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Abstract

Nuclear waste is planned to be embedded in deeprgraind facilities within suitable host
rock formations. In the post-operational phase,ugdo water may intrude from the
surrounding rock and saturate the repository. Thesgnt cementitious materials, used
frequently for construction and waste conditionmugposes, will buffer the pH in the alkaline
range (10< pH < 13.3) over a very long time-scale, whereas styorgfdlucing conditions are
expected to simultaneously evolve in the systemtdube anaerobic corrosion processes of
steel and related materials.

Plutonium in the waste inventory potentially colniiies to the long—term radiological risk
arising from the long half-life of**Pu (i, *®Pu = 2.4110" a). In reducing, aqueous
environments, the formation of Pu(lll) and Pu(l'8)foreseen. However, uncertainties in the
available thermodynamic data lead to a rather élfiretd redox transition border, especially
under alkaline to hyperalkaline pH conditions.

Large quantities of cellulosic materials may als® disposed of along with low- and
intermediate-level nuclear waste (L/ILW). Under a@ike, Ca(ll)-rich agueous solutions,
these materials are unstable and observed to desemmto smaller chained organic
compounds. Alpha-D-isosaccharinic acid (HISA) isxgmted with a great yield and was
previously identified as the most relevant ligaedulting from cellulose degradation. The
strong affinity of ISA for the complexation with Ail) and An(lV) together with the often
large inventory of cellulose and the lack of expemtal studies on the system Cement-Pu-
ISA were the main leading motivations in the depetent of this study.

A bottom-up, step-wise approach involving the iriiggdion on four sub-systems was
considered in the study of the ternary system CéfarASA:

1) Firstly, the redox chemistry of Pu was investigatethe absence of ISA (and Ca(ll))
under alkaline reducing conditions;

2) Then, the binary system Pu-ISA was studied (inahgence of Ca(ll)) via systematic
solubility experiments.

3) The binary system Pu-ISA was additionally assess¢sulin the presence of Ca(ll), as
expected for cementitious environments. The mamafi all solubility studies was to
derive a comprehensive chemical and thermodynamaeiron the Ca(ll)-Pu(lll/IV)-

OH-ISA system valid under the boundary conditiohsterest;



4) In the next step, sorption processes prevailinthenbinary systems: Cement-Pu and
Cement-ISA were assessed. Finally, the ternargsy&iement-Pu-ISA was analyzed,
and the knowledge gained in the previous sub-systevas adapted for the

interpretation of this, most complex system.

All experiments were conducted under Ar atmospnatie strict control of redox conditions
using hydroquinone (HQ, with pe + pHB.5), Sn(ll) (with pe + pK [1L.5) or NaS,0, (with

pe + pH, [0.5) as buffering agents. The moderately reducioigditions imposed by the
presence of HQ were considered as the referenee wdh expected predominance of Pu(IV)
in the aqueous and solid phases. The strongly meglusonditions defined by Sn(ll) and
NaS;0, were taken as representative of the post-closaereg in a geological disposal
facility for L-/ILW. The solubility of an aged®?Pu(IV)Osx(ncr,hyd) solid phase was
systematically investigated in alkaline reducingteyns: (i) in the absence of ISA, (ii) in the
presence of ISA and absence of Ca(ll), and (iithe presence of ISA and Ca(ll). The impact
of ISA on the uptake of plutonium by cement wasestigated using ordinary Portland
cement (OPC, CEM | 42.5N BV/SR/LA, provided by tBeedish Nuclear Fuel and Waste
Management Company, SKB). Experiments were perfdriwéh various solid-to-liquid
ratios, Pu and ISA total concentrations. Specigbleamsis was given to investigate the impact
of experimental preparation order and the revdisiluf the sorption processes governing Pu
concentrations in the system. The solubility antpson experiments were complemented
with characterizations via synchrotron-based teges (h—situ XRD and Pu l edge
XANES/EXAFS peformed at the INE-Beamline for ActlaiResearch at KARA synchrotron
facility) and Density Functional Theory (DFT) calations as well.

Topic 1: Solubility and redox behavior of plutoniwmder reducing, alkaline conditions
Solubility experiments in the absence of ISA re=ililin very low total Pu concentrations in
solution (M(Pw), as expressed in molal, ma, ™ m units) (~10"* m) both for HQ and
Sn(ll) systems. EXAFSn-situ XRD and XPS results confirmed that Pgar,hyd) is the
solid phase controlling the solubility in HQ syseemXANES indicated a significant
contribution of Pu(lll) (30 £ 5%) in the solid pless equilibrated in Sn(ll) systems. Two
hypothesis are proposed to explain these obsengitnoSn(ll) systems: (i) the coexistence of
PuQy(ncr,hyd) and Pu(OHfam) in the retrieved solid phases, or (ii) thespree of a
homogenous oxygen-deficient, Pu@ncr,hyd) phase. These results provide a soundibase

for the interpretation of the solubility of Pu imet presence of ISA.

Vi



Topic 2: Plutonium solubility investigations in theesence of ISA (absence of Ca)

A pronounced increase of plutonium solubility by tgp2.5 log—units was observed in the
presence of ISA (and absence of Ca(ll)). In HQesyst the slope analysis of solubility data
in combination with solid phase characterizatiord @DFT calculations resulted in the
developement of a chemical model including the pneidance of Pu(OH)SA_4 and
Pu(OH)ISA ,*~ complexes below and above pH 12, respectively. The significantly
higher m(Pu): measured in Sn(ll) systems with pH 12 indicated the formation of
Pu(ll)-ISA complexes under the given conditionfo&e this pH, solubility data in HQ and
Sn(ll) systems were observed to be identical shgwine prevalence of Pu(IV)-ISA
complexes in both cases. A comprehensive thermadignaodel for the Pu(lll/IV)-OH-ISA
system was established using the Specific lonantem Theory (SIT) formalism and was
proven to be valid for the wide-range variationtioé applied pH, total ISA concentration
(m(ISA)o) and activity of electron in solution (pe) expeeimtal parameters. Differences
identified with available literature data for Th{Fy U(IV)- and Np(IV)-ISA systems are
discussed in terms of systematic trends alongdhiride series. Although not included in the
thermodynamic model derived, “Pu-ISA colloids” weimnd to importantly increase the
solubility of Pu in the presence of ISA (and absent Ca(ll)) as detected directly in the

supernatants of the experiments.

Topic 3: Plutonium solubility investigations in theesence of ISA and Ca

The presence of Ca(ll) further enhanced the satybibf Pu(lV) in HQ-buffered
systems (compared to Ca(ll)-free, Pu-ISA systengicating the formation of quaternary
Ca(I)-Pu(lV)-OH-ISA aqueous complexes in solutiddhemical and thermodynamic
models were derived for this system as well, bagethe statistical analysis of solubility data
and on results of solid phase characterizationsiclwlincluded the formation of two
quaternary complexes: Ca(I)Pu(IV)(O#8A_4" and Ca(lV)Pu(IV)(OH)ISA_o4(aq),
dominating below and above pH= 11, respectively. The proposed model slightly
overestimates the experimentally measured solylatippH, > 12.4 and m(ISA): > 0.01 m,
likely due to the formation of a yet undefined @aRu(lV)-OH-ISA(s) solid phase. Data
collected in Sn(ll)-buffered systems do not suppbe formation of analogous Pu(lll)
guaternary complexes with Ca(ll) ions. For the sam@ucing system with pH> 11,
solubility data could be explained by the modelivat for Ca(ll)-Pu(IV)-OH-ISA in HQ
systems. In contrast to the Ca(ll)-free system,emmlence on the formation of “Pu-ISA
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colloids” was found in the present case, pointingg the key role of Ca(ll) in the
destabilization of colloidal fractions. The obtaineesults provide key inputs to understand
and quantitatively evaluate the solution chemigsglubility, complexation) of Pu in the

presence of ISA, under boundary conditions repitasiga of reducing, cementitious systems.

