminate among two distinct types of outer-sphere complexes arising
from selenate sorption on different mineral surfaces. Se retention through outer-sphere
complexes was found to be highly reversible, giving rise to a high mobility for seleni-
um(VI) in the near-field of nuclear waste repositories. However, selenium(lV) binding
through inner-sphere complexes was more irreversible and thus can contribute to its

long-term retardation.
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Surface complexation modeling with FITEQL coupled to UCODE was performed for
some systems for the first time. The parametrization of mechanistic sorption models,
e. g. the number of sorbing sites, the number of surface species and their stoichiome-
try, was constrained by considering the information delivered by the applied spectro-
scopic techniques. The results will be implemented into the sorption database RES®T.
These new results will help to improve the description and prediction of selenium oxy-
anions reactive transport through the different retention barriers.

A setup could be established to generate Se(-Il) from the electrochemical reduction of
Se(IV). The formation of Se(-Il) was confirmed by UV-vis and "’Se NMR spectroscopy.
This will serve as a basis for future investigations of the behavior of Se(-Il) at the wa-

ter/mineral interface.
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4.9 Perspectives

The VESPA project could reach its goals to a very high degree. The results enabled a
substantial improvement of the long-term safety assessment, namely the submodels
concerning the selenium migration. This could be shown in a variety of before-after
analyses comparing directly the effects of the newly derived Se sorption coefficients
and solubility products onto the transport of Se through both salt rock and argillaceous
rock. These computations were performed by the project partner GRS (see their final
report) and showed a decrease in mobility of Se up to two orders of magnitude, i. e a

substantial impact.

It is important to state here once again, that the pure numerical facts are only one out-
come of the project. The newly gained process understanding on a molecular level, the
identification and characterization of species and physico-chemical processes is to be
put on an equal scale of relevance at least. The VESPA findings clearly increase confi-
dence in the results of long-term safety assessments and reduce any associated un-
certainties, also on a conceptual level. Here it is also worth mentioning that the combi-
nation of complementary spectroscopic and other tools (NMR, ATR FT-IR, EXAFS,
quantum chemistry to name only the most prominent ones) was very efficacious and al-
lowed the derivation of sensible chemical models for many Se systems. This multi-way

approach certainly should be pushed forward with high intensity.

As usually is the outcome of such ambitious and large-scale projects, the number of
answered questions is coupled to the identification of new challenges. The following
paragraphs thus identify those research directions that are most essential for a further

reduction in conservatism.

Any quantification of Se retention is strongly effected by sorption onto and incorpora-
tion into secondary iron phases. They are present either as corrosion products form the
technical barrier or a natural component of the geotechnical backfill or the host rock it-
self. VESPA results combined with published studies form the literature showed that
though nominally the same mineral phase was investigated sorption coefficients can
vary significantly between solid samples differing in grain size, degree of crystallinity,
specific surface area, topology, or preparation procedure. Thus a succeeding project
should address these heterogeneities by investigating in parallel different specimens
of, e. g., hematite, maghemite, goethite or magnetite simultaneously under identical

experimental boundary conditions, thus reflecting their natural variability. These speci-
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mens could be either natural samples, commercially produced ones, or phases created
in the laboratory following (several) reaction schemes. This would then allow for a sep-
aration of intrinsic physico-chemical properties of a single mineral and other effects im-

printed by structural differences.

VESPA also signaled the high importance of lower oxidation states. In case of seleni-
um this implies additional experiments with Se(0) and Se(-Il). In a first step this in-
volves the development of highly reproducible procedures to obtain (and keep) well-
defined Se(0) and Se(-1l) samples. In case of Se(0) biotechnology may prove as a very
promising approach.

Eventually, a further development of the analytical and spectroscopic setups to in-
crease sensitivity and reliability is necessary. The focus should be set on higher ionic
strengths (as expected in salt rock and also northern German clay rocks) as well as
higher temperatures. Various experiments could profit from the use of Se-75 as radio-

active tracer with a half-life of about 120 days.
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5 Redox behaviour, solubility, speciation and incorporation
of Tc, Se and **C?

51 Introduction

The studies of KIT-INE within VESPA highlight the key relevance of geochemistry for
assessing radionuclide retention and mobilization processes in a repository for radioac-
tive waste. Based upon detailed and systematic experimental studies, a significantly
improved process understanding of the chemical behavior of long-lived fission and ac-
tivation products in repository relevant systems was achieved. Fundamental site-
independent thermodynamic data and models were derived which are required for
comprehensive geochemical model calculations. As a consequence of the research
performed by KIT-INE within VESPA, different repository concepts and scenarios can

be analyzed on a significantly improved level.

% This chapter was prepared by Institut fir Nukleare Entsorgung (INE), Karlsruher Institut fir Technologie
(KIT)
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5.2 Redox behaviour of Tc(VIN)/Tc(IV) in dilute to concentrated saline sys-

tems
5.2.1 Studies on Tc(VII)-(IV) redox processes in dilute 0.1 NaCl solution
5211 Introduction

The studies performed by KIT-INE within VESPA on Tc¢(VII) redox chemistry in dilute
NacCl solutions are summarized in the following. Dilute 0.1 M NaCl solutions were ana-
lysed in a first part of the studies performed in VESPA in order to derive fundamental
understanding, validate general concepts and establish experimental protocols which
were later applied to for medium to high ionic strength conditions. The redox behaviour
of the Tc(VII)/Tc(lV) couple over a wide range of pH conditions in 0.1 M NaCl/NaOH
solution was investigated in various homogenous and heterogeneous reducing sys-
tems. Stock solution of Tc(VIIl) was added to each reducing system, and after given pe-
riods, the Tc concentration was measured and compared to the initial Tc(VII) concen-
tration (1-10™° mol-dm™). The results can be systematized according to E,-pH condi-
tions in solution and a general borderline for the reduction of Tc(VIl) to Tc(IV) inde-
pendent of the reducing systems is obtained. The experimental borderline is slightly
lower than the calculated equilibrium line between TcO, and TcOy(s)-xH,O(s). This
may suggest that more soluble solid phase such as small Tc(IV) oxyhydroxide particles
are formed under the given conditions. Reaction kinetics are also discussed and corre-

lated to the measured redox potentials and the reduction borderline.

5.2.1.2 Experimental

In the experiments described in this chapter, aliquots of NaTcO, stock solution was
added to 0.1 mol/dm® (M) NaCl/NaOH pre-equilibrated with the following reducing
agents (p. a. grade chemicals); 3 mM anthraquinone disulfonate (AQDS) (ratio of oxi-
dized form (ox.) to reduced form (red.) = 1:3), 3 mM hydroquinone solutions,
Fe(Il)/Fe(lll) mixed solutions and precipitates (Fe(ll):Fe(lll) = 1 mM:0.1 mM), 1 mM
Na,S,0, solutions, Fe powder suspensions (1 mg/d5 ml), 2-hydroxy-1,4-
naphthoquinone (Lawsone) solutions (ox.:red. = 1:3), and 1 mM Sn(ll) solutions and
precipitates. A list of the chemicals and conditions used in the study is given in Tab.

5.1. The initial Tc(VIl) concentration was set to 10™° M. The hydrogen ion concentration
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(pH,) of the sample solutions were adjusted by adding HCI (Merck) and carbonate-free
NaOH (Baker), using a combination glass electrode (type ROSS, Orion) calibrated
against standard buffers (pH; 2 — 12, Merck). The redox potential was measured with a
combined Pt and Ag/AgCl reference electrode (Metrohm). The measured redox poten-
tials were converted to redox potential (E,) versus the standard hydrogen electrode
(S.H.E.) by the correction for the potential of the Ag/AgCI reference electrode (+208 mV
for 3 M KCI junction electrolyte). The apparent electron activity (pe = -log a.-) was cal-
culated from E, = =(RT/F) In a.- according to the relation: pe = 16.9 E, (V) at 25 °C.
The Tc concentrations after ultrafiltration were investigated over a wide pH. range as a

function of time.

Tab.5.1 Reducing aqueous systems investigated in dilute 0.1 M NacCl solutions

Reducing chemical 1 | Concentration of reducing | Initial TcO4~
system State chemicals concentration
Hydroquinone Sol 3 mM, 10 mM 1.10° M
AQDS/AH2QDS (ox/red)  [Sol 3mM (2.25 mM/0.75 mM)? [1-10° M
Lawsone (ox/red) Sol 1.6 mM (1.2 mM /0.4 mM)? [1:10° M
Methylene blue (ox/red)  [Sol 0.4mM (0.3mM/0.1 mM)? [1-10°M
sn(ll) Sol/prep 1 mm® 1-10° M
Na,S,0, Sol 1 mM 1:10° M
Fe(Il)/Fe(lll) Sol/prep L mM /0.1 mmM? 1.10° M
Fe powder Sus 1mg/15ml 1-10° M

1) State of reducing chemicals in the system. sol, prep, sus represent solution, precipitate, and suspension.

2) Oxidized form partly reduced by Na,S,0, to obtain ox : red = 1:3 ratio.

3) Sn(ll)Cl, dissolved at acidic pH region. After pH adjustment, white precipitate observed at neutral pH (6 < pH < 10).

4) Fe(I)Cl, and Fe(lll)Cl; were mixed to Fe(ll) : Fe(lll) = 10:1 ratio in the acidic pH region. At pH > 6, Fe precipitate

formed.
After given time intervals of up to several months, pH; and Ey values were measured
and the supernatants of the solutions filtrated through 10 kDa (2 — 3 nm) ultrafiltration
membranes (Pall Life Sciences). The Tc concentration was determined by Liquid Scin-
tillation Counting (TriCarb 2500 Tr/AB instrument, Canberra-Packard) with a detection
limit of ~10™® M. The Tc oxidation state of the soluble species was investigated by sol-
vent extraction technique, where TcO, was extracted into chloroform using 1 mM
tetraphosphonylchloride (TPPC). All samples were prepared and stored in an Ar glove

box under inert gas atmosphere.
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5.2.1.3 Results and discussions

5.2.1.3.1 Redox behaviour of Tc(VIl)/Tc(IV) observed in the individual series

The systems studied within VESPA are discussed and E;, pH. conditions and Tc con-
centrations in solution for the investigated aqueous systems given: (1) Hydroquinone,
(2) AQDS/AH,QDS, (3) Lawsone, (4) Methylene blue, (5) Sn(ll), (6) Na-dithionite, (7)
Fe(Il)/Fe(lll), (8) corroding Fe powder systems. In Na-dithionite, Fe(ll)/Fe(lll) and cor-
roding Fe powder systems the pH. range is limited to neutral and alkaline pH. (Na-
dithionite, corroding Fe powder) and acidic and neutral pH; (Fe(ll)/Fe(lll)) because of
chemical instability of the solutions.

The graphs to the left side show the measured E; values for each individual sample
plotted against the corresponding pH. as a function of equilibration time. The broken
lines in (A) represent the calculated equilibrium line between TcO, and
TcO, 1.6H,0(s) [RAR/RAN1999]. The upper and lower decomposition lines of water (at
1 bar O,(g) and 1 bar Hx(g)) and a “redox neutral” line at pe + pH. = 13.8 are included

for comparison.

In graphs to the right side the Tc concentrations measured in solution after 10 kDa (2 —

3 nm) ultrafiltration are plotted for each of the samples shown at the left side versus

pH..

In all Figures below, blue colour indicates no reduction of initial Tc(VII), red colour indi-

cates reduction to Tc(IV) species with lower solubility.

In hydroquinone solutions, Tc concentration was constant at the initial TcO, concen-
tration level from pH. 2.2 to 12.3 for up to 8 months (Fig. 5.1). The E, values are slight-
ly higher than the equilibrium line between TcO, and TcO,-xH,O(s) calculated from the
literature [RAR/RAN1999]. In the oxidation state analysis for the samples at pH. 3.9,
8.5, and 12.3, more than 99 % of total Tc in the solutions was extracted to the organic
phase, indicating that dominant species is TcO, and no reduction of Tc(VII) had oc-

curred.
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Fig. 5.1 En and Tc concentrations (10 kDa filtration) in 3 mM hydroquinone (HQ)

solutions as a function of time and pHc

The broken line represents the calculated equilibrium line between TcO,4™ and
TcOz(s)-xH20(s)

In AQDS redox buffer solutions at pH; 5.0 and 8.1, the initial Tc concentration (10'5
M) decreased rapidly to about 10~" M, suggesting that TcO,~ was reduced and sparing-
ly soluble TcO,-xH,O(s)(s) had precipitated (see Fig. 5.2). In contrast, at pH, 10.5, a
considerably slower reduction was observed. Under alkaline condition at pH. > 11, E,
values are higher than the calculated TcO, / TcO,-xH,O(s)(s) equilibrium line and the
Tc concentration is constant at initial TcO4 concentration level, indicating that no re-

duction of Tc(VIl) occurred within the investigated time.

In Lawsone redox buffer solutions, the Tc concentration decreased from the initial
Tc(VII) concentration level over the entire investigated pH. range of 2 — 12 as shown in
Fig. 5.3. In the alkaline pH region, extremely slow reduction was observed and not
reached the equilibrium state up to 85 days. Experiments in 1 — 4 Methylene Blue
buffer solution , a similar behaviour is observed up to pH 5 (see Fig. 5.4), at higher

pH conditions no reduction was observed.

177



E-‘ 1 | | | 1 | H Eh(V) AHF | 1 | 1 1 | H

"redox neutral" .. .
/ Initial Tc(VII) concentration

12

+pH=13.8
Qe H TS - 06

O % ® 0O 3days

| O 21 days
& - ® B 49 days =

® 79 days - ® 79 days

1 bar H (g) -0.6 o
b ® 93 days - K detection limit E 93 days
- | |
(78S 0 0 oy >Hoos ol oy g lTEavsy
0O 2 4 6 8 10 12 14 0 2 4 6 8 . 10 12 14
-log [H'] -log [H]

Fig. 5.2 En and Tc concentrations (10 kDa filtration) in AQDS buffer solutions as a
function of time and pH.
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Fig. 5.3 En and Tc concentrations (10 kDa filtration) in Lawsone buffer solutions as

a function of time and pH,
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Fig.5.4 En and Tc concentrations (10 kDa filtration) in 1-4 Methylene Blue solutions

as a function of time and pH.

In the systems with Sn(ll), the white Sn(ll) hydroxide precipitate was observed in the
range of pH; 5 - 11 before adding Tc(VIl) stock solution. At higher pH the precipitates
disappear and anionic Sn(ll) hydrolysis species (Sn(OH);") considered dominant
[HOU/KEL1984]. The Tc concentration decreases rapidly over the pH. range 2 - 11 and
stable conditions are achieved within several days (Fig. 5.5). At pH; > 11, the concen-
tration of reduced Tc(IV) species increases with increasing pH.. The results of the oxi-
dation state analysis by solvent extraction under these pH conditions indicates negligi-
ble contribution of remaining Tc(VII), suggesting the formation of anionic Tc(IV) hydrol-
ysis species such as anionic TcO(OH);™ as proposed in the literature [ERI/NDA1992,
WAR/ALD2007].
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Fig. 5.5 (A) Tc concentrations (10 kDa filtration) in 1 mM Sn(ll) solutions and pre-
cipitates as a function of time. (B) E;, and Tc concentrations (10 kDa filtra-

tion) in Sn(ll) solutions as a function of time and pH.

In Na,S,0, solution in the pH; range 6.9 — 10.9, the Tc concentrations in the solutions
decrease and stable state conditions (10”7 — 107 M) are achieved within a few weeks,
indicating the reduction of Tc(VIl) to a Tc(lV) solid as shown in Fig. 5.6. Similarly to the
literature where Na,S,0,4 was used to reduce Tc(VIl) for the preparation of Tc(lV) solid
phase (TcO,-xH,0) [HES/XIA2004], a black-colored Tc(IV) solid phase was immediate-
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ly precipitated, however, an aging time of a few weeks is needed to reach equilibrium
state. At pH. > 11, the Tc concentrations after reduction increases with an increase of
pH., suggesting the formation of anionic Tc(lV) species similar to Sn(ll) system. It
should be noted that at pH 6.9, the amount of Tc(VII) in the solution was more than

30 %, as under neutral pH conditions Na,S,0,, which is supposed to maintain reducing

conditions, is not stable over prolonged periods of a few months.
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Fig. 5.6 En and Tc concentrations (10 kDa filtration) in dithionite solutions as a

function of pH.

In the system of Fe(ll)/Fe(lll) mixed solutions and precipitates, at pH. = 2.1 and pe =
11.3, no change in the Tc concentration was observed up to 49 days (see Fig. 5.7). On
the other hand, at pH. 6.0 (pe = -0.2) and pH. 8.4 (pe = —0.2), Fe(ll)/Fe(lll) solid phase
precipitates were observed before adding Tc(VIl) stock solution and the Tc concentra-
tions decreased to almost detection limit (10 M) within three days after Tc(VIl) was
added. The reduction of Tc(VII) with Fe(ll)/Fe(lll) redox buffers and suspensions of the
precipitates has been reported in several studies. Cui et al. reported that the TcO4
concentration at pH < 7.5 was constant at initial concentration level over a few days in
the presence of about 10™° M aqueous Fe(ll) [CUI/ERI1996a]. Ben Said et al. showed,
reduction kinetics were also depending on the Fe(ll) concentration, Fe(ll)/Fe(lll) ratio,
and initial Tc(VIl) concentration [BEN/FAT1998]. The difference between Cui et al.
[CUI/ERI1996a], Ben Said et al. [BEN/FAT1998], and our results probably arise from
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the different experimental conditions such as Fe(ll) concentration. Unfortunately, the
redox potentials in these studies were not reported. Zachara et al. also investigated the
reduction of Tc(VIl) in Fe(ll) systems in near neutral pH range and the redox behaviour
was supported by measured redox potentials [ZAC/HEA2007]. The observed rapid re-
duction at pH > 6.8 generally agrees with the results in this study, although the report-
ed E;, values were higher than those in this study.
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Fig. 5.7 En and Tc concentrations (10 kDa filtration) in systems of Fe(ll)/Fe(lIl)

mixed solutions and precipitates as a function of pH.

In the samples containing corroding Fe powder in the pH. range 6 — 10, the Tc con-
centration rapidly decreased to the detection limit (108 M) within three days (see Fig.
5.8a). In contrast, no reduction was observed in all samples at pH; > 10 as shown in
Fig. 5.8b.
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5.2.1.3.2 Trends of Tc(VII)/Tc(IV) redox behaviour and kinetic effects in 0.1 M
NacCl

The results discussed above are summarized in the En-pH diagram shown in Fig. 5.9.
Samples in which no reduction was observed are plotted as filled symbols. Samples in
which initial Tc(VII) was completely or partly reduced are plotted as open symbols. The
bold dot line and broken line in the figure represent an experimental borderline for
Tc(VI) reduction obtained in this study and the calculated equilibrium line between
TcO, and TcO,-xH,O(s) [RAR/RAN1999], respectively. The reduction of Tc(VIl) to
Tc(IV) occurred in both homogeneous solutions and heterogeneous suspensions with
redox potentials below the experimental borderline. In the systems with redox poten-
tials above the borderline, Tc(VIIl) was not reduced. It should be noted that in Fe pow-
der systems, no reduction was observed at pH. = 10.2 and pe = -4.8 up to 49 days, on
the other hand, Tc(VIl) was slowly reduced at pH. = 10.5 and pe = -4.0 in the
AQDS/AH,QDS solution. In Fe powder suspension, the deviation of measured Ey, val-

ues are relatively large, compared to stable E;, values in the AQDS / AH,QDS solution.

In the investigated systems, the reduction of Tc(VII) to Tc(IV) can be described with the
equilibrium constant (K), and the equilibrium line (50 % Tc(VII), 50 % Tc(IV)) is calcu-
lated from the equation (shown as broken line in figures): TcO,” + 3¢ + 4H" <
TcO,-xH,O(s) + (2-x)H,0 and log K° = log [TcO4] - 3 pe + 4 log [H'] with log K° = 37.8
+ 0.6 (I = 0) from the data selected by the Rard et al. [RAR/RAN1999]. For 0.1 M
NaCl/NaOH solution, the K value was corrected using the SIT method and ion interac-
tion coefficients of ¢ (H*, CI) = 0.12 kg-mol™ and ¢ (ClO,”, Na") = 0.01 kg-mol™’
[GUI/FAN2003], which is taken as analogue for £ (TcO4~, Na*). Under the condition of
initial Tc concentration ([Tc]ing) = 10™° M, i. e., log [TcO.] = log ([[Tc]int / 2]) = -5.30, the
calculated borderline was pe = =1.3-(- log [H']) + 11.0. The results in Fig. 5.9 indicate
that the experimental borderline for the reduction of Tc(VII) (bold dot line) is about 2 pe-
units (about 100 mV) lower than the calculated line (broken line). This may suggest that
the reduction with slow kinetics by reducing chemicals lead to different solid phases, or
at least different particle size distribution compared to more crystalline solid phases as-
sumed for the thermodynamic calculation. The value of log K° for the Tc(IV) solid
phase selected by Rard et al. [RAR/RAN1999] was calculated from the standard redox
potential (E°), which was determined from the investigation of redox potential meas-
urement data of the TcO, /TcO,-xH,0O(s) couple [COB/SMI1953, MEY/ARN1991a]. In

the literature, the solid phases were prepared by electrochemical reduction of macro-
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scopic amounts of TcO,4 . Under the experimental condition of lower initial Tc concen-
tration in this study, Tc(VII) may be precipitated not as TcO,-xH,O(s) but rather small
colloidal particles, TcO,-xH,O(coll, hyd). This explanation would be similar to the Np(V)
reduction processes and the role of colloidal Np(IV) phases described recently by Neck
et al. [NEC/ALT2009]. In their study on the reduction of Np(V) to Np(IV), the experi-
mental borderline was also observed to be lower than the calculated equilibrium line
from the thermodynamic constant of NpO,(am, hyd) and NpOy(coll, hyd) considered as
small solid phase particles was proposed. In Fig. 5.9, the experimental borderline was
determined to be pe = -1.3:pH + 9.3, and log K for TcO,-xH,O(coll, hyd) was obtained
tobe 33.1atl=0.1.
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Fig. 5.9 Experimental plots on the reduction of Tc(VII) ([TcOy4 Jint = 107° M)

Samples reduced are shown as open symbols, samples not reduced as filled symbols
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The kinetics for the reduction of Tc(VII) generally showed a significant dependence on
En in homogeneous solutions systems (Fig. 5.10). The reduction rate decreased when
En increased from strongly negative values, such as in Sn(ll) system, to near the reduc-
tion borderline and in the systems such as Lawsone, the rate of reduction was ex-
tremely slow. On the other hand, a rapid decrease of the initial Tc concentration was
observed in suspensions where the E; values were lower than the borderline in Fig.
5.9. In Fe powder suspensions at pH. < 10, the Tc concentration decreased to detec-
tion limit level (107 M) within 3 days, although the E;, values were closed to those in the

Lawsone system, where slow kinetics were observed.
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Fig. 5.10 Reduction rate half life time as a function of the difference of pe values
between the measured value in each reducing system and experimental
borderline in Fig. 5.9 (A pe)
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5.2.2 Studies on Tc(VIN-(IV) redox processes in medium and high ionic

strength NaCl and MgCl, solution

5221 Introduction

The mobility of Tc is strongly dependent on its oxidation state. Although several oxida-
tion states of Tc are reported in the literature (+lIl, +1V, +V, +VI, +VII) [RUS/CAS1978,
GRA/ROG1978,GRA/DEV1979_ENREF_13], Tc(VIl) and Tc(lV) are the prevailing sta-
ble redox states in the absence of any complexing ligands under non reducing and re-
ducing conditions, respectively. Heptavalent Tc exists as highly soluble and mobile
TcO, pertechnetate anion under environmental conditions, whereas Tc(IV) forms spar-

ingly soluble hydrous oxide (TcO,-xH,0O) under reducing conditions.

The redox behaviour of the Tc(VII)/Tc(IV) couple was investigated by several authors in
different reducing systems. Owunwanne et al. [OWU/MAR1977] and Warwick et al.
[WAR/ALD2007] used Sn(ll) to reduce Tc(VII) under highly acidic (pH < 2) and highly
alkaline (pH > 13.3) conditions, respectively. A fast and complete reduction of Tc(VII)
was observed in both cases, although no solid phase characterization was performed
in these studies. Cui et al. [CUI/ERI1996a] observed that the reduction of Tc(VII) to
Tc(IV) by Fe(ll)aq Was kinetically hindered, whereas Fe(ll) precipitated or sorbed on
the vessel walls rapidly reduced Tc(VIl). Zachara et al. [ZAC/HEA2007] also studied
the reduction of Tc(VII) in presence of Fe(ll)«q in the neutral pH region (6-8). The au-
thors reported that reaction kinetics were strongly pH dependent and reduction of
Tc(VIl) was a combination of a homogenous and heterogeneous reaction. Ben Said et
al. [BEN/FAT1998] investigated the reduction of Tc(VIl) in acidic solutions as a function
of [Tc], [Fe(ll)]aq and Fe(ll)/Fe(lll) ratio. Several studies have also focussed on the re-
duction/sorption mechanisms of Tc on solid iron phases of special relevance for nucle-
ar waste disposal [UM/CHA2011, WHA/ATK2000, LIU/TER2008, LIV/JON2004,
MCB/LLO2011, LLO/DEN2008]. In spite of the large numbers of experimental studies,
the understanding of Tc(VII)/Tc(1V) redox behaviour is currently rather restricted to di-

lute aqueous systems.

The present work builds upon studies in dilute 0.1 M NaCl solution and focusses on Tc
redox and solubility chemistry in repository-relevant brine systems which are so far
lacking in the case of waste disposal in rock salt formations. The redox behaviour of

Te(VID/Tc(IV) couple was investigated in diluted to concentrated saline solutions. Re-
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dox experiments were performed in NaCl (0.5 M and 5.0 M) and MgCl, (0.25 M, 2.0 M
and 4.5 M) solutions by using homogenous and heterogeneous reducing systems. The
results are systematised according to the En-pH conditions in solution to assess Tc re-
dox behaviour in high saline systems. The experimental data are compared to thermo-
dynamic calculations after determination of technetium concentration and redox state.
XANES analysis is used to characterize the redox state and molecular environment of
Tc in the heterogeneous reducing systems evaluated.

5.2.2.2 Thermodynamic background

Thermodynamic data of Tc are reported in the NEA-TDB series [RAR/RAN1999], within
a comprehensive evaluation of Tc literature including discussion of the redox potential
of Tc(VI)/Tc(lV) couple in dilute systems [COB/SMI1953, CAR/SMI1955,
MEY/ARN1991a]. Tc(VIl) is the most stable oxidation state of Tc, and exists as per-
technetate anion (TcO, ) in non-reducing and oxidizing solutions. Under reducing con-
ditions, Tc is predominantly found as Tc(IV), which forms sparingly soluble hydrous ox-
ide (TcO,xH,0). The redox reaction between TcO,/ TcO,xH,O(s) is summarized in
the NEA-TDB as:

TcO, + 4H* +3e” < TcO,xH,0(s) + 0.4H,0 (5.1)

The standard potential selected in the NEA-TDB is E°= 0.747 £ 0.004 V, which leads to
log*K® = 37.8 + 0.6 for reaction (5.1).
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based on NEA-TDB

Fig. 5.11 shows the Pourbaix diagram of Tc within 0 < pH < 14 and -14 < pe < 14. The
red line in the figure corresponds to the thermodynamically calculated equilibrium line
(at 1 = 0) based on the reaction (5.1). For the description of highly saline systems, ionic

strength corrections for thermodynamic data at | = O are necessary.

The specific ion interaction theory (SIT approach) is the method for ionic strength cor-
rections adopted in NEA-TDB. The basic formalisms used in SIT are summarized be-

low.
Activity coefficient:

logioyj = — ij D+ Z e,k Ip,) my (5.2)
K
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Debye-Huckel constant:

AT, (5.3)

1+ Baj/Ty,

lonic strength:
1 A4
In= = E m;z? (5-4)
2L
1

The summation in Eq (5.2) extends over all ions k present in solution. Their molality is
denoted my, and €(j, k, I,) is the specific ion interaction parameters. A and B in the De-
bye-Hickel term are constants which are temperature and pressure dependent,

whereas a; is an ion size parameter for the hydrated ion j.

In this study, the activity coefficients were corrected for each specific saline system (0.5
M and 5.0 M NaCl; 0.25 M, 2.0 M and 4.5 M MgCl,) by SIT approach based on the
chemical analogues of Tc (i. e. £(CIO,, Na*) = 0.01) in NEA-TDB. lonic strength correc-
tions were applied on the Tc(VI)/Tc(lV) equilibrium line (dashed lines) on the Pourbaix
diagram. The E; and pH values measured in individual reducing systems are plotted on
the diagrams to assess the redox behaviour of Tc. Tc concentrations were measured in
the agueous phase to confirm the reduction to Tc(lV), as the formation of TcO,-xH,O(s)
leads to decrease from the initial TcO,~ concentration level (10~ M) in solution (see
Reaction (5.1).

5.2.2.3 Experimental techniques

5.2.2.3.1 Chemicals

Hydroquinone (CgH4(OH),), sodium dithionite (Na,S,0,4), and metallic iron powder
(grain size 10 pm) were obtained from Merck, FeCl3:6H,O, SnCl, and tetra-
phenylphosphonium chloride (TPPC) were purchased from Sigma-Aldrich, and FeCl,
from Alfa Aesar. HCl and NaOH titrisol (Merck) were used for adjusting the pH of solu-
tions. All solutions were prepared with purified water from a Milli-Q-academic apparatus

(Millipore). Before its use, O, was removed by bubbling argon through the Milli-Q water.
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All sample preparation and handling was performed in an Ar-glove box at the controlled
area of KIT-INE.

5.2.2.3.2 Sample preparation

The samples were prepared at different ionic strength conditions in NaCl (0.5 M and
5.0 M) and in MgCl, (0.25 M, 2.0 M and 4.5 M) with additions of 1 mM Na,S,04, 1 mM
SnCl,, 3 mM hydroquinone (HQ), 1 mM/0.1 mM Fe(ll)/Fe(lll), 1 mg/15 ml Fe powder
and in the presence of Fe(ll) minerals (magnetite, mackinawite and siderite). The pH
values were adjusted using HCI, NaOH or Mg(OH), of same ionic strength. The initial
Tc(VI1) concentration was set to [TcO,] = 10 M by addition of 13 mM NaTcO, stock

solutions to the pre-equilibrated solutions.

5.2.2.3.3 Measurements and analysis

After equilibration times of three days to several months, the hydrogen ion concentra-
tion (pH.) and redox potential were measured using combination pH electrodes (type
ROSS, Orion) calibrated against standard pH buffers (pH 1-11, Merck), and Pt combi-
nation electrodes with Ag/AgCl reference system (Metrohm). The values of pH; = pHexp
+ A. were obtained from the operational “measured” pH.,, values using empirical cor-
rections factors [ALT/MET2003].

Redox potentials were measured with Pt combination electrodes with Ag/AgCI refer-
ence system (Metrohm) and converted to Ey, versus the standard hydrogen electrode
by correction for the potential of the Ag/AgCl reference electrode (+208 mV for 3 M KCl
at 25 °C). Stable E; readings were obtained within 10 minutes in most of the samples,
although in some cases longer equilibration times (up to 30 minutes) were needed. The
apparent electron activity (pe = —log a.-) was calculated from E, = —(RT/F) In a.-, ac-
cording to the relation pe = 16.9 E; (V). The performance of the redox electrode was
tested with a standard redox buffer solution (Schott, +640 mV vs. Ag/AgCl) and provid-
ed readings within + 10 mV of the certified value. Previous studies [BIS/HAG2009,
SCH/BIS2010] have suggested the need of (experimentally determined) correction fac-
tors for E;, measured at high ionic strengths, which should mostly account for variations
in the liquid junction potential. Liquid junction potentials below 50 mV are expected in

the conditions of this study [BAR1994]. These values are well within the uncertainty
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considered for E;, measurements, and thus the use of such corrections has been disre-

garded in this work.

After 10 kDa (2 - 3 nm) ultrafiltration, the Tc concentration in the filtrate was deter-
mined by Liquid Scintillation Counting (Quantulus, Perkin Elmer). The detection limit for
Tc-99 under the given conditions is ~10™° M. The technetium oxidation state of the
aqueous species was investigated by a solvent extraction technigue [OMO/MUR1994,
KOP/ABU1998], where TcO, is extracted into chloroform using TPPC. The superna-
tant of the sample solution was contacted to chloroform containing 50 mM TPPC. After
vigorous mixing for 1 minute and subsequent separation of the aqueous and organic
phases by centrifugation, the Tc concentrations in both phases were determined by
LSC.

5224 Results and discussion

The Tc(VI)/Tc(IV) redox behaviour was investigated in various homogenous and het-
erogeneous reducing systems. Measured E;, and pH values are summarized on Pour-
baix diagrams to assess Tc redox behaviour in highly saline systems. The broken lines
on the Eq-pH diagrams represent equilibrium line between TcO, and TcO,-1.6H,0(s)
(50 % Tc(VII), 50 % Tc(IV)) thermodynamically calculated and corrected by SIT ap-
proach for each ionic strength conditions. The dotted line and solid lines on the E,-pH
diagrams correspond to the “redox neutral line” [NEC/ALT2007] and the border for the
reduction of water, respectively. The measured Tc concentrations after different aging
times from three days up to several months are shown besides the E,-pH diagrams.
The decrease of the Tc concentration in the aqueous phase from the initial Tc(VII) level
(10~° M) is interpreted as a reduction of Tc(VIl) due to formation of TcO,1.6H,0 solid
phase. This information was complemented for selected samples by solvent extraction

technique (see Tab. 5.2).

192



Tab.5.2  Tc(lV) ratios in selected samples by solvent extraction

Background Concentration of Reducing
Electrolyte BEallckground System pH. En, (MmV) %Tc(IV)
ectrolyte

0.5M Na,S;0, 7.5 -269 98
0.5 M Na,S,0, 6.6 -120 99
05M Na,S,04 12 -437 92
50M Na,S,0, 12.7 -445 99
05M Sn(ll) 1.9 28 98
05M Sn(ll) 13.3 -760 99

NacCl 50M Sn(ll) 2.9 80 92
50M Sn(ll) 14 -759 99
0.5M HQ 1.8 396 1.4
50M HQ 2.9 398 0.8
0.5 M Fe(I)/Fe(lll) |2 643 04
50M Fe(Il)/Fe(lll) | 2.8 400 0.07
50M Fe(I)/Fe(lll) | 4.5 634 0.36
20M Na,S,0, 7 28 99
45M Na,S,0, 9 -56 99
20M Sn(ll) 3.7 4 73
45M Sn(ll) 4 140 62
45M sn(ll) 6.4 -10 85

MgCl, 45M sn(ll) 9 -215 99
0.25M Fe(l)/Fe(lll) | 3.4 203 0.1
20M Fe(Il)/Fe(lll) | 3.8 485 0.2
45M Fe(I/Fe(lll) | 4.2 608 0.3
45M Fe(I)/Fe(lll) | 6.4 363 0.6
45M Fe Powder 9 -196 99
45M Fe Powder 8.9 -127 99

5.2.2.4.1 Tc(VIl) reduction by Na,S,0,4 in medium and high ionic strength NaCl
and MgCl, Solutions

Fig. 5.12 (left) shows the En-pH diagram of Tc(VII)/Tc(IV) redox couple in 1 mM
Na,S,0,4 system in 0.5 M and 5.0 M NaCl solutions. In all samples, measured E,, values
were found below the thermodynamically calculated Tc(VII)/Tc(IV) borderline. Ey values
with large uncertainties (up to 100 mV) were observed in neutral pH region because of
the degradation of Na,S,0,4 in H,O [GAN/STU1992]. No changes were observed be-
tween the E; values in dilute and concentrated NaCl solutions in this system. The Tc
concentrations were measured after given contact times and are shown in Fig. 5.12

(right). The decrease from the initial TcO, concentration (10> M) was attributed to the
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reduction of Tc(VIl). The predominance of Tc(IV) was further confirmed by solvent ex-
traction (Tab. 5.2). Although Tc concentrations were found lower than the initial level at
each pH., relatively high Tc concentrations such as 10" M and 10°® M were observed in
neutral (pH. 6 - 8) and alkaline (pH. > 12) conditions, respectively. In alkaline pH re-
gion, this increase can be explained by the formation of anionic Tc(IV) hydrolysis spe-
cies such as TcO(OH)3', which increase TcO,-1.6H,0(s) solubility [ERI/NDA1992]. In
the neutral region, Tc concentrations were found above the solubility limit. Although the
reported formation of Tc(IV) eigencolloid might explain our experimental observations,
the known degradation of Na,S,0, in these conditions (see also increase in E,) may
lead to decomposition products interacting with the Tc species and thus hinders any

definitive interpretation of Tc data in this region.
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Fig. 5.12 En-pH diagram of Tc(VII)/Tc(IV) couple (left) and concentration of Tc (right)
in 1 mM Na,S,0, systems in NaCl

The dashed line represents an equilibrium line calculated from NEA-TDB with ionic strength

correction by SIT

Fig. 5.13 (left) shows the Ex-pH diagram of Tc(VII)/Tc(lV) redox couple in 1mM
Na,S,0,4 system in 0.25 M, 2.0 M and 4.5 M MgClI, solutions. All the measured E;, val-
ues were found below the thermodynamically calculated Tc(VII)/Tc(IV) borderline. The

strong ionic strength effect was observed on the E; values in alkaline pH (pH. 9) region
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up to 5-pe units, while there is no ionic strength effect in the near neutral pH region.
The Tc concentrations were measured after equilibration times and are shown in Fig.
5.13 (right). The decrease from the initial TcO, level and solvent extraction results
(Tab. 5.2) confirmed the complete reduction of Tc(VIl). However, the Tc concentrations
in the concentrated MgCl; solutions are higher than in the dilute MgClI; solutions.
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Fig. 5.13 Ep-pH diagram of Tc(VII)/Tc(lV) couple (left) and concentration of Tc (right)
in 1 mM Na,S,0, system in MgCl,

5.2.2.4.2 Tc(Vll) reduction by Sn(ll) in medium to high ionic strength NaCl and
MgCl, Solutions

Fig. 5.14 (left) shows the En-pH diagram of Tc(VII)/Tc(IV) redox couple in ImM Sn(ll)
system in 0.5 M and 5.0 M NaCl solutions. In all cases, Sn(ll) leads to E;, values far be-
low the thermodynamically calculated Tc(VII)/Tc(IV) borderline. Measured Tc concen-
trations indicate a fast and complete reduction of Tc(VIl) (Fig. 5.14 (right)). In addition,
predominance (99 %) of Tc(IV) in all samples was confirmed by solvent extraction
(Tab. 5.2). However, the Tc concentrations were found relatively high (10> M - 10°® M)
in acidic (pH. < 3) and alkaline (pH; > 12) pH range similar to the Na,S,0, system.

Similar trends were observed in the studies of Meyer et al. and Eriksen et al. at | ~ 0.
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Their studies proposed the formation of Tc hydrolysis species as TcO*
[MEY/ARN1991a] and TcO(OH)s; [ERI/NDA1992] in acidic and alkaline pH range, re-
spectively. A wide range of ionic strength (up to 5.0 M NaCl) was assessed by Hess et
al. in their Tc(lV) solubility experiments under acidic conditions. Experimental data ob-
tained in this work are in a qualitatively good agreement with the solubility data of Hess

et al. which are also shown in Fig. 5.14 (right).
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Fig. 5.14 En-pH diagram of Tc(VII)/Tc(IV) couple (left) and concentration of Tc (right)
in 1 mM Sn(ll) system in NacCl

Fig. 5.15 (left) shows the E,-pH diagram of the Tc(VII)/Tc(lV) couple in the 1mM Sn(ll)
system in 0.25 M, 2.0 M and 4.5 M MgCl, solutions. In this system, a strong and linear
effect of ionic strength was observed on the measured E;, values. Tc concentrations al-
so indicate a strong ionic strength effect and are shown in Fig. 5.15 (right). Similarly to
the Na,S,0, system, the Tc concentrations increase with increasing the ionic strength
in MgCl, solution. The solvent extraction results show that the content of Tc(lV) in the
samples lays between 60 % — 99 % depending on the pH and ionic strength (Tab.
5.2). Hess et al. also reported similar solvent extraction results in concentrated NacCl
solutions, although confirming the predominance of Tc(lV) in aqueous phase by UV-

Vis. analysis. The solvent extraction method which extract anionic species in a solution,
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might give a high uncertainty in case the formation of anionic Tc(IV)-Cl complexes in

highly concentrated MgCl, solutions.
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Fig. 5.15 Ep-pH diagram of Tc(VII)/Tc(lV) couple (left) and concentration of Tc (right)
in 1 mM Sn(ll) system in MgCl,
5.2.2.4.3 Tcreduction by hydroquinone in medium to high ionic strength NacCl

and MgCl, solutions

The measured E;, values in 3 mM HQ system are above the borderline in 0.5 M - 5.0 M
NaCl and in 0.25 M - 2.0 M MgCl, solution over the entire pH region (Fig. 5.16 (left)
and Fig. 5.17 (left)). However, the E, values in 4.5 M MgCl, media are below the ther-
modynamically calculated Tc(VIl)/Tc(IV) borderline. In both cases, it is seen that Tc
concentrations remained at initial level (10° M) in all samples. No change was ob-
served in the Tc concentrations over up to one year equilibration. Predominance of (99
%) Tc(VII) by solvent extraction confirmed that no reduction occurred in this system so
far (Tab. 5.2). On the other hand, the HQ system confirms that reduction of Tc(VIl)
does not occur where the E;, values are above the borderline, except one system in
4.5 M MgCl,.
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in 3 mM HQ systems in MgCl,
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5.2.2.4.4  Tc(VIl) reduction by Fe(Il)/Fe(lll) systems in medium to high ionic
strength NaCl and MgCl, solutions

Fig. 5.18 (left) shows the En-pH diagram of Tc(VII)/Tc(IV) redox couple in 1 mM/0.1
mM Fe(Il)/Fe(lll) system in 0.5 M and 5.0 M NaCl solutions. In the acidic pH region, the
En values are above the calculated Tc(VI/Tc(IV) borderline, whereas they are below
the line in the near neutral and alkaline pH region. Tc concentrations at each pH. are
completely consistent with the measured E;, values. The reduction is only observed in
the neutral and alkaline region, while no change of Tc concentration is observed in the
acidic pH region (Fig. 5.18 (right)). Solvent extraction results indicate the predomi-
nance of Tc(VIIl) in the acidic pH region (Tab. 5.2). The data observed at neutral pH
agrees with the results of Zachara et al., who observed rapid reduction of Tc(VII) in
presence of Fe(ll) at pH > 6.8 [ZAC/HEA2007] whereas Cui et al. reported that no re-
duction of Tc(VII) occurs by Fe(ll) system up to pH 7.5 [CUI/ERI1996a]. Tc concentra-
tions in the aqueous phase do not increase in the alkaline pH range, in contrast to
Na,S,0, and Sn(ll) systems. This could be attributed to Fe(lll) precipitation as a solid

phase and sorption or incorporation of Tc(IV) on the precipitated Fe-phases.
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Fig. 5.18 Ep-pH diagram of Tc(VII)/Tc(lIV) couple (left) and concentration of Tc (right)
in 1 mM/0.1 mM Fe(ll)/Fe(lll) systems in MgCl,
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Fig. 5.19 (left) shows the En-pH diagram of Tc(VII)/Tc(lV) redox couple in 1 mM/0.1
mM Fe(l)/Fe(lll) system in 0.25 M, 2.0 M and 4.5 M MgCI, solutions. The strong ionic
strength effect was observed on the E; values at each pH. in this system. The meas-
ured Tc concentrations confirmed the complete reduction of Tc(VIl) in the samples
which have the E, values below the borderline (except for one point under acidic condi-
tions) (Fig. 5.19 (right)). In the neutral pH. region, the measured E;, values in MgCl, (up
to 2.0 M) were found below the borderline at pH 6 — 7 and reduction was confirmed by
the rapid decrease of Tc concentrations. However, the E;, value of the sample in 4.5 M
MgCl; solution is above the calculated borderline. No reduction (stable Tc concentra-
tion (10° M) and 99 % Tc(VIIl) by solvent extraction) was observed for this sample. It
can be concluded that the experimental data is in a very good agreement with thermo-
dynamically calculated Tc(VI)/Tc(IV) redox borderline and ionic strength effects on

Tc(VID/Tc(IV) redox process reasonably assessed within the SIT approach as well.
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Fig. 5.19 Ep-pH diagram of Tc(VII)/Tc(IV) couple (left) and concentration of Tc (right)

in 1 mM/0.1 mM Fe(ll)/Fe(lll) systems in MgCl,
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52245

strength NaCl and MgCl, solutions

Fig. 5.20 (left) and Fig. 5.21 (left) show the En-pH diagram of the Tc(VII)/Tc(IV) redox
couple in Fe Powder (1 mg Fe in 15 ml solution) in NaCl (0.5 M and 5.0 M) and MgCl,

(0.25 M, 2.0 M and 4.5 M) solutions, respectively. Tc concentrations in NaCl solutions

Tc(VIl) reduction by Fe Powder systems in medium to high ionic

(Fig. 5.20 (right)) rapidly decreased to detection limit (10~ M) at pH, 6 - 8. However, no

reduction was observed in all samples at pH. > 10 where E; values are above the cal-
culated Tc(VI)/Tc(IV) redox borderline. In MgCl, media, all samples shifted to pH. 9
(Fig. 5.21 (right)). The results give similar conclusions as observed for the previous re-
ducing systems: a generally good agreement with thermodynamic data and model cal-

culations and strong ionic strength effects both on the experimental Ey, values and the

Tc concentrations.

l'l-l\'l'l'Log
s
1 2 -1 REUO)‘("DQ!V@HH'IE for 5.0 M NaCl
Radox bordérline for 0.5 M NaC tbar 0 (g)
SR (pe+pH)=20.77 10,6
Wik
81 RN \
AN “ 0,4
NN\ “"Redox neutral”
NSy (pe+pH)=13.8
4] AN
ANEN 40,2
bR
NN
NN
Q 0 N\ N A 0,0 =
o N ’ - w
NN .
N $ l.02
-4 1barH(g ® "\ s
NN
e+pH)=0
(pe+pH) .’ R X
NN
L 4{-0.4
-84
$aIn 0.5 M NaC
€50 IN0.5M NaC
8sa NESIIIIAC — -0,6
B 13000 0.5 MNaC
sain NaC
-12- _ 650IN5.0M NaC
850 1n 5.0 M NaC!
@ 1onsomnac 4-0,8
—1 T = L 5 . L L=

0 2 4 6

8 10 12 14

PH,

Fig. 5.20

in 1 mg Fe Powder systems in NaCl.
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in 1 mg Fe Powder systems in MgCl,
5.2.2.4.6 Tc(VIl) reduction by Fe(ll) minerals in concentrated NaCl and MgCl,

solutions

En and pH. values measured in the Fe mineral suspensions (magnetite, mackinawite
and siderite) with Tc after 4 weeks equilibration time are summarized in Tab. 5.3. In all
cases, experimental E;, values are below the observed Tc(VII)/Tc(IV) reduction border-
line. In analogy to previous observations for other reducing systems reported in this
work, Ey values in 4.5 M MgCl, media are significantly higher than in 5.0 M NaCl (~2
pe-units) at the same pH.. As discussed previously, this observation can be attributed
to the impact of high [CI"] and/or [Mg?*] on the redox couple controlling the redox condi-

tions of the system.