Topic 4: Plutonium retention in the system CemamM$A

Sorption studies performed under reducing conditionthe absence of ISA confirmed the
strong uptake of Pu(lV) by the OPC solid phase éundonditions simulating cement
degradation stage Il). Distribution ratios gjJRdetermined in present work were in good
agreement with related data available in the liteeafor An(IV). For the uptake of ISA by
cement under analogous conditions, a two-site Lamgisotherm was developed, which
provided an empirical tool to evaluate the equilibr concentration of ISA in solution at
various S:L ratios.

Independent solubility experiments with Ptr,hyd) using the porewater composition in
equilibrium with cement were conducted at vario8# Iconcentrations (in the absence of
cement) to set upper concentration limits for Rupé considered in the interpretation of
sorption experiments. These results further comdnthe validity of the thermodynamic
model on the system €aPu*—OH—-CI—ISA—H,0(l).derived in the course of the solubility
studies of the present work.

Sorption experiments conducted in the presencesmieat and ISA with the higher initially
introduced total Pu concentration of log [Ru —5.5 (as expressed in molar units) were
observed to be solubility controlled, and thus, rmeonclusions on the uptake of Pu by
cement were derived from sorption experiments \wath[Pu}, = —8.5. Experimental results
determined a relevant impact for the order of adiof components (Pu / ISA / cement) on
sorption results (especially at log [ISA]= —2), with the sequence “(Pu + cement) + ISA”
showing significantly higher log Rvalues £ 1.5 log-units greater) than the other sequence:
“(Pu + ISA) + cement”.

Two different cases could be defined based uporergxgental results obtained in the

presence of cement and ISA with log [R&]-8.5:

- Case |shows the strongest sorption and has been obsemibydin desorption
experiments and sorption experiments followinggeéguence “(Cement + Pu) + ISA”.
Data in Case | represent lowest sorption redudactors (4 and can be explained

approximately by a simplified sorption model, whicbnsiders log Rn determined
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experimentally in the absence of ISA, and assum@sceeased sorption caused only
by formation of dissolved Ca(ll)-Pu(IV)-OH-ISA colapes. Thermodynamic data
derived in this PhD thesis are used to calculagecttncentrations of the complexes
Ca(IN—-Pu(IV)—OH-ISA forming in solution.

- Case llresults in systematically higher Pu aqueous cdmagons in solution, and
accordingly lower R and higher k4 It corresponds to sorption experiments
performed following the order “(Pu + ISA) + CemenifThese observations are
explained by a kinetic stabilization of aquatic BadSA species or modification of

the cement surface by the adsorbed ISA.

Although a solubility control may appear inconvenié sorption experiments, note that
Pu concentrations used in this study (log {Pu}-8.5) were targeted to be in the range of
those potentially expected in a repository for MIL[4]. Experiments with lower Pu
concentrations (possibly usirf§®Pu or?**Pu) could help in providing a more insightful
view on the sorption phenomena controlling Pu r&en/ mobility in cementitious

systems.

This work demonstrates the significant impact oA I8n the retention of Pu by cement
under reducing, alkaline conditions, but also #fiethe high complexity of the ternary
system cement-Pu-ISA. Although the results obtaingtiis PhD thesis represent a sound
empirical basis to quantitatively assess the impadBA on the uptake of Pu by ISA, an

unequivocal mechanistic understanding of the uppakeess(es) is not yet possible.

The present PhD study was conducted in the franlewbran international project by
KIT-INE with Amphos 21 Consulting Agency (Spain)hel project was funded by the
Swedish Nuclear Fuel and Waste Management Com &g )(
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cement solid phase equilibrated in porewater Wi, = 0.01 M at S:L ratio = 2 gdhfor 14 days).
Hydration stoppage on the samples was achievetéiyge of propan-2-ol. All values are normalizethwi

regard to the anhydrous weight of the cement popwd®rided by TG-DSC measurements..............252
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1 Introduction

A widely accepted concept for the disposal of laamd intermediate-level nuclear waste
(L-/ILW) is its emplacement in underground geolajidormations. L-/ILW is mostly
generated during the operation of nuclear reacttosage facilities and reprocessing plants.
Sources of L-/ILW can be decommissioning and nuclesearch activities as well as
industrial and medical use of various radionuclides

Prior to disposal, L-/ILW is often supercompactedsieel drums and steel containers for
volume-reduction. In subsequent steps, the contiaee filled in with cement (usually
ordinary Portland cement, OPC) to encapsulate immaobilize the waste, and are placed into
the engineered concrete vaults of a designatelitya€ementitious materials are favored not
only for stabilization purposes, but also becaussy tsimultaneously act as physical and
chemical barriers preventing the release of radilides. Besides several technical barriers,
the geological barriei,e. the host rock itself provides additional isolatiminthe waste from
the biosphere. The main geological formations aereid for the construction of repositories
for nuclear waste disposal are crystalline roclgyctock and rock salt. A potential
groundwater intrusion into the repository will irdet with the cementitious materials and
also with steel components and containers in thmository. As a result, pH of the
groundwater media will be buffered in the alkalinehyperalkaline range, whereas the anoxic
corrosion of steel will impose strongly reducingnddions in the system [4].

Plutonium is a highly important actinide in the taxt of nuclear waste disposal, and can be
also found with low inventory in L-/ILW. Plutoniurcontributes to the long-term risk of a
repository as a result of the long half-life 8%Pu (tv2 = 2.41-10a). It can co-exist in up to
four different oxidation states in solution and@ciingly, the redox conditions defined by the
repository environment have a strong impact osatation chemistry, solubility and sorption
behavior. Under the strongly reducing conditiorisbgethe anoxic corrosion process of steel,
Pu is foreseen to be present primarily as +IV, @it the presence of Pu(lll) cannot be
disregarded, especially in weakly alkaline systdBjs A relevant feature in the solution
chemistry of Pu(lV) relates to its tendency to potyize and form stable “colloids”. The
colloidal species of Pu(lV) (denoted as Pu(hy) exhibit a wide-range of particle size
(nanometers to microns) and have been called toglaey role in the redox properties of Pu
in aqueous systems [6-8]. Pu(fM)species can also contribute to the overall satylof Pu

by an “apparent” increase up to several ordersagmitude, which was extensively discussed

by Neck and co-workers [9].



Cellulose and cellulosic materials are disposeth @ignificant amounts along with L-/ILW.
Under the porewater conditions defined by the d#agran of cement (see Section 1.2),
cellulosic materials are chemically unstable angral@e into certain smaller chained organic
substances [10, 11]. These compounds are genaaatigd as cellulosic degradation products
(CDPs). Amongst CDPs, the most relevant ligandhalp-isosaccharinic acid was identified
to form very stable complexes with actinides (Amddanthanides (Ln) [12, 13]. These
species can enhance the solubility and reduce dhgien of An, and accordingly could
contribute to the potential mobilization of An frdime repository into the biosphere.