Rq values® for the uptake of Tc by Fe phases in 5.0 M NaCl and 4.5 M MgCl, are sum-
marized in Tab. 5.3. A stronger uptake is observed in 5.0 M NaCl (4.6 < log Ry (L-kg™)
< 7.2) compared to sorption samples in 4.5 M MgCl, (3.0 < log Ry (L-kg™) < 4.1). This

[Tcls . X
[Tclag m

® calculated as Ry = (L- kg™1)
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is consistent with the expected shift of the sorption edge of Tc(lV) towards higher pH,
values with increasing ionic strength, analogously to observations made for hydrolysis
([HES/XIA2004], p.w.). A similar effect of ionic strength on sorption was recently re-
ported by Schnurr et al. for the uptake of Eu(lll) by illite [SCH/MAR2013], where a
much stronger decrease of sorption in the presence of divalent cations (Ca** and Mg®")

was observed.

Tab. 5.3 pH¢, En and log Ry values determined for the uptake of Tc by Fe minerals

(after 4 weeks of equilibration time)

Fe mineral Background Electrolyte pHA En (MV)° (Il_(?l?gl?ld)c
Magnetite 5.0 M NacCl 9.6 -140 4.7
Magnetite 4.5 M MgCl, 8.7 10 3.0
Mackinawite 5.0 M NacCl 8.7 -290 7.2
Mackinawite 4.5 M MgCl, 8.3 -150 4.1
Siderite 5.0 M NacCl 8.7 -175 6.0
Siderite 4.5 M MgCl, 8.3 -25 3.8

a: +0.05; b: £ 50 mV; c: £ 10 % for log Rq < 3; + 50 % for log Ry > 3

Fig. 5.22 shows the Tc K-edge XANES spectra collected for Tc(VIl) reacted with Fe(ll)
minerals. Note that the spectra were collected at a sample temperature of 10 — 15 K in
He atmosphere to prevent changes of Tc oxidation state induced by atmospheric O, or
by O-radicals produced by the high X-ray photon flux. All mineral samples have an
edge position near 21058 eV and a white line position at 21065 to 21070 eV in line with
Tc(IV), while the distinct pre-edge peak of Tc(VII) at 21050 eV is absent in these sam-
ples. Accordingly, Tc(VIl) has been reduced to Tc(IV) in all the samples. The edge and
white line positions as well as the fine structure are furthermore suggesting coordina-
tion to O atoms; therefore, we find no evidence for the (partial) coordination of Tc(IV)
by S atoms in the high-salt mackinawite systems. This is in contrast to previous find-
ings at lower ionic strengths in this work and in the literature, where formation of a
TcS,-like phase was found after precipitating mackinawite in the presence of pertech-
netate [WHA/ATK2000]. Tc(IV) coordinated to S was also found after sorption of per-
technetate to mackinawite at an ionic strength of 0.1 M [LIV/JON2004, KOB/SCH2013],
pointing to a decisive role of ionic strength on the reaction product, but this needs con-

firmation by more detailed investigations.
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Fig. 5.22 Tc K-edge XANES spectra of Tc(VIl) reacted with magnetite, mackinawite

and siderite

5.2.3 Conclusions on Tc(VII-Tc(IV) redox processes

The Tc(VIDN/Tc(IV) redox behaviour was investigated in dilute to concentrated NaCl and
MgCI; solutions to assess the effect of homogeneous and heterogeneous reducing sys-
tems and ionic strength on Tc redox behaviour. It is seen that the redox behaviour of

Tc strongly depends on the E;, values measured in these solutions. The thermodynami-
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cally calculated borderline of the Tc(VI)/Tc(IV) couple corrected by SIT agrees well
with experimental data. The borderline is found to be independent of the reducing sys-
tems. Reduction of Tc(VIl) to Tc(lV) is observed with redox potentials below this bor-
derline in any conditions, while no Tc(VII) reduction occurs in the systems with redox
potentials above the borderline. For a given reducing system, the concentration of
Tc(IV) increased with increase of ionic strength (and high Cl concentration).
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5.3 The solubility of Tc(IV) in dilute to concentrated NaCl, MgCl, and

CaCl, systems

53.1 Introduction

Previous redox studies showed that TcO,-xH,O is the predominant solid phase which
forms under reducing conditions. There is small number of studies on the solubility of
Tc(IV). Meyer et al. [MEY/ARN1991a] investigated the solubility of Tc(IV) in the pH
range 1 to 10. They used electrodeposited oxide solid phase and oxide precipitated on-
to sand particles from reduction of Tc(VIl) by hydrazine. The authors suggested the
solubility limit of TcO,-xH,O as 10® to 10° M in basic solutions. On the other hand, the
solubility increases in the acidic pH range due to the formation of hydrolysis species
like TcO?* and TcO(OH)*. The authors proposed the number of hydration waters in
TcO,xH,0 to be 1.63 + 0.28. Eriksen et al. [ERI/NDA1992] performed solubility exper-
iments with electrodeposited Tc(lV) oxide as a function of pH and Pco,. They reported
pH independent solubility limit as 7-10° M over the pH range 6 to 9.5. The increase of
the solubility was observed above pH 9.5 with a linear slope of 1. This was interpreted
as formation of anionic TcO(OH)3;™ species with log*K°® = -19.3 + 0.3 at high pH. These
two studies were reviewed in NEA Thermochemical Database Project (NEA-TDB) se-
ries and considered for the final thermodynamic data selection of Tc [RAR/RAN1999].
Recently, Warwick et al. investigated the solubility of Tc(IV) reduced by Sn(ll) and
Fe(ll) within pH range 11.8 to 14.4. In contrast to NEA-TDB, these authors observed
two orders of magnitude lower solubility in highly alkaline conditions above pH 13.5.
The formation constant of TcO(OH); was reported as log*K® = -21.6 + 0.3
[WAR/ALD2007]. Hess et al. conducted solubility experiments in highly saline (up to
5.0 M NaCl) and highly acidic (up to 6.0 M HCI) solutions. Solubility data reported in
this study at low ionic strength agrees well with NEA-TDB, whereas higher solubility of
Tc(IV) was observed with increasing ionic strength. Comprehensive thermodynamic
and activity models for Tc(IV) under acidic conditions were derived by the authors
based on their experimental results and speciation analysis [HES/XIA2004]. Although
the solubility of Tc(IV) has been extensively investigated in acidic pH conditions in di-
lute to concentrated saline solutions, significant discrepancies arise under alkaline

conditions, where available studies are also limited to dilute systems.

This work focuses on Tc(IV) solubility chemistry in repository-relevant brine systems

which are so far lacking in the case of waste disposal in rock salt formations. The redox
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studies completed in the first part of this work (see Chapter 5.2 of this report) served a
starting point for the comprehensive Tc(IV) solubility studies in brine solutions. Solubili-
ty experiments are performed in NaCl (0.1 — 5.0 M), MgCl, (0.25 — 4.5 M) and CaCl,
(0.25 — 4.5 M) solutions. Solubility data of Tc(IV) are generated in dilute to concentrat-
ed saline systems to develop a complete thermodynamic description (SIT, Pitzer) for
the system Tc**-H*-Na"-Mg®*-Ca**-OH™-CI" valid over the pH range 2 — 14.

5.3.2 Experimental

5.3.2.1 Chemicals

All solutions were prepared with purified water (Milli-Q academic, Millipore) and purged
with Ar before use. All sample preparation and handling was performed in an Ar-glove
box at 22 + 2 °C. NaCl (p. a.), MgCl,-6H,0 (p. a.), Mg(OH),(cr), CaCl,-2H,0 (p. a.),
Ca(OH), (p. a.), sodium dithionite (Na,S,0,4) and metallic iron powder (grain size 10
um) were purchased from Merck; SnCl,, pH buffers MES (pH 5 — 7) and PIPES (pH 7 —
9) were obtained from Sigma-Aldrich. HCI and NaOH Titrisol© (Merck) were used for

adjusting the pH of solutions.

5.3.2.2 pH and E, measurements

The hydrogen ion concentration (pHm = —log(my+)) was measured using combination
pH electrodes (type ROSS, Orion) calibrated against standard pH buffers (pH 1 — 12,
Merck). The values of pHy, = pHeyp + A Were calculated from the operational “meas-
ured” pHey, USing empirical corrections factors (An), which entail both the liquid junction
potential and the activity coefficient of H*. A, values determined as a function of NaCl,
MgCl, and CaCl, concentration are available in the literature [ALT/MET2003]. In NaCl-
NaOH solutions with [OH7] > 0.03 M, the H* concentration was calculated from the giv-
en [OHT] and the conditional ion product of water. In MgCl, and CaCl, solutions, the
highest pH,, (pPHmax) is fixed by the precipitation of Mg(OH), and Ca(OH), (or corre-
sponding hydroxochlorides at Ca/Mg concentrations above ~2 m), which buffer pH,, at

~9 and ~12, respectively [ALT/MET2003].

Redox potentials were measured with Pt combination electrodes with Ag/AgCI refer-

ence system (Metrohm) and converted to E, versus the standard hydrogen electrode
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by correction for the potential of the Ag/AgCI reference electrode (+208 mV for 3 M KClI
at 25 °C).

5.3.2.3 Solid phase preparation and characterization: Solubility measure-

ments

The Tc(VII) stock solution was electrochemically reduced in 1.0 M HCI solution at E;, ~
-50 mV vs. S.H.E.. The resulting Tc(IV) suspension was quantitatively precipitated as
TcO,1.6H,0 (s) in a 5 mM Na,S,0, solution at pH,, ~12, and was aged for two months
before further use. About 5 mg of Tc from the resulting solid phase were added to sev-
eral experimental series in (0.1 M — 5.0 M) NaCl with 2 < pH,, £ 14.5, (0.25 M - 4.5 M)
MgCl, with 2 < pH,, <9 and (0.25 M - 4.5 M) CaCl, with 7 < pH, < 12. Na,S,0,, SnCl,

or Fe powder (depending upon target pHy,) were used to maintain reducing conditions.

The Tc concentration in solution was monitored at regular time intervals by Liquid Scin-
tillation Counting (LSC, Quantulus, Perkin Elmer) after 10 kDa ultrafiltration (2 — 3 nm,
Pall Life Sciences). Samples for LSC analysis were mixed with 10 mL of LSC—cocktail
Ultima Gold XR (Perkin—Elmer), resulting in a limit of confidence ~10° M. The oxida-
tion state of Tc in the aqueous phase was determined by solvent extraction as reported
elsewhere [OMO/MUR1994, KOP/ABU1998]. Briefly, the supernatant of the sample
was contacted with 50 mM TPPC in chloroform. After vigorous mixing for 1 minute and
subsequent separation of the aqueous and organic phases by centrifugation, Tc con-

centration in the aqueous phase was determined by LSC.

For solid phase analysis, an aliquot of each solid (~1 mg) was washed under Ar-
atmosphere in triplicate with ethanol to remove the matrix solution. A first fraction of the
resulting solid was dissolved in 2 % HNO3, and technetium and Na/Mg/Ca concentra-
tions were quantified by LSC and ICP-OES, respectively. A second fraction of the
washed solid was characterized by scanning electron microscope-energy disperse
spectrometry (SEM-EDS), using a CamScan FE44 SEM equipped with a Noran EDS
unit and by powder XRD (D8 Advance, Bruker).

Tc K-edge (21044 eV) XANES spectra of the supernatant solution in selected solubility
samples were recorded in fluorescence mode at the INE-Beamline [ROT/BUT2012] at
ANKA.
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5.3.3 Results and discussion of Tc(IV) solubility data

5331 Solubility of Tc(lV) in dilute to concentrated NaCl solutions

Tc(IV) solubility data measured within the timeframe 3-600 days in 0.1 M, 0.5 M, 3.0 M
and 5.0 M NacCl solutions in comparison with the solubility data reported in the literature
(MEY/ARN1991a, ERI/NDA1992, HES/XIA2004, WAR/ALD2007) are shown in Fig.
5.23. Except a sample at pH,, = 2 in 5.0 M NaCl, equilibrium conditions were attained
within few months in all NaCl systems, as confirmed by the stable Tc concentration and
pHm readings. Experimental data obtained in dilute NaCl agree very well with previous
solubility data reported by Meyer et al. [MEY/ARN1991a] and Eriksen et al.
[ERI/NDA1992], as well as the current hydrolysis scheme reported in the NEA-TDB
[GUI/FAN2003]. However, the newly generated solubility data is in disagreement with
data reported in Warwick et al. [WAR/ALD2007], likely indicating significant differences
in the crystallinity of the solid phase controlling the solubility of Tc(lV). In agreement
with the Tc(IV) chemical model selected in the NEA-TDB, the increase in solubility ob-
served at pHy, < 4 and pH,, > 10 might indicate the formation of TcO?" (with a minor
contribution of TcOOH") and TcO(OH);~ hydrolysis species, respectively. Furthermore,
the pH—independent solubility reaction TcO,'1.6H,0(s) < TcO(OH),(aq) + 0.4H,0 con-
trols the solubility of Tc(IV) within 4 < pH,, < 10.

The solubility behaviour of Tc(lV) significantly increases (up to 3 orders of magnitude)
at pHy, < 6 with increasing ionic strength. This trend is qualitatively agreeing with previ-
ous experimental evidences reported by Hess et al. [HES/XIA2004]. However, it is in
contradiction with the previous Tc(IV) chemical model proposed by Hess et al., based
upon solubility data (with slope of -1) obtained with significantly shorter equilibration
times (t = 4 — 29 days). Note that the slope of -2 observed in all investigated NaCl sys-
tems in the present study, which might agree with the formation of TcO?* selected in
the NEA-TDB. On the other hand, later spectroscopic studies in the acidic pH-range
reported the formation/predominance of polymeric TcnOp(‘"“z"’)+ hydrolysis species at pH
< 3 [VIC/OUV2002, VIC/FAT2003, POI/FAT2006]. Hence, the chemical models derived
in this study are based on the spectroscopic evidences in the acidic pH region instead
of NEA-TDB selection for this specific case. The pH-independent solubility behaviour
is observed in the neutral pH region with low Tc concentration, regardless of ionic
strength. This observation agrees very well with NEA-TDB and consequently, the sol-

ubility reaction selected. Under hyperalkaline conditions (pHn, < 11), the solubility of
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Tc(lV) slightly decreases with increasing ionic strength. As for diluted systems, the
slope of +1 determined in this pH region confirms the predominance of the species

TcO(OH)s in the aqueous phase.
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Fig. 5.23  Solubility of Tc(IV) in dilute to concentrated NaCl. Solid line corresponds to
TcO,xH,O(s) solubility calculated with the current NEA-TDB selection at |

= 0. Dashed lines indicate the defined slope in the present work

5.3.3.2 Solubility of Tc(IV) in dilute to concentrated MgCl, solutions

Tc(lV) solubility data obtained in 0.25 M — 4.5 M MgCl, solutions (t < 500 days) are
shown in Fig. 5.24. The experimental data at 2 < pH,, < 9 in 0.25 M MgCl, agree well
with solubility data in dilute NaCl solutions and with thermodynamic calculations at 1 =0
using the NEA-TDB selection. The increase in solubility observed at pH,, < 6 is inter-

preted with the formation of the same hydrolysis species as in NaCl system, while the
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pH-independent solubility reaction TcO,-1.6H,0(s) < TcO(OH).(aq) + 0.4H,0 is re-
sponsible for the control of Tc(lV) solubility within 4 < pH,, < 9.

A very significant increase in solubility (up to 4 orders of magnitude) is observed in
4.5 M MgCl, compared to dilute systems. This observation is consistent with the data
previously reported from oversaturation conditions [YAL/GAO2014] and further con-
firms the higher solubility of Tc(IV) in concentrated brines in this pH-region. The in-
crease of solubility stops at pH,, = 3.5 in 4.5 M MgClI, solutions. Under alkaline condi-
tions, an earlier and steeper increase of the solubility with slope of +3 hints towards the
formation of higher hydrolysis species which are not formed in NaCl and diluted MgCl,
solutions. This observation likely indicates the participation of magnesium in the stabili-
zation of a highly hydrolysed Tc environment. Note that analogous species were previ-
ously described for An(1V) and Zr(IV) in concentrated CaCl, solutions [ALT/NEC2008,
FEL/NEC2010].
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Fig. 5.24  Solubility of Tc(lV) in 0.25 M-4.5 M MgCl,
Solid line corresponds to TcO2'xH,0(s) solubility calculated with the current NEA-TDB se-
lection at | = 0. Dashed lines indicate the defined slope in the present work

5.3.3.3 Solubility of Tc(IV) in dilute to concentrated CacCl, solutions

Tc(lV) solubility data obtained in 0.25 M — 4.5 M CacCl, solutions (t < 500 days) are
shown in Fig. 5.25. Solubility experiments with CaCl, as background electrolyte were
performed within 7 < pH,, < 12 (pHmax) With the aim of extending Tc(IV) solubility in
MgCI, solutions to higher pH values. As in the case of concentrated MgCl, solutions, a
very steep increase of solubility with a slope of +3 is obtained in 4.5 M CacCl, under al-
kaline conditions (9.5 < pH,, < 10.5). Considering TcO,'1.6H,0(s) as the solid phase
controlling the solubility of Tc(IV) in this conditions, the increase in solubility observed
in concentrated MgCl, and CaCl, solutions is explained by the formation of the ternary
species Mg,[TcO(OH)s]**® and Ca,[TcO(OH)s]** according with the chemical reactions

(5.5) and (5.6), respectively. Similar ternary species were previously reported by Alt-
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maier, Neck and Fellhauer for An(IV) (CasAn(OH)g]*, with An = Th, Np, Pu) and Zr(IV)
(Cas[Zr(OH)]*) [ALT/NEC2008, FEL/NEC2010].

TcO,-1.6H,0 + XxMg®* + 2.4H,0 < Mg,[TcO(OH)s]** + 3H* (5.5)
TcO,-1.6H,0 + xCa*" + 2.4H,0 < Ca,JTcO(OH)s]*** + 3H" (5.6)

Fig. 5.25 shows that thermodynamic equilibrium has not been reached at t = 500 days
for samples in 2.0 M and 4.5 M CaCl; at pHn, > 10.5. Note that strong kinetics were al-
so observed by Fellhauer et al. [FEL/NEC2010, FEL2013] for the solubility of Np(IV)
and Np(V) in concentrated CaCl, system under analogous pH conditions. Longer equi-
libration time as well as accurate solid phase characterization after attaining equilibrium

conditions is needed to properly assess the behavior of Tc(IV) in this system.
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Fig. 5.25  Solubility of Tc(1V) in 0.25 M — 4.5 M CacCl,
Solid line corresponds to TcO,-xH>O(s) solubility calculated with the current NEA-TDB se-

lection at | = 0. Dashed lines indicate a slope of +3
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5.3.34 Aqueous and solid phase characterisation

After attaining equilibrium conditions, solvent extraction, XAFS and solid phase charac-
terization (XRD, SEM-EDS, chemical analysis) were conducted for selected samples.
Solvent extraction results are shown in Tab. 5.4. The predominance of Tc(IV) in the
aqueous phase of NaCl solutions is confirmed by solvent extraction, whereas it is seen
that Tc(IV) ratio decreases in 4.5 M MgCl, towards acidic pH region (Tab. 5.4). Similar
observations with solvent extraction were reported by Hess et al. [HES/XIA2004] for
the solubility of Tc(IV) in concentrated NaCl and HCI solutions. In order to evaluate the
possible oxidation of Tc(IV) to Tc(VIl) under acidic concentrated brines, complementary
XANES analysis were performed at ANKA for one sample at pH,, = 2 in 4.5 M MgCl,
(data not shown). The outcome of these measurements demonstrates the predomi-
nance of Tc(lV) in aqueous phase, thus confirming the limitations of the solvent extrac-

tion technique under these experimental conditions.

Tab. 5.4  Tc(IV) content in the aqueous phase of selected samples as quantified by
solvent extraction. Reducing chemicals and measured pH, and E; for each

sample also provided

Background Electrolyte | Reducing system pHm? E.> (MV) | %Tc(IV)°
0.5 M NacCl Na,S,0,4 12.4 -670 99
5.0 M NacCl Sn(ll) 2.5 80 99
5.0 M NacCl Na,S,0,4 13.0 -540 98
5.0 M NaCl Na,S,0, 14.0 -580 98
4.5 M MgCl, Sn(ll) 2.0 n.m. 13
4.5 M MgCl, Sn(ll) 4.0 —50 52
4.5 M MgCl, Fe Powder 8.9 -170 91
4.5 M MgCl, Sn(ll) 9.0 -175 94

a: £ 0.05; b: + 50 mV; c: £ 10 %; n.m. = not measured

X-ray diffractograms show broad patterns attributed to amorphous TcO,-xH,O(s) in all
investigated samples in NaCl, MgCl, systems (Fig. 5.26) and CaCl, systems at pH, <
10.5 (Fig. 5.27). XRD patterns of the samples in 4.5 M CaCl, at pH;, < 10.5 show the
presence of an unknown peak at 20 = 11.6°. This feature could not be assigned to any
previously reported Tc compound, and may hint towards the transformation of
TcO,xH,O into a more stable Ca-Tc(IV)-OH phase. Longer equilibration time and a

more detailed investigation of this particular system are needed.
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Fig.5.26  XRD spectra of solid phases from selected solubility experiments in NaCl
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Fig. 5.27 XRD spectra of solid phases from selected solubility experiments in CacCl,

systems

SEM images of the samples in all investigated NaCl and MgCl, systems show the Tc

amorphous aggregates as main component, in good agreement with XRD observations
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(Fig. 5.28). In alkaline MgCl, systems with pH,, = pHmnax, the presence of Mg-OH-CI(s)
phase can be observed (spot A in Fig. 5.28, right) in good agreement with the high

concentration of Mg determined by chemical analysis.