Within the analysis of the long-term performanceafuclear waste repository, it is essential
to assess the amount of radionuclides which coeldnobilized from the facility. Main
radionuclide retention mechanisms are related doonaclide solubility equilibria (these are,
in the case of Pu, strongly dependent upon pregpitiedox conditions), and also to
radionuclide sorption processes onto mineral phasesent in the near- and far-field of a
repository. Analysis is often done by means of geatical computational tools, which allow
the comprehensive modelling of specific scenaring, in turn, highly depend on reliable
thermodynamic data. With the aim of investigatidgt@nium retention under cementitious
environment in the presence of ISA, all these aspeave been systematically studied in this

work.



1.1 Aquatic chemistry of Pu — fundamentals and backgrond

A fundamental knowledge of the aquatic chemistryaofinides is a necessary basis for
numerous processes and research areas. Exemplaefiting fields are the production of
nuclear fuel from ores, reprocessing of spent randigel, development of a safe concept for
the long-term disposal of radioactive wastes oreustdnding the behavior of actinides in the
environment.

In the context of nuclear waste disposal, the kedge on actinide solution chemistry
represents a pillar element in the prediction @irtipotential migration from the repository
into the biosphere [14]. To be able to describentlaén retention processes, to identify path-
ways for their mobilization and to assess the kisedf their related processes, an in-depth,
gualitative and quantitative knowledge is requioedthe competing (geo-)chemical processes
governing actinide concentrations in solution. Asnplexation and redox reactions control
the distribution, speciation, and set the stabsitof actinide-bearing species, precipitation-
and dissolution-reactions of their solid compourtigine upper limit concentrations in
solution. Physicochemical interactions of the digst species with mineral and rock surfaces
or colloids will further affect their fate withirné repository and in the environment as well.
Actinides represent thirteen elements with atomimbers of 90 to 103, following actinium
in the periodic table. Among the series, U, Pu, Nm and Cm arise as the most relevant
actinide elements in the context of nuclear wastpasal. By interrupting thedétransition
metals, the electrons fill thef ®rbitals along the actinide row. In comparisonhwibe 4
electrons of the lanthanide seried, édectrons are more exposdd. the corresponding
valence orbitals have larger radial extensionso(dls connection with the increased
relativistic effects) [15]. Consequently, in comstrao the overall chemical homogeneity
observed for the lanthanide series (where the &asong number of fdelectrons have a little
influence on the nature of the chemical bondinigg, ¢hemical reactivity of the actinides is
differing owing to their electronic configurationBhe general trend is further disrupted by the
closer energy states of thandd electrons [16]. Hence, in the “early actinidesrh Th to
Am, the ground-state electronic configuration ofstmactinide atoms consists of ode
electron. In fact, for Th, the ground-state confaion is [Rn] @l ?7s?, indicating that the
energy of the @ orbital is actually lower than for thd &rbital. Moving along the series with
increasing atomic number, the orbital energiesringe becomes lower in energy thad &nd
this energy-gap further widens. The “early actisidéherefore, exhibit certain chemical
features that are highly resembling to those of dkeansition metals. This transition-like

behavior is reflected by the possibility of existerof their higher oxidations states, up to
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+VII (or even +VIIl, controversially discussed fétu [17, 18]). As a sub-group, “early
actinides” display more chemical variety than thate actinides”, where the&¥s® (n = 6 —
14) ground-state configuration becomes “again” Istatanalogously to the standard
configuration of the lanthanides witti"8s? (an exception is the case of Cm, which has [Rn]
5f ‘6d 17s? ground-state configuration due to the half-filfeslibshell and Lr where the f-shell
is filled) [16]. All possible oxidation states did “early actinides” are illustrated Figure 1

(with rectangular symbols), together with theirgnd-state valence shell configurations.
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Figure 1. Possible oxidation states (rectangular symbolsil gmound-state valance shell
configurations of the “early actinides”. The mostalsle redox states under aqueous

conditions are indicated by the filled symbols.

1.1.1 Chemical behavior of Pu: historic aspects, challergg, aquatic systems

Plutonium has had a substantial impact on the nmoklistory of mankind. Only 3 years after
its first production and isolation in 1940 by a tsan bombardment 6f®U in a cyclotron

facility at the University of California, Berkeley.S., its first production reactor generating
2%y isotope was set up in Oak Ridge with the ohjectif constructing the first nuclear

bomb [19].2%u is a fissile isotope with relatively high thetnmeutron cross section. It



forms in nuclear reactors frofifU, but it can be purposely added to the fresh rudieel in
the so-called mixed oxide fuels (MOX). Considersment nuclear fuel and nuclear wastes in
general, besideSPu, the presence of other isotopes of Pu are &lsiglo importance. These
are **Pu and the fertile (to thermal neutrons), even-nmiss®pes:**°Pu, ***Pu, generated
through sequential neutron capture$°3s.

Plutonium has the most complex chemical behaviooragst all metallic elements in the
periodic table [20, 21]. Due to its electropositivature, the Pu atom can easily loose its
valance electrons to form positively charged caidarovided its electronic configuration,
five formal oxidations states are energeticallybltaunder aqueous conditions: Pu(lll),
Pu(lV), Pu(V), Pu(Vl), Pu(VIl) [21]. Due to theidase standard redox potentials, up to four
of them (+lll to +VI) can be simultaneously presemtthe same aqueous solution. This
reflects a feature that makes Pu aquatic chemisiny complicated and outstandingly unique.
Under highly acidic conditions and in absence d¢feotcomplexing ligands than water, tri-
and tetravalent Pu exist in hydrated forires,as aquo ions. As a result of the high number of
valence shell orbitals, coordination numbers fof"Fand P& aquo ions are 8, 9 and 10,
depending mostly upon the ligand and the ionicngjite of the media [21]. In case of the
Pu(V) and Pu(VI) ions, the determinant trait is #wtinyl structure, which can be traced back
to the highly charged central Pu ions formallypginng oxo-anions from the water molecules
to evolve into the energetically favorable, line@ans-dioxo cation form. Pu(V) and Pu(VI)
aguo ions as well as related complexes usuallybéxaipentagonal bipyramid coordinational
structure, where the donor atoms (depending upefigahnd and the prevailing ionic strength,
with a maximum number of 5) of the ligands bondha equatorial plane of the cation core
[21]. The substantial difference in structures lestw the Pu(lll)/Pu(lV) and Pu(V)/Pu(VI)
ion-couples is also reflected in the redox traositieactions and in their related parameter-
dependence. Since the redox transformation betwreetbold” aquo ions of Pli and P*
does not require any structural re-arrangementigaetion is highly reversible and the rate is
found to be independent upon the free proton cdratton in solution [21, 22]. This is also
valid for the Pu(V)/Pu(VI) couple, as the plutorsttucture is a permanent feature in both
ends of the transition. On the other hand, thexadaction between Pland Pu@ aquo
ions is referred to as “irreversible”, given thatinvolves the breakage / formation of the
trans-dioxo structure and hence, it is also stpndépendent on the pH. The term
“thermodynamical irreversibility”, however mostlpdicates that the reaction proceeds with

much slower kinetics and often calls for a stroglgdtro-)chemical influence.



Pu aquo ions bear with high effective char@ex) density (low polarizability) and are
considered as “hard”, class A acids according tarst’s “hard—soft acid—base”, HSAB
theory. Consequent to the relatively tightly heddance electrons present in the Pu aqua ions,
the metal-ligand interaction, “bonding” possessdsigh degree of ionic character with a
preferential tendency towards the complexation whird bases”i.e. ligands with O— or N—
donor atoms (and with"FCI” ions). The nature of the bonding strongly affeéhts stability of
related complexes and it can be also correlatetl thié charge-to-ionic-radius ratio order
within the Pu aquo ions [23], as follows:

PU"™* > PU" = PUQ® > PuQ".
The relative trend displayed before directly shalae order of many related overall stability
constants of Pu ions with “hard bases”. The figgtrblysis constant is a typical demonstrative
example of this kind: while Pi(aq) ion forms the Pu(OFf)species already above pH ~ 0,
the first hydrolyzed species of Pu(V), P@M(aq) becomes predominant only above pH ~
9.5. It is, however also worth mentioning, thattlyadue to the ionic character of the bonding,
the step-wise formation constants can be furthitrénced by several factors such as steric or
coulombic repulsion between the coordinating ligand
As a consequence of the latter discussion, it eadldarly stated that the oxidation state of Pu
determines its chemical behavior in solution. Fatance, Pu(lV) and Pu(lll) are (especially
under alkaline agueous conditions) relatively inbt#, whereas Pu(V) and Pu(VI) are in
general, more soluble. The complexity of the agsexpeciation of Pu is further increased by
the possible dis- and synproportionation reactadrtbe different ions and oxidation states.
A relevant feature of the aqueous chemistry ofguliutm is the colloid formation reaction of
Pu(lV). As Pd*(aq) undergoes hydrolysis, it readily forms evemlamacidic conditions,
mononuclear hydroxo-complexes with the general tdanof Pu(OH) “ ™ with n = 1 — 4. At
high alkalinity and / or at high total concentratiof the metal, the hydrolysis is coupled with
oligomerization reactions resulting in the generatf polynuclear clusters [8, 21, 24]. These
clusters can exhibit hydroxo-bridged as well as-bxdged structures. The degree of poly-
nuclearity depends upon several parameters, an@wawe into the production of colloidal
suspensions with micron-sized particles [7]. Thiégetaform resemble to the structure of
hydrated Pu(lV)-dioxide, the most stable solid ghad Pu(lV) in agueous solutions.
Colloidal fractions of Pu(lV) are proven to playedevant role in the redox reactions of Pu [6,
25]. However, the governing force leading to tHemmation and the thermodynamic aspects

of their stability in solution are not yet fully darstood or described [9]. Their presence is



definitely important as they can also contribut¢hvan overall increase in Pu(lV) solubility
by~ 2 log-units [5].

Pu(V) and Pu(VI) display an amphoteric behavioroilming the formation of anionic
hydroxo-species with stoichiometries Pu(JOH),™ or Pu(VI)Gy(OH),>", which increase the
solubility of their solid phases under alkaline ditions [21]. In case of Pu(Vl), it has also
been shown that at higher Pu total concentratiognss capable of forming a dimer,
(Pu®y)2(OH)*" and a trimer, (Pug)s(OH)s™ as well, exhibitingu—hydroxo—bridged, pseudo
pentagonal bipyramid structures [26, 27]. Analog@adyatomic species have been also
described for U(VI) and Np(V1).

Despite that the knowledge on the aquatic chemddtBu is considerably elaborate, there are
many gaps to be filled and in some cases, the fireyauncertainties may lead to the
incorrect assessment of Pu solubility behavior emdplexation phenomena. It is the aim of
the thermodynamic database (TDB) project of thel®darcEnergy Agency (NEA) to provide
the most up-to-date and precise compilation of ttte’emodynamic data for actinides and
fission products. Partly based on the latest NEATipdate book on Pu [9], Table A1 and
A2 of the Appendix summarize some fundamental tloelynamic properties of Pu aqueous
species and compounds relevant in the contexteothis PhD thesis. These thermodynamic
data are used to calculate the Pourbaix diagramvgppH) of Pu, as shown in Figure 2.
Pourbaix diagrams in general, display the “map”poksible stable (equilibrium) phases
within an electrochemical system in an aqueous aeshere the predominant species are
separated by solid lines. These types of diagramsigeful tools in helping to understand the
main tendencies regarding the relative stabilibésaqueous species and solid compounds.
In Figure 2, the solid lines represent the calomtaresults on the system Pu-N&I—OH-
H,O(l) for both, aqueous species and solid compowidBu (in this case, names of the
dominant species and compounds are also shownlstvitne dashed lines are calculated by
assuming the presence of only aqueous species syftem.

Figure 2 shows that the impact of hydroxide comaiex, in other words hydrolysis:
following the effective charge correlation, the gweninance of Pu(lV) aqueous species is
promoted with increasing pH under purely aqueousditmns. An interesting feature is
represented by the differences in the predomindietds of the aqueous species of the
different redox states. In this case, the aquepasiss of Pu(lll) (green), Pu(V) and Pu(VI)
(red dashed lines) exhibit an extended in-solusi@abilization, pointing out the possibility for
the existence of reductive or oxidative dissolugguilibria for the Pugfam,hyd) solid phase

over a wide-range of parameters (if provided adanyentory of Pui.e. in case of solubility



experiments). Accordingly, it is obvious as wehlat without controlled redox conditions,
different Pu oxidation states can contribute to dkerall solubility and the speciation could

instantly change, resulting in an incorrect assessiof solution equilibria.
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Figure 2. Pourbaix diagram of Pu calculated for m(RuF 10° M and | = 0.10 M NacCl
using thermodynamic and (SIT) activity models audeed in the text. Solid lines designate
the stability fields when both, aqueous speciessatid compounds are included, whilst the
dashed lines are indicating the calculation resuitsen the presence of only agueous species
are taken into account. The stability borderlindsvater at pe + pl, = 20.77 and pe + pH

= 0, the “redox-neutral” line at pe + pkK = 13.8 are shown for comparison reasons.

Compared to the analogous Pourbaix diagrams of aittenides, substantial differences can
be identified with Pu [28]. For instance, in casédm and Cm, the dominant oxidation state
is mainly the +3, already depicting the “lanthaniitte” behavior in the series. U(lll) is found
to be unstable and rapidly oxidizes to U(VI) undesst conditions, whilst U(V) also readily
disproportionates to U(IV) and U(VI). On the otlend, the predominance field of Np(lll) is

located close to the lower border line of wateb#ity field, and therefore its existence is



limited to strongly reducing, acidic conditions.rAeu, under alkaline conditions, the redox
transitions: Pu(IVgaq / Pu(lll)saq are found to be heavily impacted by the prevailing
uncertainties associated to related thermodynamita []. A comprehensive discussion on
the experimental studies and results availabldénliterature regarding the given system is
provided in Section 1.1.2.

The predominance fields displayed in Figure 2 ofd@ueous species can be significantly
affected by complexing ligands such as carbonat@ctwcan be present in significant
concentrations in natural waters or repository emments [28]. For instance, upon
complexation with carbonate, the stability field B@(V) is largely increased compared to
carbonate-free systems.

Based on the discussion above, it can be concltitgddue to the close proximity of the
stability fields for the various oxidation state$ Bu (as aqueous species and solid
compounds), in addition to the potential formatafnPu(lV).. species (in the alkaline pH-
range), the aquatic chemistry of Pu is highly carphnd needs special experimental effort
for characterization. While drawing chemical an#&sgwith other actinides of same redox
states could provide moderately accurate predistionrelated overall stability constants, the

redox behavior of Pu cannot be simulated by anyete from the periodic table.

1.1.2 Solubility and redox equilibria of Pu under alkaline, reducing conditions

The number of experimental works studying the gtityband hydrolysis of Pu(lll/IV),
focusing specifically on reducing conditions iswémited [29] and are particularly lacking
in the alkaline pH region below (pe + pH) = 4. Asansequence, relevant uncertainties are
associated to the thermodynamic data on Pu(lll)eags species and solid compounds
forming in the alkaline to hyperalkaline pH-rangand conversely to the redox transition:
Pu(lV) / Pu(lll). The most relevant previous invgations on this system are discussed in the
following paragraphs.