Elemental analysis of the solubility samples at 10.5 < pH,, < 11.7 in 4.5 M CaCl, solu-
tions show the precipitation of CaCl, and corresponding oxochloride as well as Sn and
S compounds, which are coming from degradation/oxidation of reducing systems i. e.
SnCl, and Na,S,0,, respectively. Despite of that, Ca:Tc =1:1 is observed on the amor-
phous Tc-like phases (Fig. 5.28, bottom) by subtracting any other elements. This ob-
servation may hint towards solid phase transformation to Ca-Tc(IV)-OH in that region.

Fig. 5.28 SEM images of the solubility samples at pH,, = 14.0 in 5.0 M NacCl (left), at
pHm = 9.0 in 4.5 M MgCl, (right) and at pHy, = 11.4 in 4.5 M CaCl, (bottom)

Quantitative chemical analyses show the absence of Na in the Tc solid phases control-
ling the solubility in NaCl system, even for those phases equilibrated in 5.0 M NaCl so-
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lutions. Similarly, no Mg is detected in solid phases controlling the solubility under acid-
ic conditions in 4.5 M MgCl,, whereas very high Mg concentration are observed in alka-
line samples where pH = pHma In these samples, precipitated hydroxochlorides are
very clearly seen on SEM images (Fig. 5.28, right). These observations clearly hint to
the absence of Na and Mg as component of the Tc(IV) solid phase controlling the solu-
bility in NaCl and MgCl, systems, respectively. The measured samples indicate the
presence of a significant amount of Ca in the solid in CaCl, systems. Although precipi-
tation of CaCl, and/or calcium hydroxochlorides is observed on SEM pictures, EDS
analysis of amorphous Tc spots (Fig. 5.28, bottom) gives a clear correlation between
Ca and Tc (with Ca:Tc = 1:1) suggesting the possible formation of ternary Ca-Tc(IV)-
OH solid phase.

All these results hint towards TcO,-xH,O(am) as solid phase controlling the solubility of
Tc(lV) in all evaluated NaCl and MgCl, systems within the entire pH region and in
CaCl, system up to pH, = 10.5. Provided the very good agreement between experi-
mental solubility data measured in this work in dilute systems and thermodynamic cal-
culations using NEA-TDB selection, it can be postulated that the same number of hy-
dration waters (x = 1.6 in TcO,-xH,0) applies also to the solid phase synthesized in this

work.

5.3.3.5 Chemical, thermodynamic and activity models

In the present study, chemical, thermodynamic and activity model of Tc(lV) solubility in
NaCl, MgCl, and CaCl, systems in entire pH region were developed using SIT and
Pitzer approaches. First of all, available thermodynamic and activity models reported in
literature are used to explain the experimental solubility data. It was seen that none of
these models could explain the experimental observations gained in dilute to concen-
trated saline systems in the present work. The new chemical model was developed for
the solubility of Tc(IV) in NaCl, MgCl, and CaCl, systems based on the slope analysis,
solid and aqueous phase characterisation performed in the present work as well as the
spectroscopic evidences reported in the literature. The thermodynamic and activity
models were later developed based on the experimental solubility data using SIT and

Pitzer approaches.
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Determined standard stability constants together with the developed chemical models
are summarized in Tab. 5.5. The chemical model developed for Tc(lV) solubility in the
present work differs from NEA-TDB data selection in the acidic pH region where the
new spectroscopic evidences are available since the publication of last update book of
NEA-TDB. Also, new complexes have been derived in alkaline MgCl, and CaCl, sys-
tems based on the very different solubility behaviour observed under these conditions.
The ion interaction coefficients derived for newly generated Tc(lV) species are shown
in. Fig. 5.29, Fig. 5.30 and Fig. 5.31 show all the experimental solubility data deter-
mined in the present work, together with the thermodynamic calculations performed us-
ing the SIT and Pitzer activity model. Determined thermodynamic models for Tc(IV)
solubility in dilute to concentrated saline solutions can properly explain the experi-
mental solubility data in the present work, as well as the experimental solubility data at

| = 0 considered in NEA-TDB selection for the selection of Tc(IV) thermodynamic data.

Tab. 5.5  Stability constants determined by SIT and Pitzer models for the formation

of Tc(IV) aqueous species in NaCl, MgCl, and CaCl, solutions

_ _ SIT Pitzer

Chemical reactions
log*K° log*K®

TcO,-1.6H,0(s) + 2/3H" < 1/3Tc;05°" + 1.93H,0 | -1.53+0.16 -1.56 £ 0.10
TcO,-1.6H,0(s) < TcO(OH), + 0.6H,0O —-8.80 £ 0.50 —-8.80 +£ 0.50
TcO,-1.6H,0(s) + 0.4H20 < TcO(OH); + H* -19.27+0.10 |-19.32+0.10
TcO,-1.6H,0(s) + 3Mg®* + 2.4H,0 < B B
Mgs[TcO(OH)s]** + 3H* 40.06 + 0.50 40.34 + 0.50
TcO,-1.6H20(s) +3Ca*" + 2.4H,0 < a _
Cas[TcO(OH)s]** + 3H* 41.47 +0.20 41.48+ 0.10
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Tab. 5.6 lon interaction coefficients for Tc hydrolysis species in NaCl, MgCl, and
CaCl, media at 25 °C

SIT ion interaction coefficients: & [kg-mol™] and Pitzer parameters: 8%, g%, 4, Oy in
[kg-mol™], C® and Wy in [kgz-mol™]

Species SIT Pitzer
Binary Mixing
i J & param eters param eters
ﬁ(O) B(l) C(¢) O wiji,
Tc;0s%" cl- -0.34+0.1 [0.20 |13 |0 0 0
TcO(OH)5 Na* 0.10+0.02 |0.01 [0.3 |0.04 |0 0
Cas[TcO(OH)s]** | CI -0.28+0.04 |0.08 |4.3* |0 0 0
Mgs[TcO(OH)s]** | CI7 -0.28+0.04 |0.08 |43* |0 0 0
TcO(OH), NaCl//MgCl, | 0 0 0 0 0 0

a *Fixed value for the corresponding charge type, according to [GRE/PUI1997]
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Fig. 5.29 Thermodynamic model obtained for solubility of Tc(IV) in dilute to concen-

trated NaCl systems
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Fig.5.31 Thermodynamic model obtained for solubility of Tc(IV) in dilute to concen-

trated CaCl, systems

5.34 Conclusion for Tc(lV) solubility

The solubility of Tc(IV) was investigated in dilute to concentrated NaCl, MgCl, and
CacCl, solutions in the presence of different reducing agents (Na,S,0,4, SnCl,, Fe pow-
der). In the acidic pH range, a very significant increase in the solubility (up to 4 orders
of magnitude) is observed with increasing ionic strength for all considered salt systems.
This increase was explained with the formation of polynuclear Tc;Os>* species based
on newly generated solubility data as well as the spectroscopic evidences. In concen-
trated alkaline NaCl solutions, the same speciation as for diluted systems is retained
(e. g. predominance of TcO(OH)3"), although a decrease in solubility compared to di-
lute systems takes place due to ion interaction processes. Changes in the aqueous
speciation are observed in concentrated alkaline MgCl, and CaCl, brines, where the

formation of Mgs[TcO(OH)s]*" and Cas[TcO(OH)s]** ternary species is proposed based
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on the slope analysis of the corresponding solubility curves. XRD, SEM-EDS and
chemical analysis confirm that TcO,-1.6H,0(s) is the solid phase controlling the solubil-
ity of Tc(lV) in all the saline systems evaluated, except the systems at pH,, < 10.5 in
CaCl,. Complete chemical, thermodynamic and activity models (SIT, Pitzer) were de-
rived for the system Tc*-H'-Na'-Mg*-Ca**~OH—CI—H,O based upon the newly
generated experimental solubility data.
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54 Influence of the reduction kinetics on the Tc migration in natural sys-

tems

54.1 Tc(VII) sorption/migration studies on crystalline rocks from Aspé

(Sweden) and Nizhnekansky massif (Russia)

5411 Introduction

The main challenge during the deep geological disposal of SNF and high level waste
(HLW) is safety assessment, which includes the estimation of the radionuclides migra-
tion from the repository. Due to long half-life (2.14x10° years) and high fission yield (ca.
6.14 %) the fate of **Tc is of great importance for safety assessment. Technetium mo-
bility in natural systems depends on the redox conditions. The most stable Tc form un-
der aerobic atmosphere is pertechnetate (TcQOy’), which is very soluble under oxidizing
conditions. Under anoxic conditions it is reduced to Tc(IV) and the solubility is limited
by oxyhydroxide solid phase TcO,1.6H,0(s) [MEY/ARN1991a]. Therefore, distribution
coefficients and apparent diffusion coefficients of technetium on natural minerals found
in literature are very scattered. Moreover, they are rarely published together with the
pe/pH conditions studied. Tc redox kinetics strongly depend on the availability of reac-
tive Fe(ll) in host rock and the mineral association/speciation (surface complexed, pre-
cipitated, ion exchangeable) [FRE/ZAC2009, HEA/ZAC2007, JAI/DON2009,
PER/ZAC2008A, PER/ZAC2008B, ZAC/HEA2007]. The generally accepted concept of
spent nuclear fuel and high-level waste long-term storage is its disposal in deep- geo-
logical formations at a depth of more than 300 — 500 meters. The repository host rock
as part of the multi-barrier system plays an important role as retention barrier to retard
the radionuclide migration. Thus, the selection of the host rock formation with appropri-
ate geochemical and hydro-geological properties is a key challenge in the task of nu-
clear waste disposal siting. Geochemical parameters of host rock formations for deep
geological disposal of radioactive waste and spent nuclear fuel (SNF) under discussion
in Europe (Opalinus Clay, Callovo-Oxfordian, crystalline host rocks in Sweden, Russia)
are investigated now [MAR/HOR2005, PET/VLA2012, SCH/STA2012] to develop radi-
onuclides (RN) transport models. However, mobility and migration studies in anoxic
preserved natural host rock formations are scarce. Therefore, the main motivation of

this work is to investigate technetium mobility on crystalline rock materials from pro-
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spective sites of generic underground research laboratories (URL) with similar host

rock formations favored for SNF and HLW deep geological disposal.

Crystalline host rocks contain fractures, which are potential migration pathways in cas-
es of radionuclide releases from a repository. Radionuclide transport depends strongly
on the hydrogeological and geochemical conditions (pH, Ey, ionic strength) of bedrock
and may include different immobilization-remobilization processes [GRA2008]. Beside
advective transport in water conduction features, matrix diffusion may contribute signif-
icantly to radionuclide retention. Redox conditions have a tremendous impact on tech-
netium mobility in natural systems. Both batch type sorption and column experiments
with Hanford sediments [UM/SER2005, ZAC/HEA2007] have revealed that **Tc is high-
ly mobile and shows virtually no retardation under fully oxidizing conditions. Conse-
quently, it can be used to trace tank waste migration through a vadose zone
[HU/ZAV2008).

In the case of Tc(VIl), Aspd in situ and laboratory migration studies (CHEMLAB-2)
done prior to the CROCK project (http://www.crockproject.eu/) using Aspo derived nat-
ural groundwater (GW) ~ 1 % Tc recovery (after 254 days) of the quantity injected
could be revealed [KIE/VEJ2003, KIE/VEJ2009]. Batch type studies, done in parallel,
derived K values of ~2.1x10° m for **Tc (tenaet = 14 d), whereas altered material
showed significantly lower values. These results show contact time/residence time de-
pendency on retardation and/or reduction processes. Significant DOC concentration
(42.3 mg/L) in natural GW probably can be attributed to the microbial activity. Distribu-
tion coefficient for Tc sorption is strongly dependent on the experimental environment.
Under aerobic conditions reported Ky values are negligible (< 1 mL/g in [ALL/KIG1979]
on granitic rocks and 0.2 mL/g in [ALB/CHR1991] on bentonite), whereas under anaer-
obic conditions the values are much higher (50 mL/g in [ALL/KIG1979] and 10° mL/g in
[ALB/CHR1991)).

Two types of crystalline rock materials were used within this work. The first is from
Aspo6 Hard Rock Laboratory, Sweden. It is a generic URL for inter alia in situ studies of
radionuclides retention processes in crystalline formations concerning deep geological
disposal of spent nuclear fuel. It is not planned to dispose radioactive waste on this
site. The Swedish deep geological disposal site will be located at Forsmark, about 350
km to the northeast. The second material was obtained from Nizhnekansky massif,
Russia. According the modern concept the development of the atomic energy industry

in Russia, the final geological disposal site for the SNF and HLW will be located in
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Krasnoyarsky Krai, near the city of Zheleznogorsk (about 6 km from the industrial area
of the city). The construction of the URL there is planned to start in 2016. The decision
on transformation of the URL into the final disposal repository is expected by 2025 after

investigation of the site geochemical suitability.

54.1.2 Materials and methods

5.4.1.2.1 Aspo diorite

Crystalline rock cores were retrieved from CROCK drilling site of Aspo HRL (Sweden).
Details of the sampling procedure and material characterization are presented in the
CROCK S&T contribution of [SCH/STA2012]. The bore cores (#1.32 and #1.33) of
Aspo diorite were chosen for investigations. They were transferred into an Ar glovebox,
equipped with a circular saw, and cut into small discs (0.5 — 1 cm in width). The discs
obtained were crushed by hammer and separated by sieves into several size fractions.
For the sorption experiments documented here the 1 — 2 mm size fraction was chosen.
Part of crushed diorite material was exposed to air for 1 week for surface oxidation to
investigate the influence of sample preservation and preparation. Unoxidized material
was stored permanently under Ar atmosphere in the glovebox (= 1 ppm O,). General

composition of the material used is presented in Tab. 5.7.
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Tab.5.7 XRF data on Aspd diorite composition
Material used in this study (taken from [SCH/STA2012]) is compared with
data presented in [HUB/KUN2011]

Element Aspé diorite [SCH/STA2012] Asp6 diorite [HUB/KUN2011]
concentration, wt. % concentration, wt. %

SiO, 62.71 66.06

Al,O4 17.27 16.89

Fe,Os 4.39 2.6

FeO 2.51 0.87

MnO 0.08 0.05

MgO 1.76 0.8

CaO 3.75 2.41

Na,O 4.55 491

K,O 3.05 4.38

TiO, 0.66 0.35

P,Os 0.24 0.12

Loss on 0.67 1.37

ignition

(LOI)

Sum 99.1 98.6

5.4.1.2.2 Nizhnekansky massif rock material

Granitic drill core material from Nizhnekansky (NK) massif was available from Ka-
menny (depth of sampling down to 700 m) and Itatsky (depth of sampling down to 500
m) sites. Cores were transferred to the Institute of Geology of Ore Deposits, Petrogra-
phy, Mineralogy and Geochemistry RAS (IGEM RAS, Russia) under oxidized condi-
tions, cut by circular saw, then part of the material was transferred to the KIT-INE. At
KIT-INE, the material was broken up by jaw crusher into small grains and sieved to ob-
tain the 1-2 mm grain size fraction. Thereafter, material was used for sorption experi-
ments. Tc(VII) sorption kinetics was investigated using material only from a core from
Itatsky site (core from approx. depth of 92 m). A detailed description of the NK material
used in this study can be also found in [PET/VLA2012]. The petrographic characteris-

tics of the mock material used for batch sorption studies are shown in Tab. 5.8.
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Tab. 5.8  Petrographic characterization of rock material from Nizhnekansky massif

[PET/VLA2012]
Rock type Mineralogical compaosition, Textural Structural
% characteristic | characteristic
Quartz diorite | Plagioclase, 45-50 Massive, Gipidyomorpho-
— monzodiorite | Hornblende, 25 weakly granular,
Quartz, 15 gneissic monzonitic;
Potash feldspar (microcline, or- evenly granular

thoclase), 5-10
Non-transparent minerals
(magnetite, leucoxene, hema-
tite), 2-3

Biotite

Grothite

Zircon

5.4.1.2.3 Groundwater

Aspo groundwater simulant (AGWS) for batch-type sorption experiments was prepared
in accordance with the CP-CROCK drilling site outflow groundwater compaosition (sam-
ple CROCK-2) (see [SCH/STA2012]). All chemicals used were of analytical grade; Mil-
li-Q water was used for dilution. GWS has comparable composition to the groundwater
KA3600-F-2 sampled in a 50 L barrel at the CP-CROCK site [HEC/SCH2012]. Con-
tents of the used AGWS and natural groundwater samples are shown in Tab. 5.9 to-

gether with natural Grimsel groundwater used for desorption studies.

Synthetic groundwater for NK material (NKGWS) was prepared in accordance with
[PET/VLA2012] by dissolution of 62.5 mg/L NaHCO; and 187.5 mg/L Ca(HCO3), in Mil-
li-Q water. The total amount of dissolved salts is 250 mg/L and pH = 8. Sustainability of
the chemical mixture under argon atmosphere was tested by classical HCI titration of a

reference sample during a sorption experiment.
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Tab. 5.9

Overview of the chemical compositions of the synthetic Aspd groundwater

simulant (AGWS), Asp6 groundwater and Grimsel groundwater, respec-

tively
synth. Aspo Synth. Asp6 | Aspé GW Grimsel GW
GWS GWS after | (KA-3600-F- | (MI-shear zo-

122 h con- 2) ne)
tact time

pH 8.0 7.8 9.67

[Mg®] | 103.64 + 0.84 mg/L 104.6 mg/L | 69.4 mg/L 12.6 pg/L

[Ca™] 1109.36 + 94.46 mg/L 1134 mg/L 1135 mg/L 5.3 pg/L

[K'] 19.346 + 3.855 mg/L 21.56 mg/L 10.5 mg/L

[Li*] 2.526 + 0.04 mg/L 2.50 mg/L 6.0 mg/L

[Fe? 3] | n.m. n.m. 0.2 mg/L <D.L.

[Mn7] 2.32 £ 3.02ug/L 23.8 ug/L 0.338 mg/L <D.L.

[Sr*] 19.678 + 0.294 mg/L 20.14 mg/L 19.9 mg/L 182 pg/L

[Cs™] <D.L <D.L 0.79 ug/L

[La®'] n.m. n.m. <D.L.

[U] 0.05 £ 0.01 pg/L 1.70 pg/L 0.105 pg/L 0.028 pg/L

[Th] 0.024 + 0.005 pg/L 0.07 pg/L 0.001 pg/L 0.00136 pg/L

[AF] 182.75 + 56.29 ug/L 439.6 pg/L 13.3 pg/L 42.9 pg/L

[Na'] 1929.25 + 28.58 mg/L 1905 mg/L 1894 mg/L 14.7 mg/L

[CI] 4749.408 + 145.046 4895.10 mg/L | 4999 mg/L 6.7 mg/L

mg/L

[Si] n.m. n.m. 4.7 mg/L 5.6 mg/L

[SO,%] | 408.682 + 4.967 mg/L 411.88 mg/L | 394.4mg/L | 5.8 mg/L

[F1 1.974 £ 0.093 mg/L 1.98 mg/L 1.41 mg/L 6.3 mg/L

[Br] 21.17 £ 0.37 mg/L 20.96 mg/L 23.2 mg/L

[NOsT] n.m. n.m. n.m. <D.L.

[HCO;3] | n.m. n.m. n.m. 3.0 mg/L

[B] 306.54 + 212.54 pg/L 146.1 pg/L 885 pg/L

5.4.1.2.4 Radionuclides

Batch-type sorption studies were performed using *Tc isotope in form of NaTcO..

Stock solution of 13 mM NaTcO,4 was diluted down to required concentrations. For ex-

periments with Tc concentrations lower than 10° M *™Tc isotope with shorter half-life

(61 day) and strong gamma lines in the spectrum was applied. Detection limit of gam-

ma spectrometry under 10 mL geometry for this radionuclide (RN) using high-purity
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germanium (HPGe) semiconductor detector is about 10*%-10*°> M (three hours meas-
urement time). The isotope was produced by proton irradiation of natural Mo foil (50 um
thickness) at ZAG Zyklotron AG (Karlsruhe, Germany). After cooling the foil was trans-
ported to Karlsruhe Institute of Technology, Institute for Nuclear Waste Disposal (KIT-
INE) and processed to separate technetium according the technique of
[BOY/LAR1960]. The foil was dissolved in mixture of concentrated H,SO, and 30 %
H,0,, and then the solution was slowly neutralized with saturated NaOH (up to alkaline
pH). The obtained alkaline solution was passed through a column of anion exchanger
Dowex 1x8 (100 - 200 mesh particle size) with total volume ca. 3 mL. The column was
washed first with 20 mL 1 M K,C,0, to remove residues of molybdate and after rinsing
with 20 mL of Milli-Q water pertechnetate was eluted with 30 mL 1 M HCIO,4. The last
fraction was collected in 2 mL vials, which were measured with y-spectrometry and
samples with ca. 90 % of **™Tc were merged and neutralized with concentrated NaOH.

The purification level was monitored with ICP-MS.

Processing of the first Mo foil shows that the material was highly contaminated with ru-
bidium isotopes ®*Rb and ®'Rb with total activity comparable to ®™Tc. After the first
separation step on Dowex resin rubidium was fully isolated (see Fig. 5.32), but Tc frac-
tion contained substantial amount of Mo (350 ppm, natural AGW contains 10-25 ppm
[HEC/SCH2012]). Therefore, Tc-contained samples were merged, pH was adjusted to
the alkaline range and the separation was performed again. The final *™Tc fraction
was mixed with AGWS with further pH and salts concentration adjustment. *°™Tc-

AGWS obtained was used for first core migration experiments.
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Fig.5.32  Separation of the irradiated Mo target on Dowex 1x8 resin column (100-

200 mesh, 3 mL column volume)

For the second set of experiments with ®™Tc another Mo foil was dissolved in 30 %
H,O, with further addition of concentrated H,SO,. Alkaline media was reached by slow
dropwise addition of saturated NaOH. Then Tc was isolated on Teva® Resin (Eichrom
Technologies, LLC) column Fig. 5.33) according the technique from [TAG/UCH1999].
Separation was performed from ~1.5 M HNO; media with further washing of the col-
umn with 2 M HNOs. **™Tc was eluted with 8 M HNO; and then was purified from NO3’
by separation on DOWEX resin column (Fig. 5.34). Filled area represents the *™Tc
fraction merged for further application. NO3™ content in samples was estimated using ni-
trate test strips (Merck). Then NO3™ concentration was measured using ion chromatog-
raphy (IC), the results were the same.

231



34 —
injec- 2 M HNO, 8 M HNO,

‘@ tion
G
2?7
=
3
@©
Q
.‘"5
(<))
Q1 -
n

0 . T - T - IgL- -

0 10 20 30 40
V total (ml)

Fig. 5.33  Separation of the irradiated Mo target on TEVA resin column (50 —

100 pm, 3 mL column volume)

1,0 -1 w A NOS-
v NO, fraction
= 95mTC
5 1 v %™ Tc fraction
g
IS
8
S 05
o
(0]
=
: /
)
24 ]
0,0 - & &c[o{@« /éh— | =
0 10 20 30
V total (ml)

Fig. 5.34  Separation of *™Tc from NO; on DOWEX 1x8 resin column (100 —

200 mesh, 3 mL column volume)
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For core migration study HTO was used as a conservative tracer. Anion exclusion ef-

fect was investigated using **Cl isotope.