Felmy et al. [30] investigated the solubility of Pu(O3) within 6.5< — log[H'] < 13 in
deionized water and two types of Waste IsolatidotRRlant (WIPP) related brines. Redox
conditions were buffered by the presence of Fe(@Wder. E values were only reported for
the pH-range: 6.6 —log[H] < 8.1, and confirmed the reducing conditions impdsgdre(0)
(pe + pH = 2 + 1). Experimental solubility data-ag[H'] > 9 were below the detection limit
of LSC (Liquid Scintillation Counting), and thus keedisregarded in the thermodynamic

interpretation by the authors. The experimentallyasured total concentrations of Pu was



fully attributed to be only Pi(aq) speciesi.e. the unhydrolized aqua ion. Data atpH 9
were used to derive log*Kfor the solubility reaction:

Pu(OH)}(@@am) + 3 H < PU" + 3 HO(l) (1)

The NEA-TDB review team accepted [31] the repogeldibility product (log*Kfso = 15.8),
but assigned a very large uncertainty (+ 1.5 logsiirto account for the large associated
errors in the pH measurements (the latter valuepmvided in Table A1 and Table A2 of the
Appendix). Apart from the experimental uncertaigtiether relevant shortcomings appear in
the study of Felmy and co-workers. For an example,solubility limiting solid phase was
not characterized but was only assumed to be predmthy Pu(OH)(s). As it was pointed
out by Necket al.[5], the oxidation of this solid phase to Pi&n,hyd) cannot be completely
excluded under aqueous conditions. Since the redoredox potentials were in the range of
(pe + pH) = 2 + 1, obviously above the stabilityeiof Pu(OHys) at (pe + pH) = 0.4, the
solid phase transformation is of particular inteiashe context of their work. Nevertheless,
the short equilibration time (24 days) within thigivestigation may prevent a significant solid
phase transformation. On the other hand, theirrtegahermodynamic model and the basis of
their fitting exercise was not consistent with thalrolysis scheme currently selected in the
NEA-TDB [9]. According to the valid model, calcuiats show that Pii(aq) is dominating
only at —log[H] < 6.5 and under their given experimental conditioRsOH" species
represent ~20% up to ~70% of the total Pu conceotim quantified. Consequently, the data
evaluation procedure performed by Feletyal. is impacted with a non-constant systematic
error throughout the entire data series. Theset@ings are acknowledged with a large
uncertainty assigned by the NEA-TDB group, andwbek by Felmy and co-workers remains
as the most reliable solubility study on Pu(@(s]) published to date.

Nilssonet al.[32] studied the solubility of Pu within 8 —log[H'] < 10 in autoclaves with a
H2(g) pressure of 50 bar, in the presence of Pt VAt OH}(s) was expected to control the
solubility of Pu under these strongly reducing abads. The initially gained blue solid phase
supported this hypothesis, but the change in cwaards a greenish precipitate and the
unexpectedly low detected Pu total concentratiodgcated the formation of a Py solid
phase and a solubility equilibrium governed by teeluctive dissolution reaction, as

expressed in Equation (2).

PuQ(am,hyd) + 4 H+ e < PuU*(aq) + 2 HO(l) (2)
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This was also consistent with the mildly reduciedax potentials measured by the authors at
the end of their experiments with (pe + pH) valaeg.5 * 2).

In a recent combined solubility and spectroscopidys [33], Cho and co-workers determined
the solubility product of freshly precipitated Pu{{a(am) phase and re-evaluated the first
hydrolysis constant of Pu(lll). A blue Pu(O¥8m) precipitate was obtained by coulometric
titration of a Pu(lll) stock solution. The pH wasried between 3.1& —log [H'] < 6.44
(spectroscopic experiments) and 629log [H'] < 8.42 (solubility experiments). Plutonium
was retained in the +11l redox state electrocheftyichroughout the experiments. Solid phase
characterization by XRD indicated the amorphousaittar of the solid phase used in the
solubility experiments. Based on their UV-Vis maasnents, the authors reported a greater
value for the first hydrolysis constant of Pu(lfljan the current selection in the NEA-TDB
[9]. Although reporting solubility data mostly castent with the previous solubility study by
Felmy et al. [30], Cho and co-workers determined a significantbwver constant,
log *K°s Pu(OH}(am)) as a result of a different hydrolysis scheooasidered in their
calculations. The results presented in Ghoal. [33], suggest that Pu(Ok{am) is stable
within the stability field of water, and converts PuQ(am,hyd) only above (pe + pH) = (0.8
+0.5).

The reductive dissolution of Py@m,hyd) was more frequently investigated [29, 84-3
This is probably due to the relatively large coteqs stability field for Pu@am,hyd) and
Pu(lll)aq All these studies were performed within the pHg@4-9, and provided an accurate
control of the redox conditions by using hydroquiedGHsO,), N&S,0, or Fe(0) powder.
As a result of this experimental effort and duethte well-defined (pe + pH) conditions in
these studies, the thermodynamic data availablehiredox equilibrium Pu(l¥)+ e— =
Pu(lll)aq from mildly acidic to mildly alkaline pH conditiancan be considered to be rather
accurate. However, similar investigations underalaie to hyperalkaline conditions are
missing so far, reflecting the challenge that ttabitity field of Pu(lll) aqueous species is
expected to be smaller. Indeed, the hydrolysisugfill was only investigated under acidic to
near-neutral pH conditions where the first hydrislyspecies (PuOH) forms [37-39] (for
further details see the critical review providedtie recent NEA-TDB update book [9]).
Thermodynamic data for higher hydrolysis specieBuffll) are normally estimated based on
data for Am(lll) and Cm(lll) [9].

Due to the relatively large coexistent stabiliteldi for PuQ(am,hyd) and Pu(llk), the
reductive dissolution of Puam,hyd), expressed as in Equation (2) for the &vion of the

agua ion, has been more extensively investigat2d, 4, 36], among others). Within all
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these reported studies, the conducted experimentséd on the acidic to slightly alkaline
pH-range (4< —log [H'] < 9), coupled with an accurate control of the redorditions by
using either hydroquinone, &0, or Fe powder. As a result of the experimental reffo
well-defined (pe + pH) conditions are present ihcalses. Hence, the thermodynamic data
available for the redox equilibrium (2) of the retlue dissolution of Pugam,hyd) is
considered to be sufficiently accurate, bearindp\witow associated uncertainty as well.

Both the solubility of Pu(lll) and the reductivesdolution of Pu(lV) were comprehensively
discussed by Neck and co-workers [5]. The authorsloded, based upon the published
experimental evidences, with special focus on abé#l (pe + pH) measurements, that in the
latest NEA-TDB review work [9] a satisfactory expédion of the experimental observations,
together with the thermodynamic data selection nsvided. Neck and co-workers also
highlighted the relevant role of Pu(lV) colloids tine solubility and redox chemistry of Pu
under near-neutral to alkaline pH conditions.

In a recent, extensive study by D. Fellhauer [48dox equilibria of Pu(IV)s / Pu(lll)ag was
evaluated over a broad range of (pe + pH) conditievithin 3.3< — log[H'] < 7.8 and by
using a large variety of redox buffers (hydroquieofeC}/ FeCk, NaS,0s, Fe(CN)*/
Fe(CN)*>™ and AHQDS / AQDS). The author concluded that the abovéimeed redox
equilibrium can be properly described with the klde thermodynamic data. However,
based on the solubility and solid phase charactiéoiz data collected for one of the most
reducing samples at —log[H= 6.6, Fellhauer outlined that the solubility BLi(OH)(s)
reported in Felmt al. [30] might be overestimated but still lies withhe larger uncertainty
range assigned by the NEA-TDB review team [9].