5.4.1.25 Batch-type studies

Batch-type sorption experiments were carried out in 20 mL liquid scintillation counter
(LSC) vials (HDPE, type Zinsser) inside the Ar glovebox with O, concentrations <
1 ppm at room temperature (20 + 2 °C). Solid-liquid ratio was 2 g of granitic rock and
8 mL of GWS in case of natural materials or 2 g/L of iron oxide for magnetite batches.
For each condition and kinetics point, two separate samples were prepared and closed
during the equilibration to prevent oxidation of Fe(ll) species at mineral surfaces. All
sorption experiments were conducted at pH equal to 8.1 + 0.1. Tc(VII) solutions in
GWS with final concentrations of 10° M, 10® M and 10™° M were used for experiments.
For measurement of **Tc content in supernatants after sorption 1 mL aliquots were
taken, added to 10 mL of LSC cocktail Ultima Gold and analyzed with LSC (Perki-
nElmer Quantulus). To differentiate between colloidal phases and true solution species
a phase separation by ultracentrifugation (Beckman Optima XL-90, 90,000 rpm,
694,000 x g) for 1 h was applied.

Redox potential was measured in the Ar glovebox by using a Metrohm (Ag/AgCl, KCI
(8 M)) electrode. The measurements were performed directly in the sample without
separation of the supernatant. The potential values were recorded every hour and then
corrected for the standard hydrogen potential (against the standard hydrogen electrode
(S.H.E))).

Samples of sorption experiments were taken to desorption experiments after three
month contact time. The Tc containing supernatant was removed and 8 mL of fresh lig-
uid phase added. For NK rock material only NKGWS was used, whereas in case of AD
besides AGW also natural Grimsel GW were used as a glacial melt water simulant. For
each kinetics point liquid phase was removed, analyzed with LSC and substituted with
new portion of groundwater. Some samples after sorption experiments were oxidized
on air for one month and the same desorption study was performed under oxidizing
conditions. NKGWS and AGWS were used for NK and AD materials, respectively. De-
sorption experiments cover time range between few seconds and 1 month contact

time.
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54126 XANES and XPS

For surface sensitive analytics small diorite fragments with unpolished faces after cut-
ting by circular saw were equilibrated with 10° M Tc(VII) in GWS for 2 months, washed
by Milli-Q water for a few seconds to prevent salt precipitation and then investigated
with X-ray photoelectron spectroscopy (XPS) system PHI 5600-ClI (Physical Electronics

Inc.) to determine Tc redox speciation.

XANES measurements were performed at the INE-Beamline [ROT/BUT2012] at the
ANKA synchrotron light source at KIT, Karlsruhe, Germany. Tc samples were collected
in fluorescence mode using a KETEK detector. Uranium compound meta-schoepite
was used as a reference. The set of technetium samples on magnetite and crystalline
rock materials with Tc concentrations of ~10° M was prepared and handled under ar-
gon atmosphere (Tab. 5.10). During the measurement argon was pumped through the
cell (Fig. 5.35). Spectra were processed in ATHENA software [RAV/NEW?2005].

Tab. 5.10 List of measured XANES samples

Sample [Tc], M Description

Tc(VII) reference 0.01 TcOy solution

Tc(IV) reference - Solid TcO,4 covered with supernatant
Tc on magnetite 0.002 Centrifuged suspension

Tcon AD 0.001 Centrifuged suspension

Tc on NK 0.001 Centrifuged suspension

Fig.5.35 XANES measurement device and cell with Tc samples
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5.4.1.2.7 Migration

An unoxidized Aspé diorite core #2.2 (0.53-0.97 m, borehole KA2370A-01) was used
for a migration experiment. The sample contains a natural fracture at ~0.70 m that was
opened during on-site handling at the Aspé HRL. The original drill core was sealed into
a plastic bag (Fig. 5.36) and transferred into an Ar glovebox. The core segment con-
taining the natural fracture was cut, both parts have been assembled together to obtain
the original position as much as possible and fixed with tape and a bar clamp without
applying excessive pressure. Afterwards, the suture (outer rim) of the fracture was
glued using high viscous Plexiglas resin. The glue process was done stepwise applying
only small amounts of resin in each step to avoid potential intrusion of the organic ma-
terial into the fracture itself. Several layers of resin have been applied to guaranty that
the fracture rim is fully sealed. After finalization of the glue process the core was placed
in a Plexiglas cylinder and the remaining void space between core and inner wall of the
cylinder was filled up using the same resin as mentioned above. After drying of the res-
in, the upper and lower bottom of the core was sawed again and carefully polished by
hand. The last step in sealing of the core fragment (final length ~4.2 cm) was gluing of

top and bottom caps with connectors to the fracture in- and outlet.
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Fig.5.36  Dirill core #2.2 (0.53 — 0.97 m, borehole KA2370A-01) with a natural frac-

ture

The core fragment was sealed in an Ar filled plastic bag as second confinement, trans-
ferred to the Federal Institute for Materials Research and Testing (BAM, Berlin) and
characterized by 3D micro-computed tomography (UCT) with a voxel resolution of
16 pym. The fracture volume after segmentation was estimated to be 0.415 mL and the
total fracture surface area is 4.235x10° m®. The main steps of the core #2.2 prepara-
tion together with uCT picture are shown in Fig. 5.37. More detailed information on
core #2.2 characterization can be found in [KIT/INE2012].
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Fig. 5.37  Asp0 core #2.2
a) Details on both fracture surfaces. b) Core as prepared before gluing into the Plexiglas
cylinder. c) Core after preparation fitted with tubing ready for uCT measurements and the
migration experiments. d) uCT slice of the core showing the fracture

The core was handled at KIT-INE solely inside the Ar glovebox with oxygen concentra-
tion <1 ppm to avoid oxidation. For tracer migration experiments AGWS containing
HTO and *°Cl admixtures with specific activity of each RN of ~3 kBq were applied. In-
jection loop were filled with 1 mL of solution, which then was eluted through the core by
~50 mL of AGWS using a syringe pump under different flow rates (10 mL/h, 1.5 mL/h
and 0.2 mL/h). The eluate was gathered with a fraction collector (Gilson FC 203b) and
measured with LSC. The general set-up of the core migration experiment is presented
in Fig. 5.38. For a reactive transport investigation, the same experiment was performed
with injection of Tc containing AGWS. Experiments under low Tc concentrations (~10™*
M) were possible due to the availability of **™Tc, detected by y-spectrometry. To
achieve residence time comparable to the batch sorption studies the stop-flow experi-
ments were performed, when the injection of ~10 pore volumes of **"Tc-containing

AGWS was followed by the pump stop and then its restart after a defined time interval.

236



LOOP LOAD IN
LOOP LOAD OUT

INJECTION LOOP

SYRINGE LOAD

\[sYRINGE PUMP m

—d PRESSURE
SENSOR 1
r
'd \J )
\/
CORE
Y}
)
T__ igh PLEXIGLASS
——— 5 . ™\
\V/
:[BALANCE E(FRACTION COLLECTOR —IPRESSURE SENSORZI

Fig. 5.38 Schematic illustration of core migration setup

54.1.3 Results and discussion

5.4.1.3.1 Redox potential measurements

Redox measurements were carried out after about 2 weeks and 1 month contact time
in the sorption experiments. Every sample was measured over a period of one day in
an open vial in the Ar glovebox (< 1 ppm O,) to obtain the Ey evolution. A typical time
dependent Ej,, evolution is shown in Fig. 5.39. The initial drop of the E; is interpreted as
the influence/readout of the sample, whereas the continuous increase in the later peri-
od is explained to be a result of oxidation due to traces of oxygen in the Ar glovebox
(< 1 ppm O) that seems to be enough to compensate the redox capacity of the sample

over 24 hours.

237



/L

7/
100 - R
. 04%
> .
£
e
l-IJ . .
1004 * <
w ...sz:r-""'**
- - *_ &r';‘";* ____________
-200 T T T T T T T T T ///'/ T T T
0 2 4 6 8 22 24
time (h)

Fig. 5.39 Typical E, evolution for synthetic Aspd GWS with [Tc] = 10™° mol/L equili-
brated with unoxidized AD

Fig. 5.40 shows the E, measurements for synthetic groundwater containing different
%Tc concentrations equilibrated with oxidized and un-oxidized AD. Pourbaix diagram is
plotted using HYDRA/MEDUSA code. For oxidized AD material the redox potential as a
function of Tc concentration does not change significantly and is within the range of
+250 to +300 mV. However, for un-oxidized AD material two trends can be observed:
(@) for low Tc concentration (up to 10° M) the E;, value decreases with time from
14 days to one month and (b) for the highest Tc concentration used (10 M) the redox
potential value reaches after one month the E, range of oxidized AD material. Our cur-
rent explanation for the E, trend observed at 10° M is that this Tc concentration is al-
ready sufficient to exceed the redox capacity of the contacted diorite material with the
solid to liquid ratio 2 g/8 mL used. Furthermore, the established E, values for the lower

Tc concentrations make Tc(VII) reduction thermodynamically feasible.
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Fig. 5.40 Pourbaix diagram for Tc-AGWS system with experimental redox potential
values for synthetic groundwater containg 10°M, 10® M and 10 and 10° M

Tc equilibrated with unoxidized and oxidized AD

Redox potential values of the NK systems during the sorption studies were similar to
the oxidized AD samples with deviations <40 mV. Thus, both oxidized materials are

establishing the same redox conditions after equilibration.

5.4.1.3.2 Batch-type sorption studies

Sorption kinetics of different Tc concentrations on oxidized and unoxidized AD are giv-
en in Fig. 5.41. Here the term “sorption” implies the total amount of Tc associated with

the solid phase (crushed fraction of AD with diameter of particles 1 — 2 mm) after ultra-
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centrifugation. It can be sorption/surface complexation itself, but also a precipitation of
TcO,-xH,O due to Tc(VII) reduction by e. g. Fe(ll) species is a potential process. Espe-
cially in case of the highest Tc concentration this process might occur, as the Tc(IV)

solubility is significantly exceeded.
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Fig. 5.41 Sorption kinetics of different Tc(VIl) concentrations on oxidized and unox-
idized AD

The formation of colloidal Tc phases (eigencolloids) in AD/NK GW by comparison of
ultracentrifuged to non-centrifuged samples was not detectable within the uncertainty
limits ( £+ 5—10 %). Either these colloidal phases are not formed or are not stable
under the GWS conditions chosen (ionic strength ~0.2 M, pH 8 for AGWS, ionic
strength ~ 4 mM, pH 8 for NKGWS).

From the Tc sorption kinetic experiments it is evident, that sorption on unoxidized
material is much higher compared to the artificially oxidized samples. For the 10°M
and 10° M Tc on unoxidized material plateau values close to 100 % sorption are ob-
tained (after 90 days), whereas during the same observation period on oxidized AD
only ~40 % are sorbed, showing the tendency to reach equilibrium within this
range. Based on the En/pH conditions established Tc(VIl) reduction on the un-

oxidized AD crushed material or in solution seems to be feasible from a thermody-
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namic point of view. General scheme of the processes involved into Tc(VIIl) immobi-
lization is shown in Fig. 5.42. Here, only Fe(ll) is considered as a potential reducing

agent for Tc(VIN)/Tc(IV) transformation according the equation (5.7):

Tc(VIDO; + 3Fe?* + (n + 7)H,0
— Tc(IV)0,  nH,0 5 + 3Fe(OH) 3(5) + SH* (5.7)

Tcg’ Fe3+(aq)
7¢O, O TcO 'zO(s)“JTC(N)

sorption
Fe*

(aq)

| TcO. surface
\ *@ raduction

Fig. 5.42 General scheme of Tc(VIl) sorption/reduction processes

In order to estimate the amount of the ferrous iron buffer available in the oxidized and
unoxidized AD material we used here the quantification of the ion exchangeable Fe(ll)
fraction. Furthermore, data on oxidized and non-oxidized AD material by XRF are given
in [SCH/STA2012], showing that the overall Fe(ll) redox buffer is drastically reduced for
the oxidized samples. The ion-exchangeable Fe(ll) fraction determined after
[HER/CRO1994] for the oxidized AD was quantified with approx. 1 — 3 pg/g, whereas
for the unoxidized samples higher values around 4 — 6 ug/g are obtained. The rather
high uncertainty in the measurements is attributed to the natural heterogeneity of the

AD material. It has to be mentioned here, that ultracentrifugation (90,000 rpm) of the
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supernatant after 1 M CacCl, extraction before UV/VIS measurement for Fe(ll) quantifi-
cation using the ferrozine method leads to values around the detection limit (0.1 —
0.5 pg/g) for both types of diorite samples. This can be explained by an initial ex-
change of Fe(ll) from the AD surface with calcium cations and subsequent Fe(ll) oxida-
tion in the solution to form colloidal ferric iron oxyhydroxides that was separated by
centrifugation. However, ultracentrifugation step is not present in the technique of
Heron et al., therefore the non-centrifuged data are taken as the final results. Again,
the samples with Tc concentrations of 10° mol/L are outlying this trend and show a
sorption plateau already reached after seven days around 20 —25 % for the un-

oxidized samples and ~10 % for the oxidized sample.

Taking the quantified ion-exchangeable ferrous iron buffer in the sorption samples to
be from 3.6:10® mol/vial (oxidized AD) to 2.1-10” mol/vial (un-oxidized AD) with re-
spect to the total amount of Tc contacted, 8:10” mol/vial (10° mol/L Tc), 8:10™ mol/vial
(10® mol/L Tc) and 8-10™** mol/vial (10 mol/L Tc), the sorption kinetics observed can
be expected and underpin the need of well-preserved un-oxidized rock material for
sorption studies on redox sensitive radionuclides to estimate reliably the in situ reten-
tion. Batch-type sorption study on NK material was performed under conditions compa-
rable to the AD experiments. Tc sorption evolution with different Tc concentrations is

shown in Fig. 5.43.
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Fig. 5.43 Sorption kinetics with different Tc(VIl) concentrations on NK granitic rocks

After three weeks of equilibration time, plateau values of sorption within the analytical
uncertainty were reached for all tested Tc concentrations. In the case of the lowest
concentration (10° M) the final Tc retention was ~45 %, and for the highest concentra-
tion used (10° M) ~18 %. These values are quite similar to the results found for the
sorption onto oxidized AD, performed under similar conditions — ~40 % for the initial Tc
concentration of 10° M and ~10 % for 10° M, respectively. Only for the intermediate Tc
concentration (10® M) sorption values differ considerably — ~20 % for NK and ~40 % for
AD. Observed sorption decreases towards the last kinetic points (195 days contact
time) for 10° M Tc samples, which can be explained by oxygen intrusion into the
glovebox and partial re-oxidation of a Tc(IV) species. Data on ion-exchangeable Fe(ll)
extraction (0.1 — 1 ug/g of Fe(ll) for NK granite, and 1 — 3 pg/g for oxidized AD) indicate
that the investigated NK cores were stronger oxidized by air than AD or the cores had a
lower overall redox buffer capacity. The difference in sorption of the intermediate Tc
concentration used, might serve as reasoning for the assumptions made above. Ac-
cording to N,-BET analyses NK granite has higher surface area with 0.32 m?g than AD
with 0.16 m?/g, respectively. However, since mineral surfaces are not saturated with
Tc, surface area does not limit Tc sorption and Fe(ll) content is considered to be the

more important factor in the immobilization process.
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Technetium concentration change during sorption experiment can be described with

exponential decay equation (5.8):

Co=(Co—Coq)e ™ + Coq (5.8)
Where C, and C¢q are the initial and equilibrium Tc concentrations, respectively, and k
— sorption rate coefficient. Hence, sorption kinetics can be fitted with a first order rate
constant:

S =Ae ¥ + S, (5.9)

where S; and Sq are the sorption values at the moment t and at equilibrium, respec-
tively, A is the pre-exponential factor. Sorption rate coefficients for both AD and NK ma-

terials obtained from this fitting are presented in Tab. 5.11.

Tab.5.11 Main parameters obtained within Tc(VIl) sorption experiments onto AD and

NK materials
Mate- Fe(ll) Initial Tc con- | Ep, 1-2 k,d* Kq, L/kg Tc
rial ion- centration, month sorbed
ex- mol/L s, mV after 6
change- months,
able, %
mg/g
= 76 0.24 + 21+2
) 1.07x10 0.10 1.1+0.2
AD un- s (1.05 + 187 | 0.075 500+ | 99.2
glﬂe g - 0.05)x10° +0.009 |200° +0.6
o | -142 0.036 900 + 99.5+6
(1.1£0.1)x10 £0.004 | 800°
5 238 0.15 + 053 + |12%1
1.07x10 0.04 0.05
AD oxi- (1.05 + 280 0.017 47 + 8
dized |13 0.05)x10°® £001 |>6*10
9 0.0071 .
(1.1 £0.1)x10 264 4+ 00008 |22%8 84 +6
1.09x10° 235 N/A 09+02 |19+3
, 1.07 + 205 N/A 34 +2
NK oxi- (
gized | 011 | 0.03)x10° 2x02
_9 Fk
(1.1 £0.1)x10 230 8.12 + 34409 |46%7

" absolute errors represent the lower limit N/A — not applicable.

" after 21 day contact time.
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Sorption rate increase for the higher Tc concentrations might due to competition of two
processes of Tc immobilization — fast bulk precipitation and slow sorption of Tc(IV)
species from the solution. Fitting of the kinetics curves for the highest Tc concentra-
tions experiments is giving much better correlation using the sum of two exponential
functions (rate constants). For instance, kinetics curve of 10° M Tc on oxidized AD can
be fitted with two exponential functions with k values of 0.017 + 0.008 and 0.265 *
0.056 d™*, which could correspond to the sorption and precipitation processes, respec-
tively. Exponential fitting of the kinetics curve of the Tc sorption studies from
[BON/FRA1979] gives a k value around 1.1 + 0.4 d* for an initial Tc concentration of
0.11 pM with Westerly granite as a solid material. pH/E}, values for this material was al-

so comparable (pH 8, -0.1 V) to the conditions used in present work.

Distribution coefficient K4 obtained for Tc sorption onto Aspé and Nizhnekansky massif

rock materials were calculated using equation (5.10):

C-C _V (5.10)

Kd =
G Msolid

Typical values are presented in Tab. 5.11 together with measured initial Tc concentra-

tions, amount of ion-exchangeable Fe(ll) and redox potentials.

From the thermodynamical point of view the Ky approach deals with reversible pro-
cesses, but in most papers it is used even when irreversible reduction/precipitation
processes are involved [ALB/CHR1991, ALL/KIG1979, KAP/SER1998]. In the report of
[UNI/STA1999] authors describe “conditional” K4 for interpretation of experimental data
in cases when the rigorous application of the K4 approach is prohibited (non-equilibrium
or irreversible systems). In the present work Ky values are considered as conditional
distribution coefficients. Use of alternative approaches (Ry, Rs, etc.) was rejected due to

lack of appropriate literature references.

5.4.1.3.3 Tc desorption from rock materials

Desorption experiments, which covered one month of equilibration time on initially
three months contacted sorption samples, show very low desorption in all studied cas-
es for both AD and NK materials, regardless of oxidized or unoxidized material used.
For the case of AD samples two types of natural groundwater — Aspé and Grimsel

GWs (representing glacial melt water composition with low ionic strength) were used.
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Desorption was found only for samples after equilibration with 10° M Tc AGWS, for
lower concentrations Tc was not detected in liquid phase. After one day contact time
desorption achieved values of up to 7 %. This level remained relatively stable up to 30
days of equilibration. The current interpretation of this observation is the initial washing
out of Tc(VII) present in retained water through water exchange without further contri-
bution from surface associated Tc(lV).

Pre-oxidation of the AD samples on air for one month before addition of AGWS
changed the Tc desorption behavior drastically (Fig. 5.45, left). Both sorption experi-
ments, with originally oxidized and unoxidized materials were treated by air revealed
the same desorption behavior possibly indicating a comparable Tc surface species.
Desorption process shows fast kinetics, the main part of technetium is released after
few seconds contact time and after one day already a plateau value was reached. The
strong dependence on initial Tc concentration can be explained with a hypothesis of
matrix diffusion. However, the uncertainty in initial Tc amount on mineral surface after
sorption experiment may also affect this difference. Visualization of the desorption pro-

cess is shown in Fig. 5.44.

mobile Tc(VII)

TCO4-(aq)
reoxidation

Fig. 5.44 General scheme of Tc desorption processes
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Similar studies were also performed for the NK material. After pre-oxidation of the
rocks the same desorption kinetics was found for 10° M and 10® M Tc samples (Fig.
5.45, right), however in 10° M Tc samples radionuclide was not detected in aqueous
phase within experimental time-scale. Furthermore, desorption values of ~65 % are
almost identical for both AD and NK materials in case of 10® M Tc samples, whereas
10" M ones show decrease of desorption for NK granite in comparison with AD. Abso-
lute values of Tc concentration in the liquid phase after desorption is shown in Tab.
5.12.
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Fig. 5.45 Desorption kinetics of Tc sorption experiments performed with oxidized
and unoxidized AD material by AGWS (left) and oxidized NK granite by
NKGWS (right) after one month pre-oxidation under atmospheric
conditions

247



Tab. 5.12Tc concentration after each change of the GW during desorption studies

Mate-

ial Unoxidized AD Oxidized AD NK
pIAC' 5 8 9 5 8 9 5 8 9
Time, | Desorbed Tc concen- | Desorbed Tc concentra- | Desorbed Tc concentra-
d tration, M tion, M tion, M
1.6 5x10° 3.6 6.7x107 1.7x10° 2.8 |4.9x107 1.2x10° 25
0 x10° x107%0 x107%0 x10M
47 18x10° 1.3  |4.3x107 1.4x10° 2.4 |5.1x107 8.8x10™ 3.2
L hao? X101 x10™ x10™"
38 1.4x10° 2.3 2.2x10° 4.3x10™ n.d. |[7.4x10° 6.8x10%? n.d.
7 %1078 x107
3.4 1.5x10"° 4.1x10"° 1.1x10%° nd. [3.0x10% 2.0x10™ n.d.
14 x108 n.d.
29 - - - - - - 2.5x10% n.d. n.d.
31 1.8x10"° 7.7 9.0x10° n.d. nd. | - -
33 Xlo_s xlo-ll

n.d. — not detected.
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5.4.1.3.5 Surface analysis

XPS analysis of AD disc fragments after exposing to 10° M Tc(VIl) in GWS for 2
months revealed that Tc is located on dark regions of rock material (Fig. 5.46), where-
as on light minerals it was not observed. According the binding energy data of XPS
spectrum (Fig. 5.47) technetium is reduced most probably on mica-type mineral sur-
face (biotite) from +7 to +4 oxidation state and present in TcO, form. Tc(VII) was not
detected on the material after sorption. XANES measurements results are presented in
Fig. 5.48.

Fig. 5.46  AD sample for XPS. Red circle indicates region where Tc(IV) was found
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Fig. 5.47 XPS narrow scan of Tc 3d spectrum after sorption onto AD surface

According to the spectra obtained, Tc on magnetite and Aspo diorite only in tetravalent
oxidation state could be identified, while NK sample contains mainly Tc(VIl). The ratio
of oxidation states was received from linear combination fitting (ATHENA software): 12
+5 % Tc(IV) and 88 £ 5 % Tc(VII). Based on the batch sorption studies, Tc(IV) oxide
concentration on the mineral surface is low for both AD and NK materials. Even small
amount of original Tc(VIl) solution in the rock pores is enough to damp the signal of
Tc(lV) species.
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Fig. 5.48 Normalized Tc K-edge XANES spectra of samples after sorption of Tc onto

magnetite, AD and NK rock materials
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5.4.1.3.7 Core migration studies

The schematic illustration of the main processes involved into the radionuclides migra-
tion through the porous media is presented in Fig. 5.49. The marked rectangular area
is dedicated to Tc sorption/reduction processes shown above in Fig. 5.42.

¥

%3“_

Fig.5.49 General scheme of Tc migration through the core fracture

Conservative tracer tests for hydraulic characterization of a natural fracture were per-
formed by HTO and the effect of potential anion exclusion was monitored in parallel
through addition of **Cl. Typical breakthrough curves (BTC) for both radionuclides at
different flow rates are shown in Fig. 5.50. The long tailing of the BTC is most likely
due to channeling through the fracture with different flow rates as identified by uCT
measurements. A significant contribution of the experimental set-up to the observed
tailing was excluded by additional tests bypassing the core. Injection function for
10 mL/h test is also presented in Fig. 5.50.
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Fig.5.50 HTO and *Cl breakthrough curves for natural fracture in Aspd core #2.2

Based on the differential pressure of the core measured during the experiments under
three different flow rates (10, 1.5 and 0.2 mL/h), permeability (3.7 + 0.3)x10* m? and
hydraulic conductivity (3.6 + 0.3)x10”" m/s were calculated. The comparison of HTO
and *Cl BTC for different flow velocities clearly shows an influence of fracture resi-
dence time on breakthrough tailing. As far as HTO and **Cl show similar behavior, ani-
on exclusion effect was not observed in the fracture investigated under the hydraulic

conditions established.

Results of Tc migration studies using *™Tc(VIl) at trace concentrations below the
Tc(IV) solubility (~10™ M *Tc(VIIl) was taken) are presented in Fig. 5.51. Shoulders on
the curve are disappearing with decrease of flux probably due to preferential flow
through the largest channels in the fracture. Another effect, that may influence the de-
crease of BTC tailing is kinetically controlled Tc(VIl) reduction followed by sorption of
Tc(lV) species, which might be indicated by the decreasing recovery. Injections of high
Tc concentrations will help to reveal its speciation using surface analysis. Residence
time and recovery for **™Tc is given in Tab. 5.13. Sorption rates obtained from batch-
type experiments (see Tab. 5.11) allow to predict recovery in core migration study us-
ing equation (5.8). Longer contact times (1 day and more) were achieved by stop-flow
experiments. Typical stop-flow breakthrough curve is shown in Fig. 5.52, where the
small peak after pumping restart corresponds to the mobile Tc amount recovered form

the core fracture. This peak also includes Tc solution inside the small tubing fragments

253



on the both sides the core, but this correction was calculated and taken into account for

the total recovery estimation (see Tab. 5.13). A gradual decrease of Tc concentration is
caused by the radioactive decay of **"Tc isotope.
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Fig.5.51  ®™Tc(VIl) breakthrough curves in Aspé core #2.2
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Tab.5.13 Migration results for the lowest **™Tc concentration used

Flow rate, mL/h Co (®*™Tc), mol/L Residence time Recovery, %
10 2.1x10™ 10 min 100

1.5 1.4x10™ 59 min 92

0.2 9.3x10™ 490 min 87

10; stop-flow 3.7x10"? 1 day 71

10; stop-flow 3.5x10"? 2 days 37

10; stop-flow 2.8x10"? 4 days 16

10; stop-flow 2.8x10"? 8 days 0

2 days stop-flow
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Fig.5.52 Breakthrough curve for 2 days stop-flow injection of *™Tc(VIl)-containing
AGWS into Aspo core #2.2 (10 mL/h)

Comparison between recoveries after 10 and 10° M Tc injections is given in Fig.
5.53. As for the batch sorption studies, kinetics curves can be divided into two parts. In-
itial retention rate (the first 1 — 2 days) is higher for the elevated Tc concentrations, but
after 2 days contact time recovery curve bends and further recovery rate is higher for
the 10™ M Tc concentration. Fig. 5.53 also illustrates the comparison between migra-
tion and batch-type studies retention rates. For the first kinetics points (up to 1 day) the
sorption values for both batch and migration studies are almost similar, but further ki-

netics is much faster for the migration experiments.
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Fig. 5.53 Retention kinetics during the migration studies for 10 Mand 10° M Tc

compared with the 10° M Tc batch studies results

A general trend of faster retention kinetics for the higher initial Tc concentration was al-
so found in batch sorption studies (see Tab. 5.11). As far as two retention processes
(sorption and precipitation) are taking place simultaneously in the same system, fast in-
itial retention for the high Tc concentrations can be attributed to the bulk TcO,-1.6H,0
precipitation. According to the work done by [ZAC/HEA2007], Tc(VII) reduction by
Fe(ll) agueous solution at pH 8 is very fast (complete reduction within 1 hour). Based
on the E, measurements, in case of high Tc concentration available Fe(ll) content in
the solution is not enough for complete Tc reduction. Taking into account also the sur-
face analysis data, where Tc(IV) hotspots were found only on Fe(ll)-containing mica
minerals, the surface reduction can be a limiting process with a lack of reducing agent
in the solution.

54.1.4 Conclusions

According the experimental data, during the equilibration with Fe(ll)-containing miner-
als Tc(VIl) is reducing to +4 oxidation state with precipitation in TcO,-nH,O form. Ap-
parently, the Tc(VII) concentration is directly influencing the sorbed Tc amount on un-
oxidized and oxidized material, which can be correlated with the ion-exchangeable
Fe(ll) buffer available. Tc behavior on both AD and NK oxidized materials is quite simi-
lar, but it differs dramatically with non-oxidized AD samples. Oxidized rocks can sorb

up to 40 % — 50 % of Tc trace concentrations (10° M) and up to 10 % — 20 % of Tc at a
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relatively high (10° M) concentration under GW conditions. Varying values between AD
and NK samples at an intermediate (10® M) concentration indicates that NK samples
contain less available Fe(ll), than AD. Distribution coefficients obtained within this work
are in a good agreement with available published data. The Tc(VIl) reduction by ferrous
iron resulting in insoluble Tc(lV) species was proved by XPS analysis.

Colloidal phase formation was not detected during the batch studies under the GW
conditions established. This observation is very important for safety assessment of the
nuclear waste repository, because colloidal particles formation could significantly in-
crease the Tc mobility.

Technetium desorption from crystalline rock materials under natural conditions is insig-
nificant for all investigated cases, but after artificial oxidation of samples technetium
mobility is increased.

Core migration experiments show much faster retention kinetics than batch sorption
studies (0.61 + 0.08 d™* and 0.036 + 0.004 d™ for 10° M Tc, respectively), which is very
promising concerning the deep geological disposal. Anion exclusion was not observed
for the core material in use. The experimental data should be implemented into the re-

liable reactive transport model for further upscaling of technetium migration for safety

assessment.
5.4.2 Sorption and redox behaviour of technetium in natural clay rocks
5421 Introduction

*Technetium is mainly considered as a fission product with long half time (2.1 x 10°
years) and plays an important role for the long-term radiotoxicity of the inventory of nu-
clear waste repositories [KUB1993]. In aqueous solutions, the chemical form of Tc de-
pends mainly on the redox potential [BON/FRA1979]. Under typical oxidizing environ-
mental conditions, technetium forms the pertechnetate ion Tc(VII)O4, whose salts are
very soluble, which shows only weak interaction with inorganic solids and clay minerals
and is, therefore, considered as a rather mobile species in the environment
[PAL/MEY1981, RAR/RAN1999, LIE/BAU1987]. Under reducing conditions, as found in
a deep bedrock repository for high-level nuclear wastes, Tc(IV) is expected to form,
which is sparingly soluble [CUI/ERI1996Db).
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In order to perform the long-term safety assessments of high-level nuclear waste re-
positories in clay formation, a detailed knowledge of redox behaviour, solubility, com-
plexation, sorption, and diffusion of Tc in natural clay rocks are essential. Two natural
clay rocks are in the focus of sorption studies related to safety analysis of nuclear re-
positories. Opalinus Clay (OPA, Mont-Terri, Switzerland) [BRA/BAE2003] is considered
as potential host rocks for deep geological disposal of radioactive waste due to their
low permeability and high surface area. However, only few studies have been dedicat-
ed to the uptake and redox behaviour of Tc in natural clay rocks like OPA. TcOy is only
slightly sorbed on most rocks and minerals under oxidic conditions, probably by surface
ion exchange, and it is excluded from sorption in some negatively charged sediments
by repulsion within the charged double layer thereby leading to an enhanced geochem-
ical mobility [PAL/MEY1981, ELW/GER1992, KAP2003]. Therefore, the understanding
of redox behaviour, retention, and mobilization of Tc in natural clay rocks are required

for evaluation of safety assessments of the nuclear waste repository.

The aim of this study was to characterize the uptake of Tc on OPA. Batch experiments
were carried out to investigate the interaction of Tc with crushed OPA material at dif-
ferent S/L ratios, Tc concentrations and oxidizing and reducing condition, effect of con-
tact time, effect of ionic strength. Because Tc(VII) is redox sensitive in reducing condi-
tions and its sorbing behaviour strongly depends on the oxidation state — Tc(VII) or
(IV) — the experiments also focused on the redox speciation of technetium. The Tc oxi-
dation state distribution in OPA suspension was investigated by X-ray absorption near
edge spectroscopy and liquid-liquid extraction combined with liquid scintillation count-
ing (LSC).

5.42.2 Materials and methods

All chemicals were of p. a. quality or better and are obtained from Merck (Darmstadt,
Germany) or Riedel de Haen (Seelze, Germany). All experiments were conducted us-
ing de-ionized, “Milli-Q” water (specific resistivity, p = 18.2 MQ-m). The activity of *Tc
in solution was measured by liquid scintillation counting (LSC; Tri-Carb 3500 TR/AB,

Canberra, Packard, Meriden) using the scintillation cocktail Ultima Gold XR (Packard).
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5.4.2.2.1 Artificial Pore Water

The artificial pore water was prepared according to the recipe of [VAN/SOL2003,
PEA/ARC2003]. The pH was adjusted to 7.8 using NaOH and HCI. The composition of
the synthetic pore water is given in Tab. 5.14. One set of experiments was dedicated to
the effect of the ionic strength on Tc uptake on OPA. Another artificial pore water was

prepared, where the ionic strength was increased to 3.4 M by using NacCl.

Tab. 5.14 Composition of the artificial pore water [VAN/SOL2003]

The additional, highly saline, pore water investigated has the same composition except that

[NaCl] was increased to reach | = 3.4 M

lon mmol/L
Na* 240.5
K* 1.6
ca® 25.8
Mg** 17.0
Sr* 0.5

Cr 300.1
SO~ 14.1
Inorganic carbon | 0.5
lonic strength (1) 386.2

5.4.2.2.2 Measurements of pH and E;

The pH of the solutions was measured by using an Orion 525A device equipped with a
Ross electrode calibrated with 4 standard buffers (pH 3, 5, 7 and 9, Merck). For pH
measurements at | = 3.4 M, where the major background electrolyte is NaCl, an empiri-
cal correction term was applied for the measured operational pH-values (pHey,) to 0b-
tain thermodynamically well-defined quantities. An empirical correction coefficient (A)
that depends on background electrolyte composition and concentration and that has
been accurately determined in our laboratories for aqueous NaCl systems and at room
temperature was used to correct the operational pHe,, values according to equations
(5.11) and (5.12).

pH¢ = pHexp + Anaci (5.11)
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Anact = 0.0013 * (mygee)? + 0.1715 * myqe; — 0.09 (5.12)

The redox potentials in the clay suspensions were measured using an Orion 525A (E,
meter) and a Pt combined electrode with Ag/AgCI reference system (Metrohm) and
converted into Ey vs. standard hydrogen electrode (S.H.E.) by correcting for the poten-
tial of the reference electrode. A commercial redox-buffer (220 mV, Schott instruments)
was used for calibration. An equilibration time of 15 min was applied for all E, meas-

urements. The suspension was stirred prior to the E, measurement.

5.4.2.2.3 Technetium

For all batch experiments, the isotope **Tc was used and the stock solution contained
100 % heptavalent technetium (Tc(VII) = TcO,4, pertechnetate). The Tc concentration
was determined by liquid scintillation counting (LSC).

5.4.2.2.4 Opalinus Clay mineral (OPA)

The OPA was already well characterized and reported in the literature [NAG2002]. For
the batch type studies Opalinus Clay mineral (OPA) was crushed, sieved (< 500 pm),
freeze dried, and stored under Ar- glove box. The anaerobic OPA crushed powder is
prepared in under Ar atmosphere (inert glove box) from the OPA bore core BHE-24-2
(Mont Terri, 3.3 — 3.56 m). OPA from Mont Terri consists mainly (> 65 %) of different
sheet silicates (kaolinite, illite, illite/smectite mixed layers, and chlorite) but also > 10 %
quartz and calcite. In addition to these main fractions, OPA contains = 4 % Fe(ll) con-
taining minerals (pyrite and siderite) as well as traces of albite, feldspars, and organic

carbon.

5.4.2.25 Batch experiments

Three series of batch experiments were conducted. The first series has been per-
formed under 100 % argon atmosphere (anaerobic conditions). The second one has
been performed under ambient air conditions. For both series, Tc uptake was studied
after 7 days contact time for S/L = 20 g/L and various [Tc]i; (10 — 10° M) in the two

synthetic pore waters (i. e. with | = 0.38 and 3.4 M). The third series of experiments has
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been performed under argon atmosphere with 1 % CO;y Tc uptake was studied after
42 and 120 days contact time for S/L = 10, 20, 50 and 200 g/L and [TcC]it = 3x107 M, in
the synthetic pore water with | = 0.38 M.

The batch experiments were carried out in Zinsser vials (20 mL HDPE) at room tem-
perature and in presence of light. For the experiments the clay powder was precondi-
tioned in artificial pore water and the solution mixture was shaken continuously for 10 —
15 days. Then Tc(VII) was added on this preconditioned suspension. After adding
Tc(VIN), the pH was readjusted to 7.8 by adding 0.1 M HCI or 0.1 M NaOH. The pH of
the suspension solutions was controlled regularly. The E, of the suspension was only
controlled for the third series (argon atmosphere with 1 % COyq). For determination of
the distribution coefficient Ry, the solid and liquid phases were separated by ultrafiltra-
tion with 10 kDa ultrafilter (5000 rpm for 1 h) or ultracentrifugation (90,000 rpm) for 1 h.
After ultrafiltration/ultracentrifugation, the supernatants were analysed in order to de-
termine the content of free Tc in the liquid phase by liquid scintillation counting (LSC).
The fraction of Tc sorbed and the distribution coefficient were calculated by using the

following equations:

5.13
Sorption =1— LTl %100 (%) o
[Tc]

0

=1>< 1 (5.14)
m I.-I—C]eq

R

where [Tc]eq and [Tc]o (MoOL/L) are the equilibrium concentration in solution and initial
total concentrations of Tc, respectively; x (mol) is the amount of sorbate; m (kg) is the

mass of sorbent.

5.4.2.2.6 X-ray absorption fine structure (XAFS) spectroscopy

One sample was prepared for XAFS analysis (S/L = 50 g/L, [Tclet = 3x10* M, | =
0.38 M, Ar atmosphere with 1 % CO,, 120 days contact time). For the XAFS measure-
ments, filtrate solution or paste-like filter cake of Tc-OPA were filled into 400 yL capped
PE vials and mounted in a special air tight sample holder. The holder was connected to
an Ar supply line at the experimental station to keep the samples under near oxygen-

free conditions during XAFS measurements. The measurements were performed at the
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INE-Beamline by using this type of inert gas sample cell design [BRE/BAN2009] for re-
dox sensitive radionuclides. The spectra were calibrated against the first derivative X-
ray absorption near edge structure (XANES) spectrum of a Zr foil, defining the energy
of the first inflection point as E(Zr 1s) = 17998.0 eV. All Tc K-edge XAFS spectra were
measured in standard fluorescence yield detection mode.

5.4.2.2.7 Liquid-liquid extraction

The oxidation state of technetium in solution at low concentration after ultrafiltration (10
kDa filter) under anaerobic conditions was analyzed by liquid-liquid extraction. Two pro-
tocols were applied: 1-phenyl-3-methyl-4-benzoylpyrazolone-5 (PMBP) or 2-
thenoyltrifluoroacetone (TTA) was used to extract Tc(lV) into the organic phase
[NIT/ROB1994]. Tc(VII) remains in solution. To 0.6 mL portion of the filtrate solution 0.2
mL 2 M HCI and either 0.8 mL 0.025 M PMBP in Xylene and 0.5 M TTA in Toluene was
added and then vigorously shaken for 10 min. The agueous and organic phases were
separated by centrifugation for 30 min (5000 rpm) and aliquots of each phase were
taken for LSC analysis. To prove the Tc oxidation state on the surface of the clay, the
filter cake of clay (i. e. OPA) was re-suspended in 1 M HCI for 2 days under argon at-
mosphere. We assumed that the Tc, (IV) and (VII), was released into the solution. The
two phases were separated by ultrafiltration with1l0 kDa filters and the solution (1 M

HCI) was probed by the same extraction procedure as before described.

5.4.2.2.8 Geochemical speciation modeling

pH-Ey diagrams for Tc were obtained using PhreePlot [KIN/CO0O2009], which contains
an embedded version of the geochemical speciation program PHREEQC
[PAR/APP1999]. The SIT database provided with PHREEQC is used, in which the
thermodynamic constants for Tc correspond to the ones selected by the NEA
[GUI/FAN2003]. For the calculations, carbonate concentrations are assumed to be in
equilibrium with calcite. Nevertheless, preliminary calculations showed that carbonate
have a minor impact on Tc speciation in the presently investigated conditions (i. e. with
or without 1 % COyq or calcite), according to the available thermodynamic database.

The reduction of sulfate and CO, is not considered in the calculations.
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54.2.3 Results and discussions

5.4.2.3.1 Technetium uptake on Opalinus Clay

5.4.2.3.1.1 Effect of O, and total Tc concentration

Tc uptake on OPA in the synthetic pore water (I = 0.38 M, pH = 7.8) was investigated in
the presence (ambient air atmosphere) and in the absence (Ar glovebox, no CO,) of O,
for S/L = 20 g/L and various Tc concentrations ([Tc]: = 10%-10° M), after 7 days con-
tact time. The results are shown in Fig. 5.54. No Tc uptake is observed under air at-
mosphere while ~25 % of Tc is sorbed to OPA under Ar atmosphere for 107 < [T¢]it <
10® M. This result points to the reduction of Tc(VIl) to Tc(lV), as anionic Tc(VII) sorbs
weakly to minerals with negative surface charge. The uptake of Tc does not evolve with

[Tcliot under Ar atmosphere.
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Fig. 5.54 Uptake of Tc on OPA (Mont Terri) as a function of Tc concentration for
S/L=20 g/L, pH=7.8 and 7 days contact time

Experiments are performed under argon (no CO;; squares) or ambient air atmosphere (tri-
angles). Experiments are performed in synthetic pore water (I = 0.38 M), as used in previ-

ous studies (black symbols), or in a synthetic pore water with | = 3.4 M (grey symbols)
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5.4.2.3.1.2 lonic strength effect

Tc uptake on OPA after 7 days contact time is investigated in the presence (ambient air
atmosphere) and the absence (Ar-glovebox, no CO,) of O, for S/L = 20 g/L and various
Tc concentrations ([Tcle: = 108-10° M) in the synthetic pore water with high ionic
strength (I = 3.4 M, pHc = 7.8). The results are compared with the results obtained in
the original synthetic pore water in Fig. 5.54. No significant influence of NaCl is found
either in presence or in absence of O,. This shows that, in presence of O,, Tc(VII) sorp-
tion is not promoted by the high background electrolyte concentration, which might in-
duce an increased (i. e. less negative) charge of the mineral surfaces. In absence of
O,, the uptake of Tc is not significantly impacted by the ionic strength. It shows that if
reduced to the tetravalent oxidation state, Tc(IV) uptake is not controlled by an ion ex-
change process. Schnurr et al. [SCH/MAR2014] showed that surface complexation of
trivalent Eu/Cm to illite and smectite is weakly impacted by the ionic strength for 0.1 <
[NaCl] < 4 M. Our results suggest that it is also the case for Tc(lV) surface complexa-

tion to OPA clay minerals, assuming that no Tc(IV) surface precipitate is formed.

5.4.2.3.1.3 Effect of the contact time and the solid to liquid ratio (anaerobic con-

ditions)

The influence of contact time on Tc uptake on OPA is investigated for [Tcli, = 3%107
M, in the synthetic pore water, under argon atmosphere with 1 % CO, and 10 < S/L <
200 g/L. The percentage of Tc sorbed versus S/L is shown in Fig. 5.55a after 42 and
120 days contact time. A marginal difference on Tc uptake is observed between both
reaction times: Tc uptake is ~5 — 10 % higher after 120 days for all S/L ratios, which is

close to the experimental uncertainty on the percentage uptake ( £ 5 %).

Additionally, Tc uptake data discussed in the previous section for S/L = 20 g/L, [TClit =
3 x 107 M, in absence of CO, (argon) after 7 days contact time is also plotted in Fig.
5.55a with the data obtained after 42 and 120 days (argon with 1 % CO,). This high-
lights the almost insignificant time dependence on Tc uptake previously discussed. In
addition, it suggests that the partial pressure of CO, has an insignificant influence on
Tc uptake on OPA in the presently investigated conditions. Even if the partial pressure
of CO, controlled the carbonate concentration in our experiments, according to the
thermodynamic constants provided by the NEA [GUI/FAN2003], Tc(VIl) and Tc(IV)

complexation by carbonate is insignificant in the presently investigated conditions.
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At constant pH (7.8) and 3x107 M Tc, the percentage of Tc sorbed increases propor-
tionally to the solid-to-liquid ratio (Fig. 5.55a), i. e. to the amount of sorption site availa-
ble for Tc. Tc uptake data after 120 days contact time are converted to log Ry (L/kg)
and plotted versus S/L in Fig. 5.55b. The log Ry values for all S/L are not significantly
different. The average log Ry is 1.22 + 0.56 L/kg (20). From comparison with log Rq
values of other tetravalent like Th(IV) this value is low. At the moment we cannot de-
cide whether this is not a real sorption coefficient because the process of surface pre-
cipitation of hydrolysed Tc(IV) is not considered. Nevertheless, the constant Tc uptake
with [Tclt (Fig. 5.54) and the constant Ry with S/L point to ideal uptake behaviour,
suggesting that surface complexation is the dominant uptake process. On the other
side, because we do not know the quantitative amount of tetravalent technetium in rela-
tion to the total Tc concentration, this value mirrors also the marginal sorption strength
of Tc(VIl) (see also section 5.4.2.3.2.3).