Besides solubility studies, numerous experimemteéstigations [40-47], among others, are
focusing on the redox chemistry of Pu in two-phasmary systems, most commonly
involving the interaction with various iron-contaig solid phases (particularly magnetite,
Fe;04(cr)). These experiments are mainly performed uraiedic to weakly alkaline pH
conditions.

Kirsch et al. [43] reported a qualitative agreement betweenntbedlynamic calculations and
experimentally measured Pu redox distribution irgnadite, mackinawite and chukanovite
systems with 6< — log[H'] < 8, based on a combination of XAFS and wet-chemistr
measurements (pH, pe and [RBY] In the magnetite system the formation and predance

of a very stable Pu(lll) surface complex was obsdywhereas Pu{am,hyd) prevailed in

the presence of mackinawite and chukanovite.
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In the work of Gonzalez-Siset al. [47], the stabilization of Pu(lll) was supported i
magnetite systems under strongly alkaline (—I6@f 12.8) and highly reducing conditions
imposed by the addition of Sn(ll) (pe + pH = 2 + Despite the fact that the presence of
Fe(I)-Fe(lll) surface is certainly playing a deeesrole in the reduction of Pu in the given
systems, this observation opens the possibility tld stabilization of Pu(lll) under

hyperalkaline, reducing conditions, relevant in@errepository concepts.

1.1.2.1 Thermodynamic background

In case of assuming the presence of Pug@iHps a solubility controlling solid phase under
reducing, alkaline conditions in the absence of aoynplexing ligand besides water or
hydroxide-ion, the corresponding equation, govegnine activity of free Pli(aq) at the

reference state is expressed as in Equation (3).

log *K°nis,0 = log a3+@d)+ pay+ = (15.8 £ 1.5) 3)

The given constant, log<® s o is the solubility product of Pu(Ok{}¥) at zero ionic strength,
according to Equation (1), originally reported bgirRy and co-workers [30] but recognized
with an increased uncertainty by the latest NEA-TD@late book [9]. The determinative
redox conditionsj.e. (pe + pH) values, that are defining the solid ghaansformation of
Pu(lll)s «> Pu(lV)s, in Equation (8) can be calculated by the cominaof Equations (3),
(5), (7) through the related chemical reactions (4), (6), according to the thermodynamic
data from NEA-TDB [9]:

PuG(am,hyd) + 4 H <= Pu**(aq) + 2 HO(l) (4)
log *K°ws,0 = logap**(aq) + 4 Pt =—(2.33 £ 0.52) (5)
PU™(aq) -~ PU"(aq) + & (6)
log *K°iiag/ivaq = 109 @p#*(aq) + l0g ap3+@a) — pe = —(17.69 + 0.04) (7
Pu(OH)}(am) = PuQ(am,hyd) + HO(l) + H" + € (8)
log *K®vsms = logaw — (pe + ) =

= log *K°nis,0 + 109 *K°jjiagiivaq — 109 *K°vs 0 = (0.4 + 1.6) 9
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Consequently, the Pu(O¥3) is expected to be thermodynamically stable dwdiow the
lower border line of the stability field of watgpe + pH) = 0.0j.e. under strongly reducing
conditions, where (pe + pH)—(0.4 + 1.6) applies. Hence, Pu(Qf) is often considered as a
metastable solid phase in aqueous systems [5]. ritveless, taken into account the large
associated uncertainty, originating from the pra@g of the reported value for lo¢{*s0

[9], a final conclusion cannot be drawn regardihg stability of this phase under aqueous
conditions.

If the solubility of Pu under reducing, alkalinenctitions is controlled by Puam,hyd), the
following dissolution equilibrium reaction (10) amddox equilibria (12), (14), (16) in the
agueous and mixed phases with corresponding $yabanstants (11), (13), (15) and (17) can
be defined in the view of the thermodynamic setectrom [9]:

PuQy(am,hyd) + 2 HO(l) = Pu(OH)}(aq) (20)
Iog *KCvsa = Iog apu(OHh(aq) = —(10.8 * 0.7) (11)
Pu(OHX(aq) + 3H + & = Pu(OHY" + 3 HO(l) (12)

log *K®wagpiiag,1 = 10g @pyong* + 3 logaw — logapyoHyaq) + 3 p* + pe =(19.3+0.6) (13)

PU(OH)(ag) + 2 H + & = Pu(OH)" + 2 HO() (14)
log *K®wagpiiag,2 = 109 @py(om),* + 2 logaw — logapyoHy@aq + 2 Pt + pe =(11.1+0.9) (15)

Pu(OH)(aq) + H + € = Pu(OH}(aq) + HO(l) (16)
log *K®wagpiiag,3 = 109 @pu(oHy(aq) + 109 @w — l0ga@py(omyaq) + Par* + pe = (0.0 £ 0.7) 17)

In the only presence of water or hydroxide-ion @ plexing ligands, in alkaline systems, the
concentration of Pu(lV) is controlled by the forimoat of Pu(IV)-hydroxo-complexes,
expressed through Equation (3) using the the kldi@mation constants°y =
[Pu(IV)(OH)," - [Pu**(aq)]™* [OH]™. In dilute, basic solutions with ~7&—log[H'], where
the activity of the 1,4 hydrolized speciegiyonyaq) IS approximately equal to 1, the
predominating Pu(lV)-bearing aqueous species isORu(aq), thus for the total
concentration of Pu(lV), the value of the relatemhstant (11) provides a relatively good
estimate in log—units over a wide pH-range. In sasehen the aqueous media has a

sufficiently strong reducing influence, the total Eoncentrationi.e. the solubility of Pu can
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be further enhanced by the formation of Puf{lBpecies through Equations (12), (14) and
(16). In Equations (13), (15) and (17), the caltates involve the use of the corresponding
cumulative constants for the second and the thyatdlysis of Pu(lll) B°u) adapted from
analogous data of Am(lll) [9]. Consequently, thdubdity of Pu through the reductive
dissolution of Pug(am,hyd), as expressed in Equation (2) is affebtectlevant uncertainties
under alkaline to hyperalkaline conditions, whetg@H)," and Pu(OH)aq) complexes are
the prevailing Pu(lll) aqueous species (alreadgnfrer.0< —log[H']).

As it is indicated in the discussion above, theni§igant uncertainties associated to
log *K°wsniis, 109 *K°vagriiag2 @and 109 K®vagniag,z hinder the correct assessment of Pu
chemistry under alkaline, reducing conditions. kemnore, the propagation of these errors
will affect the evaluation / prediction of the ingtaf any complexing ligand on the solubility
of Pu.