5.4.2.3.2 Tcredox speciation

5.4.2.3.2.1 Redox state analysis by liquid-liquid extraction ([Tc]i; < 10° M)

In order to shed light on the redox behaviour of Tc, the oxidation state of the remaining
Tc in the liquid phase contacted with OPA is determined by liquid-liquid extraction.
PMBP [NIT/ROB1994] and TTA are used as extractants for Tc(IV) in the organic
phase. Tc redox speciation is determined in solution on contact with OPA with [TCli =
3x107 M, in the synthetic pore water, under 1 % CO, (Ar) and 10 < S/L < 200 g/L after
120 days contact time. On average for all S/L, 50 £ 6 % of Tc(VIlI) and 50 £ 6 % of
Tc(IV) are found in solutions contacted with OPA. This confirms the partial reduction of
Tc(VIN) to Tc(IV) in the in the OPA-artificial pore water system. This redox state analy-
sis provides two important information. First, on a Pourbaix diagram, a Tc(VII):Tc(IV)
ratio of 50:50 is located at the Tc(VII)/Tc(lV) borderline. This result will be compared
with the redox potential measurements in section 5.4.2.3.2.3. Second, the final Tc(IV)
aqueous concentration in the OPA pore water can be determined. Log [Tc(IV)]eq ranges
between -7 (S/L = 10 g/L) and -7.3 (S/L = 200 g/L). These values are 1 to 2 orders of
magnitude higher than the solubility of TcO,'1.6H,O) (-8.4 = 0.5; [GUI/FAN2003]).
Therefore, one cannot exclude Tc(lV) precipitation as an uptake process. Neverthe-

less, the higher apparent Tc(lV) solubility might suggest the formation of a dissolved
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complex in the synthetic pore water contacted with OPA,

section 5.4.2.3.2.3.
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Data obtained in the absence of CO, under argon atmosphere ([TCliot =
3x107 M; S/L = 20 g/L; see Fig. 5.54) after 7 days contact time are also

shown.

(b) Distribution coefficient (Rq in L/kg) for the uptake of Tc on OPA after

120 days contact time (1 % CO,. argon) versus S/L.

Additionally a test experiment is performed to determine the redox state of Tc on the

solid phase. After one week contact time, a sample prepared for [Tc]: = 10° M, 20 g/L

of OPA under argon atmosphere (no CO,) is filtrated at 10 kDa. The wet solid is re-

suspend in 1 M HCI and shaken for 2 days. After that, the sample is filtrated again at
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10 kDa and the solution is analysed by both PMBP and TTA extraction to determine
the oxidation states. The results are summarized in Tab. 5.15. Around 27 % of the ini-
tial [Tc)or SOrbed to OPA. Only 28 % of the adsorbed Tc can be leached with HCI. The
low desorbed amount of Tc in HCI points to the relatively strong interaction of Tc with
OPA minerals. In the HCI solution, Tc(IV) was detected by extraction into the organic
phase, although the amount appears rather low (~10 %). However, solvent extraction is
an invasive method and we cannot exclude that it might change the genuine Tc-redox
state. Nevertheless, this test experiments hints qualitatively to partial reduction of

Tc(VIN) to Te(lV) in the OPA-artificial pore water system.

Tab. 5.15 Tc speciation in re-suspended Tc-OPA solid in 1 M HCI (S/L= 20 g /L, con-

tact time 7 days, pH = 7.8, artificial pore water, 0 % CO, and Argon atmos-

phere).

Tc(VI) initial Uptake Leaching Extraction of Tc(IV) from
concentration, M | (in 9% of the (in % of the the 1 M HCl into the or-
total amount) | sorbed amount) | 9anic phase (in % of the
total desorbed amount)

0.025 M 05M

PMBP TTA

1.10° M 27+5 28+5 12+5 9+5

5.4.2.3.2.2 Tcredox speciation on clay solid phases by XANES

One OPA sample was also analysed by XANES after 120 days contact time. The Tc K-
edge X-ray absorption spectroscopy on Tc element is performed at the INE-Beamline
[ROT/BUT2012]. As a reference sample, Tc(VIl),s and Tc(IV)s are prepared and
measured. Tc-OPA sample was measured as a solid and filtrate solution. The XANES
spectra of Tc(IV)er, Tc(VI)es in 1 M HCIO,4 and Tc-OPA are show in Fig. 5.56. The Tc
K-edge XANES of the Tc(VII)O, ‘pertechnetate’ moiety, where Tc is surrounded by 4
oxygen atoms in tetrahedral conformation, exhibits a strong pre-edge resonance at
21050 eV, reflecting a Tc 1s — 5p/4d transition allowed due to p-d mixing in the final
state. Tc(IV) is generally octahedrally coordinated (inversion symmetry), where this
transition is forbidden, so no pre-peak can be seen. A pre-peak is clearly visible on the
XANES spectra recorded for OPA, which evidence the prevalence of Tc(VII). Tc(VII)
was also found by XANES measurements in the filtrate solutions even after 120 days

contact time (not shown).

267



Tc K-XANES
2.0
Tc(IV) ref.

S
G 157 Tc(VII) OPA
2
< Tc(VI) ref.
g 104
S
c

05 -

0.0 T T T T T T T T T

21000 21050 21100 21150 21200 21250

Energy (eV)

Fig.5.56 Tc K-edge XANES spectra of Tc speciation in OPA
[Tc] =3E-04 M, 0.1 M NaCl, S/L =50 g/L , 1 % CO,and Argon atmosphere, contact time =

120 days, solid sample = filtrate suspension

The prevalence of Tc(VII) appears contrasting with the results in the batch experi-
ments. However, the Ey, of the suspension (+200 mV) is much higher than in the batch
experiments (see also section 5.4.2.3.2.3). The high E; value is very likely due to the
high [Tc]: investigated. Higher Ey are recorded for high concentrations of Tc(VIl) in
presence of granite (see section 5.4.1 of this report) as well as a high [Np(V)]it in the
presence of illite [MAR/BAN2014]. Assuming pyrite as the predominant Fe(ll) source
responsible Tc(VII) reduction to Tc(IV) in our samples, the Fe(ll) quantity in our exper-
iments with S/L = 50 g/L amounts to 4x10° mol/L in the solid, which is in excess over
9x10™ mol/L of electrons required for the complete Tc(VI1) reduction to Tc(V). The ab-
sence of Tc reduction might be explained by the limited accessibility of its redox part-
ner. Therefore, the presence of Tc(IV) on OPA cannot be evidenced by XANES analy-
sis in the present study.

Tc uptake by OPA for [Tcl = 3x10™ M is relatively small after 120 days contact time
(6 — 8 %). Although Tc(VII) sorbs very weakly to minerals, we cannot exclude that the
XANES signal is partially due to adsorbed Tc(VII) (i. e. below 5 %). In addition, a wet
solid phase is analysed and small amounts of dissolved Tc(VIl) might also be present

in the remaining pore water.
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5.4.2.3.2.3 Redox potential measurements after 120 days contact time

For the series of experiments where Tc uptake on OPA was determined after 120 days
([TC)ot = 3x107 M, S/L = 10 — 200 g/L, Ar atmosphere with 1 % CQO,), the redox poten-
tial of the suspension was measured. The values are plotted in a pH-E;, predominance
diagram for Tc in Fig. 5.57. The redox speciation of Tc was investigated by liquid-liquid
extraction in the filtrate solution, i. e. all solid phases (including potentially precipitated
Tc-phases) were discarded. Therefore, only the speciation of Tc in the aqueous solu-
tion is shown on the pH-E, diagram (i. e. no precipitation is considered), which allows
the comparison with the experimental redox state analysis of Tc. E,, values are close or
within the stability field of Tc(IV), consistent with the redox state analysis of Tc in the
aqueous phase, although some of the Ey, values appear rather low (= -200 mV). These
measurements are consistent with the observed Tc uptake as Tc(IV) by OPA in these
conditions. The measured E, are comparable with literature data for OPA
[LAU/BAE2000].

From the redox state analysis in solution by liquid-liquid extraction and the E, meas-
urements, it appears that the average log Ry of 1.22 + 0.56 L/kg (20) obtained after 120
days contact time in batch experiments is highly conditional. Indeed, it is valid only at
the Tc(VI)/Tc(IV) borderline ([Tc(1V)]eq = [Tc(VIl)]eq). Since Tc(VII) weakly sorbs to min-
erals by contrast with Tc(lV), the overall Ry is expected to vary with the E,. The exper-

imental Ry exp Can be expressed as follow:

[TC (IV)]sorbed

o (5.15)
LD " Te(IV)]oq + [Te(VID] o

|4
m

The independent Ry of Tc(IV) (Rq4(1V)), i. e. the one that would be measured in more
reducing conditions where [Tc(VIl)]e; = 0, can be determined knowing the fraction of
Tc(IV) in solution (F):

[TcUV)]sorpea | V 5.16
[C"I'C‘(I—V)]ezd X m = Rd,exp/FIV ( )

Ry(IV) =
After 120 days contact time, the extraction experiments showed [Tc(IV)]eq = [TC(VI)]eq,
which leads to Rq(IV) = 2xRqexp. Therefore, log Ry(IV) is calculated equal to 1.52 + 0.56
L/kg, the uncertainty associated to the redox state analysis of Tc in solution ( £ 6 %)

having a minor impact on these calculations. Eqn. WIL/FAR2001 allows the calculation
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of Tc uptake on OPA in synthetic pore water as a function of F,,, which is related to the
Es.
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Fig.5.57 pH-E, diagram for technetium ([Tc], = 3%107 M; no precipitation consid-
ered) in the synthetic pore water (1 % COy)
Experimental E, recorded in the OPA suspensions after 120 days contact time during the
batch experiments (S/L = 10-200 g/L; [Tc]ot = 3x10"' M) and in the sample prepared for
spectroscopic measurements (S/L = 50 g/L; [Tclot = 3x10™ M) are also shown and com-
pared with E, measurements obtained by Lauber et al. [LAU/BAE2000]

The calculated Rqy(IV) value appears very low, when comparable to literature values.
For instance, Baston et al. [BAS/BER1995] reported under reducing conditions Ry val-
ues of 4200 to 10000 L/kg for Tc uptake on bentonite (log R4 = 3.6 — 4 L/kg) at an ionic
strength of 0.68 mol/L and pH 8.2, i. e. around 2 orders of magnitude higher than in the
present study. Because [Tc(IV)]eq is also found between 1 and 2 orders of magnitude
higher than the solubility of TcO,'1.6H,O,, the formation of an aqueous Tc(IV) com-
plex with a ligand either present in the synthetic pore water or released from OPA is
suspected. For instance, OPA contains organic matter that can be released in synthetic
pore water [COU/CHR2008] and Tc(lV) was shown to strongly interact with natural or-
ganic matter [BOG/DON2010, EVA/HAL2012]. Therefore, the exact mechanism of Tc
uptake on OPA-synthetic pore water system is not fully elucidated yet. Further investi-

gations are required.
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5.4.2.4 Summary

In the present study, we investigated the interaction of Tc with OPA at different S/L ra-
tios, Tc concentrations, redox condition (i. e. air or argon atmosphere), effect of contact
time, effect of ionic strength. Under air atmosphere, at low Tc concentrations (<10° M)
the heptavalent (anion) state remains predominant and almost no uptake is observed.
Under anaerobic conditions (argon) with, at low Tc concentrations (<10° M), Tc uptake
on OPA is significant and is attributed to the partial reduction of Tc(VII) to Tc(IV). Tc
uptake is not affected in highly saline conditions (I > 3 M). Given the reducing condi-
tions and the relatively high redox capacity of OPA, reduction of Tc(VII) to Tc(lV) is rel-
atively fast, as suggested by the small increase in the uptake between 42 and 120 days
contact time. Tc uptake on OPA does not depend neither on [Tc], (between 10® and
10 M for S/L = 20 g/L) or S/L (between 10 and 200 g/L for [Tc]e: = 3%107 M).

Tc redox state analysis in the solution contacted with OPA shows that the final Tc(VII)
and Tc(IV) concentration are equal in solution after 120 days contact time with OPA. E,,
measurements are relatively close to the Tc(VIN/Tc(IV) borderline on a pH-E;, diagram,
in agreement with Tc redox state analysis in solution. We could not confirm the reduc-
tion of Tc(VIl) to Tc(IV) on OPA by XANES. Even after 120 days contact time Tc re-
mains heptavalent in solution and in the wet solid phase. This is consistent with the
high E, value measured for the sample. This high E; is very likely due to high Tc(VII)
concentration required for such analysis (>10 M), which acts as an oxidant and affects
the redox potential of the system, as observed in previous studies (chapter above and
[MAR/BAN2014]). In a real nuclear waste repository environment, because of the very
reducing conditions - high redox capacity of clay - and the high S/L ratio, Tc will very
likely occur as Tc(IV).

The experimental Ry value measured after 120 days is extrapolated to more reducing
conditions where no Tc(VIl) is present. The log Rq value for Tc(IV) taken independently
is found equal to 1.52 + 0.56 L/kg, which allows the prediction of Tc uptake as a func-
tion of the E, in OPA-synthetic pore water systems. This low Ry value, in combination
with the higher [Tc(IV)]eq than the solubility of TcO,-1.6H,0O,), suggest the formation of
a Tc(lV) complex with a ligand either present in the synthetic pore water or released

from OPA. Further investigations are required to verify this observation.
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5.5 Incorporation of selenium in iron sulfide and calcite

As for many elements, selenium is on the one hand an essential nutrient for animals
and humans, while on the other hand above certain concentration limits it is toxic
[FIN/DAR2012]. The critical issue in the case of selenium is that the acceptable range
of selenium intake is relatively narrow (e. g. for humans the lower and upper bounds
are 40 pg/day versus 400 pg/day, respectively). The bioavailability of selenium in natu-
ral systems depends to a large degree on its chemical speciation. Depending on the
geochemical milieu (pH-E, conditions) of natural systems selenium may be present in
various oxidation states: -Il, (-I), 0, +IV, and +VI [OLI/NOL2005]. Solid phases formed
by reduced and elemental selenium are less soluble compared to phases formed by
the oxidized species selenium (IV) and (VI). Oxidized selenium forms the oxyanions
selenite, Se(IV)0O3%, and selenate, Se(VI)O,%, in aqueous solution. Compared to the
reduced species, the oxidized species need to be considered more mobile in subsur-
face environments [MAS/DEL1990] and show a higher chemical toxicity
[FIN/DAR2012].

In the context of nuclear waste disposal, the radioisotope "°Se is of special concern
due to its long half-life (3.27-10° years [JOR/BUH2010]) and expected high mobility. It
is created in nuclear reactors by the fission of ?°U. The Belgian nuclear waste man-
agement organization ONDRAF/NIRAS for example, has concluded that "°Se is a po-
tentially critical radionuclide that might, within a relevant timeframe (10* — 10° years),
diffuse through the geological barrier (Boom Clay) and increase the radiotoxicity in ad-
jacent aquifers [OND/NIR2001].

Sorption reactions with surrounding mineral phases may have an essential impact on
the mobility and bioavailability of the oxidized selenium species in soils and sediments.
Numerous sorption mechanisms have been observed and characterized on a molecu-
lar scale within the past few decades. Besides pure surface reactions (outer-sphere
and inner-sphere adsorption, or ion exchange) structural incorporation into mineral
phases as a consequence of coprecipitation or recrystallization (dissolution/ reprecipi-
tation) reactions has significant potential to immobilize toxic trace elements, such as

selenium, in soils, aquifers, and host rocks of future nuclear waste disposal sites.

Here we present results for selenium incorporation into mineral phases for two different
scenarios. Selenium incorporation into iron sulfides represents reducing conditions.

Certainly the biggest potential to remove selenium from solution is by reduction to ele-
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mental selenium or reduced selenium species. Under these conditions, the incorpora-
tion of selenide (selenium(-Il)) into iron sulfide phases may effectively retain selenium
from migration through the geosphere. Results on selenium incorporation into iron sul-
fide phases are presented in section 5.5.1. More critical with respect to selenium mobil-
ity are oxidizing conditions. Under these conditions selenate and selenite are the rele-
vant aqueous selenium species. Selenate shown only very limited interactions with cal-
cite as well as with other common mineral phases. Results on selenite interactions with
calcite at various conditions regarding selenium concentration and calcite supersatura-

tion are presented in section 5.5.2.

55.1 Selenium(-1l) in iron sulfide

The work on selenide retention by iron sulfide performed in the frame of the VESPA
project has been published elsewhere [FIN/DAR2012]. The results presented here are

largely taken from that publication.

55.1.1 Introduction

Selenium is a non—metal having properties resembling that of sulfur. The solubility of
Se is largely controlled by its oxidation state, which depends on the redox conditions of
the surrounding environment. Although selenium will be released as selenite oxyanions
upon nuclear waste matrix corrosion, a conversion to lower oxidation states is likely to
occur because the geochemical environment in a clay—-based repository is expected to
be reducing [GAU/BLA2006]. Under such conditions, FeSe, is the dominating phase
forming upon Se(lV) interaction with iron canister [CUI/PUR2009]. A recent report also
concluded that selenide, with HSe™ as the main aqueous species, is the predominant
thermodynamically stable chemical form of Se under the reducing conditions prevailing
in Boom Clay environment [CAN/MAE2010]. Finally, the presence of microorganisms
needs to be considered because Se(lV) oxyanions can be microbially reduced
[HE/YAO2010]. Obviously, various reasons support the fact that Se is expected to be
present as reduced species in the waste repository. Consequently, the geochemical
behavior of reduced Se species, and especially selenide, needs to be investigated in

detail.

The geochemistry of selenium is largely controlled by that of iron, with which Se is

closely affiliated in both oxidizing and reducing environments [HOW1977]. Nanoparticu-
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late stoichiometric mackinawite (Fei oo +0.01S) IS the primary precipitate formed from the
reaction between Fe(ll) and S(-1l) in aqueous solutions at ambient temperature and
pressure [RIC/GRI2006]. It is a highly reactive phase having a high adsorption capacity
and was used as substrate in adsorption experiments of various radionuclides (RN) in
their higher oxidation state [HUA/DEN2008, KIR/FEL2011, LIU/TER2008,
MOY/JON2002]. In almost all cases, a reduction of the oxidation state is associated
with the retention of the RN. In contrast, only very scarce studies report trace contami-
nant sequestration by incorporation in the bulk structure. The coprecipitation of Tc(IV)
with FeS was shown to form a TcS,-like phase but the data could not confirm an in-
corporation in the bulk phase [WHA/ATK2000]. Since mackinawite is stable only under
reducing conditions, substitution for elements in the bulk structure may only be (me-
ta)stable for reduced monoatomic species. For example, the ionic radius [SHA1976] of
selenide (r''Se(-1l) = 1.98 A) is only slightly larger than that of sulfide (r"'S(-1l) = 1.84 A)
so that it is very likely that Se(-1l) can substitute S(-1l) in mackinawite. Actually, it was
suggested that FeS can contain a FeSe component, given that Se(-1l) substitutes for
S(-1I) [MAS/DEL1991]. The existence of a solid solution phase is also comforted by the
similarities in the FeS and FeSe structures: both can crystallize in tetragonal crystal
systems and only the unit cell parameters differ slightly. Recently, the synthesis of FeS
in the presence of Se(-1l) was reported [DIE/NEU2011, DIE/NEU2012]. In these stud-
ies, the syntheses implied an aging time of 4 days, yielding crystalline FeS. However,
this compound presumably converted [CSA/ROD2012] from freshly precipitated FeS
(FeSsesn) and thus could a have different reactivity towards dissolved species than FeS-

fresh- Finally, no data on Se(-Il) adsorption on mackinawite can be found in the literature.

Mackinawite is often used as precursor phase in the synthesis of pyrite (FeS,). Pyrite is
the most stable and ubiquitous authigenic ferrous sulfide in Earth-surface reducing en-
vironment and is present in backfill material (e. g., bentonite) in HLW disposal sites.
Furthermore, the structure of pyrite can accommodate various trace elements in its
structure such Co, Ni or Cu substituting for Fe but also Se or As substituting for
S (e. g., [MOR/LUT1999]). In this study we focused on the Se(-Il) retention (adsorption

and coprecipitation) by mackinawite.

The selenide retention upon coprecipitation with and adsorption on freshly precipitated
mackinawite was investigated. The solid phases obtained in every experiment were

first characterized by X-ray diffraction (XRD) and by scanning electron microscopy
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(SEM). Information on the Se speciation and on its local chemical environment is ob-

tained by X-ray absorption spectroscopy (XAS).

5.5.1.2 Experimental part

Samples preparation and characterization

All samples were prepared with deoxygenated ultra—pure water (Milli-Q system,
18.2 MQ-cm) and reagents of ACS grade or higher. All experiments were conducted
under anoxic conditions (glove—box filled with Ar). The samples were kept under Ar
from the beginning of the synthesis until the end of the characterization (XRD, XAS),
except for SEM where the samples were transferred in a closed vessel filled with Ar to
reduce the exposure time to air. The selenide solution was prepared as described in
[LIU/FAT2008]. After preparation in the fume cupboard, the solution was introduced in
the glove—box. Solutions of S(-11) and Fe(ll) were freshly prepared before every exper-
iment by dissolving Na,S-9H,0 and Mohr’s salt [Fe(NH,)2(SO4).-6H,0], respectively.

Mackinawite (sample Mack) was prepared by mixing equimolar Fe(ll) and S(-Il) solu-
tions (Tab. 5.16). In the coprecipitation experiment (sample SeCopMack), a sulfide so-
lution was added to the selenide solution before addition of the Fe(ll) solution under
stirring. In the adsorption experiment (sample SeAdsMack), FeS was freshly precipitat-
ed, filtered and washed before addition to the selenide solution (m/V = 2 g/L). Sepa-
rately, a Fe(ll) solution was added to a selenide solution (sample FeSelenide) and used
as reference compound. All suspensions were filtered (0.45 um pore size diameter) be-

fore analysis of the solid phases.
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Tab. 5.16 Experimental conditions (pH and E;) and initial and final element concen-

trations (subscript i and f, respectively)

En
[Fel; [S]; [Seli [Fel [Sel
Sample PH g\lfi\llzs mol/L | mol/L | pmol/L | mmol/L | pmol/L
Mack 7.11(5) | -240(20) )2(.100(_11) 3.115_11) / n.d. /
SeCopMack | 6.95(5) | -210(20) 1%1.2 1182 200(5) |0.47(1) | 9.7(1)
SeAdsMack | 6.89(5) | -250(20) | / / 220(5) | 1.3(1) | 9.4(1)
FeSelenide | 6.95(5) | -190(20) iféﬁ) / 220(5) |d.l. 6.3(1)

All solid phases were characterized by X-ray diffraction (XRD) prior to further analysis.
Powder diffractograms were collected under anoxic conditions with an airtight sample
holder with a D8 Advance (Bruker) diffractometer (Cu K, radiation) equipped with an
energy dispersive detector (Sol-X). The phases were identified with the EVA 2 software
(Bruker) by comparison with the PDF 2 database and the data fit was performed with
the TOPAS 4.2 software (Bruker). The samples were further characterized by scanning
electron microscopy (SEM) with a CamScan CS44FE microscope. Electron micro-
graphs gave information on the shape and the atomic concentrations were determined

by energy-dispersive X-ray (EDX) spectroscopy.