1.2 Cement systems: chemical composition and degradatigpath-ways

Generally, the cementitious materials used to imhzebradioactive waste are composed of
significant amounts of Portland-type cement [4&rtRnd cements normally comprise four
main clinker components: 50 — 70 w% alite (tricaihosilicate: CgSiOs), 20 — 30 w% belite
(dicalciumsilicate: p—CaSiOy), 5 — 10 w% aluminates (mainly as tricalcium aloate:
CaAl,06), 5 — 12 w% ferrite (calcium aluminoferrite: £ae03AI,03)s and ~ 2% gypsum
(calcium sulfate: CaS{p An important aspect in the characteristics of thdimary Portland
cement is the chemical balance, which is typicdiffering from those of other cement types.
As the initial Ca:Si ratio is relatively high, d@ut ~ 2.5, not all Ca content can be combined
into the calcium silicate hydrate (C-S-H) or aluofarrite hydrate and sulfoaluminate phases
during the hydration process. This feature endmtsekcess of Ca to form a relevant fraction
of portlandite, Ca(OHJs) within the system. Thus, the two main co-ergstphases in the
hydrated OPC are the amorphous C-S-H phases andrystlline Ca(OH)cr). Minor
phases are usually Ettringite (aluminoferrite tfesie, Aft), monosulfate (aluminoferrite
monosulfate, Afm), hydrogarnet and hydrotalciteth&lugh all these solid phases provide
potential sorption surfaces for radionuclides digsw in the pore fluids, C-S-H phases are
considered to be the most important amongst thdma.large surface area of C-S-H phases
(for instance: 148 fifg at Ca:Si ratio of ~1.7, provided by T&s al. [49]), together with its
high sorption affinity results in high surface diéies of sorption sites (mah™ or as “number

of sitesnm?’) and consequently for hydrated OPC pastes, laogetion capacity is expected

for radionuclides and other contaminants.
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The interacton of OPC with (intruding) water widsult in the degradation of the material and
corresponding chemical buffering of the porewatanposition. The latter is a key feature in
the development of the main parameters governing ¢hemical equilibria of the
radionuclides within the near-field of a disposatifity. In the distinct states of the OPC
degradation process, pH and the concentrationaradws metal ions in solution will exhibit a
wide range of levels controlled by different sgdidases [50-53].

In general, three main degradation stages can foeeddfor cement. In the degradation stage
I, the pore fluid of hardened OPC will feature higdkaline pH conditions (13 < pH) and a
chemical composition that is dominated by alkaltahéons (N&, K*). At this initial stage,
Ca(ll) total concentration in the pore solutiorrétatively low (~ 16 M) due to the limited
solubility of portlandite at high pH. After the qué#ative removal of the alkali ions, the
degradation stage Il is reached, where both, theapdHthe Ca(ll) ion concentration of the
porewater will be controlled by the solubility eljoiia of portlandite, leading to pH =
constant= ~ 12.5 and [&he= constant= 0.020 M. Stage Il virtually startshem
portlandite is completely removed from the systémthis stage, pH and also Ca(ll) ion
concentration are controlled by the incongruensaligion processes of C-S-H phases.
Depending on the Ca:Si ratio of the these phas¢sfphe porewater will be set in the range
of 12.5 — 10, whilst [CH]1o; Will be subsequently decreased to the millimatael. At the end

of this period, with the disappearance of the C-BHdses from the system, pH will be fixed
at ~10 [50]. After the latter stage of the cemesgrddation process, as the main constituents
of the hydrated cement phases are already remg¥e@nd Ca(ll) ion concentration of the
pore fluid will be controlled by the remaining aggate minerals (mainly by calcite,
CaCQ(cr)) and also by the initial conditions of theriuding water. The resulting pH is
further decreased below pH = 9, whilst Ca(ll) cortication in solution is buffered within the
10° — 10* M range. (In some review studies [50], this perioith pH < 9, is often referred to

as stage 1V.)

1.3 a-D-isosaccharinic acid: generation, complexation tability, sorption

In Ca(ll)-rich alkaline solutions, the main degrada product of cellulose was found to be
the isosaccharinic acid with an approximate totalldyof 80 % [10, 11, 54, 55] and with the
equal proportions of the alphg{ and betdf)-diastereomer forms [56] (see additional
information on the structure of these diastereonmerSection 1.4). Previous investigations
attributed stronger complexing capabilities towardstal ions to alpha-D-isosaccharinate

compared to the beta-form. The latter observati@s Wwased on the phenomena that the
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observed stability of the beta-isosaccharinate4Bu¢bmplex was determined to be two
orders of magnitude lower than the analogous speuth the alpha—form. Furthermore the
influence of a mixture of cellulose degradationdurcts and the pure alpha-D-isosaccharinic
acid on the sorption of Eu(lll) (onto feldspar reat pH = 13.3) was detected to be identical
[57].

Important to mention that for hemicellulose (expéctto be present in wood-related
conglomerates), the alkali degradation processlteesn the substantial generation of
xyloisosaccharinic acid (a sugarcarboxylic acidjctrally related to isosaccharinic acid) as
it was pointed out by [58]. In a recent comprehemsvork [59], solubility studies attributed
high complexing capabilities for the deprotonatedrf of xyloisosaccharinic acid towards
Th(IV) and Eu(lll) under alkaline conditions. Ratidet al. concluded that since the ligand is
not present at high enough concentrations withénvéirious synthetically produced leachates,
the effect of CDPs on radionuclide behavior canrépresented by assuming alpha-D-
isosaccharinic acid as the only dominant compleXiggnd in all investigated systems.
Furthermore, in contrast to their solubility resulbtyloisosaccharinic acid was shown to have
only a minor impact on the sorption of radionuctidmto NIREX Reference Vault Backfill
(NRVB) material, haematite and kaolinite. Then agailpha-D-isosaccharinate depicted in
all cases a significant effect as it decreasedliteibution ratios by a factor of 1@or Eu(lll)
and Th(IV) across the range of investigated coodsti

Owing to its stronger complexing properties (arsdhigh abundance in CDPs), the alpha-D-
isosaccharinic acid @E120s, hereafter denoted as HISA, or in the deprotontisd, alpha-
D-isosaccharinate denoted as ISA) is of great azle® because of its potential capability for
radionuclide mobilization [11, 57, 60, 61]. In aeat study [62], applying the kinetic model
proposed by [10], the degree of cellulose degradatias estimated over time. The original
model, based on a 12-year-long degradation expatimk 4 different cellulosic material
under artificial cement porewater conditions wasrapolated to repository conditions and
timescales (> 5000 years), using the reported imracate constants. Calculations show, that
the cellulose content of Tela tissue and paperheilcompletely degraded (~99%) after 5000
years, whilst in the case of cotton, the simulatiodicated a lower degradation rate,
suggesting its virtual completion only after 25'0@@ars. Concentrations of alpha-D-
isosaccharinic acid were also estimated [62], artt without considering the sorption of the
ligand onto the available hydrated cement. In nobghe relevant waste packages, the mass of
produced HISA exceeds the amount that can be rainbyehe available hydrated cement,

suggesting that sorption processes do not plagiaide role in controlling the concentrations
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of the free ligand in solution. Upper limit calctitmns show that after 1000 years of cellulose
degradation, in the pore and void volume inside riegority of the waste packages, the
concentrations of alpha-D-isosaccharinic acid reacthe solubility limit of Ca(ISAJS)
(2:10% M) during the degradation stage Il of cement. Ewensidering further sorption
processes of isosaccharinate in the different comesmts/caissons, the dissolved
concentrations are only reduced to a maximum ofL@%2M (including both, alpha- and beta-
forms). Further details on the behavior of ISA undementitious environment are discussed
in Section 1.3.2.

Taking into account its high affinity towards metans, together with its potential
concentrations present, alpha-D-isosacchariniciaad fundamental importance to assess the
long-term radionuclide release into the near faflé geological disposal facility for L-/ILW.
Another important aspect is the presence 6f @acement porewater, which could give a rise
to the possibility of enhanced radionuclide-ISA @bex stability through the formation of
Ca(ll)-containing ternary (or quaternary) compleiis|.