X-ray absorption spectroscopy

Sulfur, iron and selenium K-edges X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectroscopy data were collected at
the INE-Beamline [ROT/BUT2012] (ANKA, Germany) with a storage ring energy of 2.5
GeV and a ring current of 90 — 170 mA. Energy calibration was done by setting the
white line crest of Na,SO, at 2482.0 eV, the K-edge of a Fe foil (a—Fe, first inflection
point) at 7112.0 eV and the K-edge of a Se foil (trigonal Se) at 12658.0 eV. At the Fe
and Se K-edges, the reference foils were measured along with the samples and at the
S K-edge the reference was measured before and after each sample. The data for the
samples were collected in fluorescence-yield detection mode using a five elements
LEGe solid state detector (Canberra-Eurisis) or a silicon drift detector (Vortex, SIl Nan-
oTechnology). Reference XAS data were collected in transmission mode for commer-
cial powders of methionine (CsH;;NO,S), Na,SO3, Na,SO,4, Mohr’s salt, Fe,O3, FeSe,
Na,SeO; and Na,SeO,. Analysis of the data was performed following standard proce-
dures by using Athena and Artemis interfaces to the Ifeffit software [RAV/NEW2005].
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The EXAFS spectra (x(k)) were extracted from the raw data and Fourier transforms
(FT) were obtained from the k?xx(k) functions. Data fit was performed in R-space using
phase and amplitude functions calculated with feff8.4 [ANK/RAV1998]. The amplitude
reduction factor (Sy?) was set to 0.67 for the S K-edge data to correctly reproduce the
number of S neighboring O atoms in Na,SO, [HAW/FER1975], 0.66 for the Fe K-edge
data to correctly model the data collected for a-Fe [HUL1917], and 0.98 for the Se K-
edge data to correctly reproduce the number of Se atoms in the trigonal Se phase
[CHE/UNG1967]. For a given sample, the fits were performed simultaneously for all
probed elements and the interatomic distance for a given atomic pair was fit consider-
ing simultaneously the data from both probed atoms. The uncertainties on EXAFS dis-
tances are typically + 0.02 A for well-resolved atomic shells and + 20 % on the number

of neighboring atoms.

55.1.3 Results and discussion

Reference phases

The samples Mack, FeSelenide and FeSe were characterized and used as reference
phases. Mack can be identified as tetragonal mackinawite from its diffractogram (Fig.
5.58). The modeling of the powder diffractogram of the FeSe reference indicates the
presence of both tetragonal (~75 %) and hexagonal (~25 %) phases. FeSelenide could
not be characterized by XRD because of the absence of diffraction peaks. SEM micro-
graphs (Fig. 5.59) reveal no significant difference in the morphology between Mack
and FeSelenide: both have small sizes and exhibit a layered structure. They are com-
posed of aggregates consisting of subparticles of sizes ranging from ~50 to ~400 nm.
Based on SEM-EDX analyses, Mack contains a slight excess of sulfur (molar ratio
Fe:S = 1.0:1.1) and FeSelenide obviously contains an excess of selenium (molar ratio

Fe:Se = 1.0:3.6), very likely as elemental Se which is not detected by XRD.

In XAS, the XANES region of the probed element can be used as a fingerprint, being
dependent upon both the valence state and the coordination environment. For S and
Se, the position of the edge is shifted toward higher energy with increasing oxidation
state and the white line intensity increases [KEO/MUL2004, PIC/BR0O1995] (Fig. 5.60).
The S white line position of Mack (2470.2(1) eV (thereafter the number in parentheses
indicates the uncertainty)) is located at 11.9 eV lower energy than for sulfate. This en-

ergy span from the sulfate group to Mack correlates with a -Il oxidation state of S in
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FeS. In FeSe, the position of the Se K-edge (12657.2(1) eV) is also indicative of Se(-Il)
compared to Se(0) (12658.0 eV). For iron, the position of the pre-edge (1s—3d/4p
transition) is commonly used to determine the Fe oxidation state [WIL/FAR2001].
Compared to the pre—edge feature in Mohr’'s salt (7111.4(1) eV) and in hematite
(7112.9(1) eV), Fe has a +lI oxidation state in all samples, including FeSe (Fig. 5.60).
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Fig. 5.58 X-ray diffractogram of the samples Mack, SeCopMack and FeSelenide

Mack is identified as tetragonal FeS by comparison with the JCPDS Card No 086-0389
(blue bars on plot)

Information on the crystallo-chemical environment is obtained from the EXAFS data
modeling. The data of Mack are modeled considering only Fe and S backscatterers
(Tab. 5.17, Fig. 5.61). The S and Fe K-edge data are fit simultaneously considering
common interatomic distances d(Fe-S)) of 2.23(1), 4.08(4) and 4.29(3) A, matching re-
ported crystallographic values [LEN/RED1995]. At the Fe K-edge, Fe neighbors are al-
so detected at d(Fe-Fe) = 2.60(1) and 3.68(1) A, both belonging to FeS. Another Fe
shell is detected at 3.16(1) A, a distance reported for monoclinic pyrrhotite
[TOK/NIS1972]. At the S K-edge, the S neighbors at d(S-S) = 3.66(4) A match report-
ed data for mackinawite, whereas the shells at 2.18(2) and 2.76(4) A may best be ex-
plained by amorphous S(0). The coordination numbers for the Fe K-edge data are low-

er than the reported crystallographic values, whereas they are closer to what would be
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expected for the S K-edge data. The best explanation to account for that result is the
presence of a mixture of two end-member phases having different long-range ordering
[WOL/GAA2003]. The EXAFS oscillatory amplitudes are damped because of destruc-
tive interferences of oscillations having small differences in their frequencies due to

variation in the bond distances.

r

ck

Fig. 5.59 SEM micrographs of Mack, FeSelenide, commercial SeCopMack and
FeSe
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Tab.5.17 Quantitative EXAFS analysis of the reference samples (So?> = 0.67 / 0.66 /
0.98 for the S / Fe / Se K—-edge, respectively)

Mack
S K-edge Fe K-edge
Shell N R [A] o’ [A?] Shell N R [A] o’ [A?]
S 3.0 2.18(2) | 0.004 S 1.8¢ 2.23(1) | 0.005
Fe 7.6 2.23(1) | 0.005 Fe 0.7 2.60(1) | 0.006
S 2.0 2.76(4) | 0.004 Fe 0.8 3.16(1) | 0.006
S 6.0(2.2) |3.66(4) |0.005 Fe 0.8! 3.68(1) | 0.006
Fe 4.8 4.08(4) | 0.007 S 0.4(2) 4.08(4) | 0.007
Fe 0.8t 4.29(3) | 0.007 S 1.0 4.29(3) | 0.007
FeSe (Se K-edge) FeSelenide (Se K-edge)
Shell N R [A] o’ [A? Shell N R [A] o’ [A?
Fe 1.5(1) 2.39(1) | 0.003 Se 0.5 2.32(1) | 0.002
Se 0.2(1) 2.77(3) | 0.003 Fe 0.9(2) 2.39! 0.002
Se 0.3(3) 3.54(6) | 0.004 Se 0.2! 2.75(3) | 0.005
Se 1.9(9) 3.72(4) | 0.008 Se 0.3(2) 3.73 0.002
Se 1.6(8) 3.96(2) | 0.007 Se 0.2! 3.88(5) | 0.002
Fe 1.9(4) 4.52(4) | 0.007 Se 0.2* 3.96" 0.002
Fe 1.2* 4.71(9) | 0.007 Fe 0.2(2) 4.34(9) | 0.004

"Held fix during the fitting procedure

The EXAFS data collected at the Se K-edge for FeSe are adequately modeled consid-
ering only Fe and Se neighboring shells (Tab. 5.17, Fig. 5.61). Fe backscatterers are
detected at 2.39(1) and 4.52(4) A and Se neighbors at 3.72(4) and 3.96(2) A: these
shells are attributed to backscatterers from the tetragonal phase [HAE/KIN1933]. The
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other detected shells are assigned to hexagonal [ALS1925] FeSe (Se neighbor at
3.54(6) A and Fe atoms at 4.71(9) A) and possibly Se(0) (0.2(1) atom at 2.77(3) A).
The detection of backscatterers from both polymorphs agrees with the XRD characteri-

zation of FeSe.

The fit results of the FeSelenide Se K-edge data (Tab. 5.17, Fig. 5.61) indicate the
presence of Fe neighbors at 2.39(2) and possibly at 4.34(9) A, and Se backscatterers
at 3.54(6), 3.72(4) and 3.96(2) A. This result agrees with reported data for tetragonal
FeSe [ALS1925]. Additional Se shells are detected at 2.32(1) A, which is typical of
monoclinic Seg [CHE/UNG1972], and at 2.75(3) A which is also detected in FeSe. The
presence of amorphous Se(0) in FeSelenide corroborates the excess selenium detect-
ed by SEM-EDX. The overall low coordination numbers are attributed to the small par-
ticle sizes: atoms located at the surface have less neighboring shells compared to at-
oms from the bulk solid [CAL/MIL2003].
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Fig.5.61 Modelled (open symbols) and experimental (line) EXAFS data of the refer-

ence compounds (right) and of the coprecipitation and adsorption samples
(left)
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Selenide coprecipitation with mackinawite

SeCopMack was precipitated under almost identical pH and E;, conditions as Mack and
FeSelenide (Tab. 5.16). Even though the diffraction peak corresponding to the (001)
plane (~17.5° 26) is similar to that in Mack (Fig. 5.58), the structure of the sample can-
not be identified by XRD. Yet, SEM micrographs suggest a layered structure consisting
in aggregates of smaller particles (Fig. 5.59). This layered structure and particle aggre-
gation is very similar to that of Mack, pointing to similarities in the structure. The SEM-
EDX analysis gives molar ratios of Fe:S:Se = 0.99:1.00:0.01 and no presence of local
high Se content can be detected. Consequently, selenium is present in trace levels and
dispersed within the sample.

XAS data were collected at the S, Fe and Se K-edges for SeCopMack. In the XANES
region (Fig. 5.60), the position and features of the S white line and the position of the
Fe pre-edge are very similar to that in Mack. Thus S and Fe have identical oxidation
state in both samples and very close electronic environment. The Se K—-edge is located
at slightly lower energy in SeCopMack (12656.6(1) eV) than in FeSe (12657.2(1) eV),
unambiguously pointing to a Se(-ll) species (Fig. 5.60). These XANES results show
that all elements constitutive of the sample are in their lowest oxidation state (including
selenium) and that no detectable oxidation occurred from the sample preparation up to

the XAS measurements.

The EXAFS data collected at all three edges are modeled simultaneously (Tab. 5.18,
Fig. 5.61). At the S and Fe K-edges, d(Fe-S) = 2.21(1) A, d(S-S) = 3.70(6) and
4.21(2) A, as well as d(Fe-Fe) = 2.60(1) and 4.37(2) A are close to values obtained in
Mack and match reported crystallographic data of mackinawite [LEN/RED1995]. Con-
sequently, the bulk structure consists in tetragonal FeS. Additional S backscatterers
are needed to correctly model the experimental data, suggesting the possible presence
of amorphous S(0). At the Fe and Se K-edges, d(Fe-Se) = 2.37(1) A is needed to
model the data. The increase in interatomic distance from d(Fe-S) = 2.21(1) A to
d(Fe-Se) = 2.37(1) A is within uncertainty identical to the increase in ionic size
[SHA1976] from sulfide (1.84 A) to selenide (1.98 A). Furthermore, no Se is detected in
the selenium first coordination sphere ruling out the presence of Se(0) but corroborat-
ing dispersion within the matrix. Consequently, Se can only be located in a Fe—bearing
phase, either FeS and/or FeSe. At the S and Se K-edges, d(S-Se) = 3.82(2) A is used
to correctly model the data. Here again the increase in interatomic distance from
d(S-S) = 3.70(6) A to d(S-Se) = 3.82(2) A is remarkably close to the increase in ionic
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size from S(-11) to Se(-Il). Note that no higher distance Se backscatterer was needed to
model the data at the Fe and Se K-edges, ruling out the presence of iron selenide by
comparison with FeSe. These EXAFS data indicate a bulk mackinawite structure in
SeCopMack and both interatomic distances d(Fe-Se) = 2.37(1) A and d(S-Se) =
3.82(2) A can only be explained by a random structural Se substitution for S in the
mackinawite structure, indicating a possible structural incorporation of selenide in the
host FeS structure upon coprecipitation. The present results provide experimental evi-
dence that precipitated FeS can contain a FeSe component and that the fraction of the

latter component is very low in the Fe(S,Se) solid solution.

Tab. 5.18 Quantitative EXAFS analysis of the coprecipitation (SeCopMack) and ad-

sorption (SeAdsMack) samples. Z indicates the neighboring shell

SeCopMack
S K-edge Fe K-edge Se K-edge
A |G A |G A |G
Z | N R [A] A7 Z |N R [A] A7 Z |N R [A] A7

Fe | 3.8(4) |221(1) |0005|s |1.8@1)]2211) |o0.004|Fe|331) [2370)]0.004
S | 2.3(1.0) | 2.85(4) | 0.005 | Se | 0.4(1) | 2.37(1) | 0.004 | Fe | 0.5(3) | 3.44(5) | 0.005
S | 1.9(1.3) | 3.16(6) | 0.005 | Fe | 1.02) | 2.60(1) | 0.005 | S |4.1(8) | 3.82(2) | 0.005
S |28@16)|3.706) |0005|S |1.0 |285%2) |0005]|S |3.7(1.0) | 4.07(3) | 0.008

Se | 4.81 3.82(2) | 0.005 0.3(2) | 3.98(8) | 0.005
Se | 551 448(3) |0.005|S |08(@3)|4371 |0.005
Fe | 1.5(2.7) | 4211 | 0.004

wn

SeAdsMack
Fe K-edge Se K-edge
A A
Z |N R Z | N R
S |1.8(1) |222(2) |0.005]|Se|1.3(3) | 2.31(1) | 0.004
Se | 0.7 2.36(2) | 0.005 | Fe | 0.8(3) | 2.36(2) | 0.004
Fe | 1.0 2.62" 0.005 | S | 0.6" | 294(4) | 0.005

S |06(2 |2.893) |0006|Fe|03" |336 0.006
0.2(2) |336(7) |0005|S |14 |3.784) |0.004
S |02 4.00(12) | 0.005 | S | 0.4(8) | 3.97(16) | 0.005

(7]

However, no conclusion on (thermodynamic) stability can be drawn from this study, but
the very similar pH and E;, conditions in the Mack and SeCopMack syntheses (Tab.
5.16) point to a relative stability/solubility, at least similar to that of FeS. Furthermore,
all elements constitutive of SeCopMack are in their lowest oxidation state so that no ox-

idation is expected to occur unless changing the environmental conditions. Conse-
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quently, the formation of such phases in the far field of a HLW repository site repre-

sents a very effective retention mechanism.
Selenide adsorption on mackinawite

Selenide was adsorbed on mackinawite (sample SeAdsMack) under conditions almost
identical to that in the SeCopMack and FeSelenide precipitation resulting in very similar
low final Se concentrations remaining in solution (Tab. 5.16). Consequently, similar sol-
id phases can be expected to be present at equilibrium. XAS data were collected at the
Fe K-edge to gain information on the substrate and at the Se K-edge to determine the
selenium oxidation state and to probe its local chemical environment. In the Fe XANES
region (Fig. 5.60), the pre—edge position indicates the presence of Fe(ll), and thus ex-
cludes the (compelling) oxidation of mackinawite. Additionally, the Se white line posi-
tion (Fig. 5.60) is located at an energy (12657.5(1) eV) between that of Se(0)
(12658.0(1) eV) and FeSe (12657.2(1) eV) pointing to the presence of more than one
Se species in SeAdsMack. These results indicate that the substrate undergoes no sub-
stantial change in the structure compared to the adsorbate for which some change in

the oxidation state may have occurred.

The Fe K-edge EXAFS data indicate the presence of S (d(Fe-S) = 2.22(2) A) and Fe
(d(Fe-Fe) = 2.62(2) A) shells surrounding Fe at distances typical of mackinawite and
identical to that in SeCopMack (Tab. 5.18, Fig. 5.61). Thus, the bulk structure very like-
ly remains FeS. Fit to the Fe and Se K-edges EXAFS data are conducted simultane-
ously by considering an interatomic distance of d(Fe-Se) = 2.36(2) A. Additional S
(d(Se-S) = 3.78(4) and 3.97(16) A) and Fe (d(Se-Fe) = 3.36(2) A) shells are detected
at distances similar to that in SeCopMack. Consequently, at least part of Se is located

in a FeS-like sulfide environment.

At the Se K—edge, selenium (1.3(3) atom at 2.31(1) A) is also detected in the first coor-
dination sphere. This interatomic distance is also found in FeSelenide and is typical of
monoclinic Seg [CHE/UNG1972]. Additionally, sulfur (0.6 atom) is detected at d(Se—S)
= 2.94(4) A in SeAdsMack but not in SeCopMack. This shell can be attributed to the
substrate where Se(0) binds the surface since this bond length is very close to the sum
of the atomic radii of S(-1l) (1.84 A) and Se(0) of the monoclinic phase (2.32/2 =
1.16 A). The simultaneous presence of two Se species corroborates the XANES data.
Finally, at the Fe K-edge S backscatterers are detected at d(Fe—-S) = 2.89(3), 3.36(7)
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A and possibly at 4.00(12) A. The physical origin of these shells is unclear, but they

can best be explained by the presence of S(0) at the surface of FeS.

S and Fe are in their lowest oxidation state in SeAdsMack. Consequently, the oxidation
of Se(-ll) suggested from the XANES data cannot be explained by an adsorption and
concomitant reduction of elements constitutive of the substrate such as reported for py-
rite [LIU/FAT2008] because S and Fe are already in their lowest oxidation state. Sele-
nide is known to be extremely reactive towards atmospheric oxygen [NUT/ALL1984].
For example, solutions of concentration greater than 10° mol/L exposed to atmospher-
ic levels of oxygen oxidize within minutes in colloidal Se(0). A possible explanation to
the presence of Se(0) may be a partial oxidation of Se(-Il) by residual traces of oxygen
during the transfer from the preparation setup in the fume cupboard to the glove box.

The same explanation may also possibly account for Se(0) present in FeSelenide.

The removal of Se(-Il) from the solution can occur via different mechanisms. First,
Se(- Il) very likely adsorbs on FeS in SeAdsMack because of the positively charged
surface [WOL/CHA2005]. Second, selenide and sulfide form very low soluble solids in
the presence of low concentrations of Fe(ll) (e. g., FeSe, FeS) and thus an iron sele-
nide phase can have precipitated. Consequently both retention mechanisms (surface
adsorption and precipitation) have to be considered. However, EXAFS data point to
part of Se located in an environment very similar to that in SeCopMack being very likely
entrapped in a solid phase rather than surface adsorbed. To account for that result, the
first hypothesis is that the experimental conditions were similar to that in the precipita-
tion of SeCopMack, i. e., dissolved S(-Il) and Fe(ll) were present in solution with Se(-
II). Yet, the XAS data point to a FeS-like structure, suggesting that selenium was pre-
sent as minor species compared to S and Fe. The second hypothesis to account for
the result is that Se(-ll) reacted with the pre-existing FeS and the resulting system
evolved dynamically, through dissolution and re-precipitation, to form a compound simi-
lar to SeCopMack. In a suspension containing mackinawite, aqueous FeS g cluster
complexes form fast [WOL/CHA2005, RIC2006] (cluster <5 nm in size) and these clus-
ters are more reactive than the bulk solid phase. Furthermore, these clusters are in
equilibrium with Fe** (and HS’) as demonstrated by voltammetry [RIC2006]. Conse-
quently, the reaction of Se(-1l) with FeS in suspension appears to be a rather complex
system, where selenide can react with various dissolved species and with the solid
mackinawite phase. This corresponds at least partly to the initial experimental condi-

tions of the synthesis of SeCopMack. It is thus reasonable to assume that part of Se(-
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II) was taken up during the re—precipitation of the dissolved constituents of FeS, and
that part reacted with FeS as bulk solid. In that latter case, Se(-1l) came in contact with
FeS followed by a concomitant dissolution/precipitation reaction at the surface of mack-
inawite. This can be seen as a reorganization of the surface or as an overgrowth from
the dissolved cluster complexes, leading to the release of sulfide being exchanged for
selenide according to: FeS + x Se” = FeSe,S1., + x S*. This investigation does not al-
low to differentiate between the possible mechanism(s) that account for the observed
results. Nevertheless, the present study is the first to report experimental evidence on
the formation of a selenide—containing iron monosulfide compound upon Se(-Il) ad-

sorption on FeS and which may undoubtly exist in nature.

55.14 Conclusion

In a nuclear wastes disposal site, sulfur and selenium may also occur as S(0) and
Se(0) and have some influence on the stability of the various mineral phases in pres-
ence such as iron sulfide and iron selenide. Over time, iron monosulfides oxidize to py-
rite [BER1970] in the presence of elemental sulfur (FeS + 2 S(0) — FeS,) and convert
to achavalite [HOW1977] in the presence of elemental selenium (FeS + Se(0) — FeSe
+ S(0)). Furthermore, by analogy with the FeS oxidation to pyrite, it is very likely that
iron monoselenide reacts with S(0) to form FeSeS (FeSe + S(0) = FeSeS), although
the existence of such a compound has not been proven yet . Another mineral to con-
sider under near—neutral to alkaline conditions is ferroselite (FeSe;), the stable com-
pound of iron and selenium occurring in deposits where iron sulfides have very high se-
lenium content [HOW1977]. In the presence of an excess S(0), ferroselite is unstable
with respect to pyrite and the released Se(0) is very likely incorporated in pyrite. Over-
all, this shows the close affiliation of the S, Fe and Se geochemistry and the complexity

of this system.

Finally, both interaction mechanisms (interaction with pre—existing substrate and co-
precipitation) with FeS represent an effective retention potential for selenide by forming
a (meta)stable solid solution. This study does not exactly reflect the expected condi-
tions of a nuclear waste repository, but provide important results that have implications
with regard to the final disposal in deep geological repositories. The data show that Se
will certainly be retained in the multi-barrier system and thus reduce the need for con-

servatism assumption in the safety case.
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55.2 Selenium(lV) in calcite

Our work on selenium(lV) interactions with calcite, which has been performed in the
frame of the VESPA project, has recently been accepted for publication in Geochimica
et Cosmochimica Acta. Therefore, the report presented here is largely taken from this

publication.

5521 Introduction

Calcite is the most common polymorph of calcium carbonate and the thermodynamical-
ly most stable at standard conditions (room temperature and atmospheric pressure). It
is abundant in many environmental settings and plays a key role in controlling the geo-
chemical milieu (pH, alkalinity) of soils and ground water. In the surroundings of poten-
tial nuclear waste disposal sites calcite may be present, for example, as a mineral con-
stituent in clay formations (up to 20 % in some cases), as a fracture filling material in
granitic rocks, or as a corrosion product of concrete based materials in the technical
barrier. Due to the high reactivity of its surface and its tendency to tolerate considerable
variation in its chemical composition, calcite has often been considered as a mineral
phase with considerable potential for the sequestration of toxic metals. Many studies
have investigated the adsorption and incorporation of environme