In general, the stability of the metal ion-ISA cdexes (.e. the formation constants) is
closely correlated to the effective charg&q] of the cation. Accordingly, the sequence
AN(IV) (Zeg = +4) > An(VI) Eeit = +3.2) > An(lll) Eeit = +3) > An(V) Eett = +2.3) is
expected for the complex formation constants of glemes between ISA and actinides of
redox state +lll to +VI. A detailed summary is pided in Section 1.3.3 on the main
experimental studies available in the literaturgarding complexation of ISA with actinides
and lanthanides in the absence and presence dj ©ad. Due to the expected predominance
of Pu(lV) and Pu(lll) in the experimental condit®omvestigated in this study, focus has been
given to studies dealing with (Ca(ll)=)An(IV)— aAa(lI)/Ln(111)-ISA systems.

1.3.1 Structure and complexation with calcium(ll): the Ca(ll)-OH-ISA system

Isosaccharinic acid (2-(hydroxymethyl)-3-Deoxy-Dap@c acid) has 2 diastereomers: the
erythro-form: alpha-D-isosaccharinic acid (2S,4S) (Begure 3) and théhreo-form: beta-D-
isosaccharinic acid (2R,4S). As it belongs to thl/lpydroxycarboxylic acids (like alpha-D-
gluconic acid: HGLU), isosaccharinic acid has ascarboxyl group but only four aliphatic

hydroxyl groups on the rest of the carbon-chain (HGas 5, se&igure 3 for details).
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Figure 3. Schematic structures (with the designation of carBtom numbers and related
absolute configurations) ef-D-isosaccharinic acid (HISAy-D-isosaccharinate-1,4-lactone
(HISA) anda-D-gluconic acid (HGLU).

Both HISA and HGLU could form complexes with matais, through the coordination of the
deprotonated carboxyl group (in acidic solutions)in a bidentate mode, through both the
carboxylate and the hydroxyl group(s), when the imé&imore alkaline and/or the metal ion
has a sufficiently large positive charge. The msmfution parameters which can exert an
impact on the free concentration of the ligandementitious environment are the pH and the
free Ca(ll) ion concentration. As it was indicatezfore, the alpha-form of the isosaccharinic
acid exhibits stronger complexing capabilities ta¥gametal ions than the beta-form [57].
Hence, the acid-base properties and the complexeggctions with Ca(ll) are only discussed
for the alpha-form (HISA). The considered stabibifynstants at the reference state are listed
in Table 1.

In the absence of complexing metal ions, within doalic pH-range, there are two types of
reactions which affect the speciation of the frigarid itself: a, the lactonization reaction of
the original acid (HISA), resulting in theD-isosaccharinate-1,4-lactone (denoted as HISA
on Figure 3) and b, the deprotonation reaction of ¢adboxylic group of HISA. The two
processes are overlapping in the function of pHkintathe pure protonation, as an intrinsic
constant, hard to be determined individually. Hurhree al. pointed out [63], that the
protonation constants, obtained by any methodolmggr than nuclear magnetic resonance
spectroscopy (NMR) are composite values. Thesetaoiss due to the incorrect calculation

of the mass balance of the ligand are always highan the “real”, intrinsic values.
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Considering the discrepancies within the reportatbes of the lactonization constant of
HISA, the review of [63] selected an average, cositpgorotonation constant for HISA with
an enlarged uncertainty to cover the range of dafiea (seeTable 1). The equilibrium
constant for the lactonization reaction of HISA viaken from a very recent reevaluation of
the available constants, provided in [64]. As ia ttase of HGLU, under extremely alkaline
conditions, further deprotonation(s) of the alcahdlydroxyl group(s) is/are also possible.
Based upon potentiometric titrations, an estimat@rnhe second deprotonation constant (as
a conditional value, listed ifable 1) was provided by [65]. The analogous vétueGLU is
considerably higher (approximately by one logarithomit), which can be traced back to the
structural differences between the two ligands: @uthe vicinity of another hydroxyl group
(on the third C-atom, that is lacking in the ca$dSA) the resulting alcoholate functional
group is gaining further stability through H-bonglin the case of GLU. However, the
deprotonation of alcohol groups in HISA and HGLUh@&so take place at lower pH values,
in the process of complex formation with strong isacids such as actinides [66, 67].

In view of the current study, it must be kept imohithat small variations of the listed values
for the acid-base properties of HISA have no effattthe assessment of the ligand on any
solubility data, conducted under alkaline (to hybaline) pH conditions (8 < pHk 13),
given that the existing aqueous species of theligaad itself is the deprotonated form (ISA)
alone.

The complex formation reactions between Ca(ll) EBA have been investigated through the
solubility equilibrium of Ca(ISAXs) in several publications [68-74]. The comprelnens
work of Hummelet al.[63] summarizes all the undertaken studies (exiteptnost recent one
[74]) and provides a reevaluation of the availaperimental data [63]. The thermodynamic
interpretation concluded by Hummel and co-workeriginally suggested by [70] can explain
all the observed tendencies and the behavior ofyseem within the available experimental
data sets. Consequently, the given model, presdiyd@3] is being favored for the Ca(ll)-
ISA-OH system (also applied in [12]) and it hasrbe@ectly adapted in the course of data
evaluation within the framework of the current stud

In summary, the Ca(ll)-ISA-OH system in the pH-rarfgpm 1 to 13, can be described with
the following chemical processes: 1. dissolutionidaria of Ca(ISA)(s), 2. deprotonation
and lactonization reactions of HISA (limited to tha@dic pH-range), 3. the pH-independent (6
< pH < 12), weak complexation of Ca(ll) with ISAiflv 1 to 1 ratio), 4. formation of the
Ca(OH) species 5. formation of the deprotonated Ca(IB-ISmplex species with the
formula of Ca(ISAn)°(aq), present under higher alkalinity and furthemend. the solubility
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equilibrium of Ca(OH)(s), expected to precipitate only in the hyperafi@lpH-range. The
collection of thermodynamic constants (at the weziee state), corresponding to the
abovementioned equilibria are listedTable 1. It is of interest that in more recent stad
[64, 74], the equilibrium constants for the depnatiion, lactonization of ISA and the stability
of its complexes with Ca(ll) has been re-evaluated-measured and found to be in an

excellent agreement with the recommended valuesdwed in [63].

Table 1. Adapted thermodynamic model for the Ca(ll)-OH-I$stam.

Equilibrium log K°(I —0; 298.15K) Reference
HISA(aq)— HISA (aq) + HO (0.49 + 0.09) [64]
H* + ISA” & HISA(aq) (4.0 £0.5) [63]
H* + ISA < ISA 14.31 (at | ~ 2 M) [65]
Ca" + 2 ISA o Ca(ISAX(S) (6.4 £0.2) [63]
Ca" + ISA” — Ca(ISAY (1.7 £0.3) [63]
Cd* + ISA” « Ca(ISAn)%aq) + H —(10.4 £0.5) [63]
C&* + OH < Ca(OHJ 1.22 [75]
Cd* + 20H «— Ca(OH)(s) -5.19 [75]

1.3.2 The fate of ISA in cementitious environment: stabity and Cement-ISA system

The key processes governing the effective, free@aitnation of ISA ([ISAdee) in pore fluids

in a cementitious environment are as follows: isatution reactions (speciation-changes
through deprotonation, complexation with metal joredc.), ii, degradation processes
(chemical or microbial) and iii, heterogeneous &la (with hydrated cement phases:
chemi- and/or physisorption of the ligand onto &wailable sorbing sites or precipitation of
the ligand in the form of Ca(ISA(g)).

Several studies have reported the chemical stabiliCa- and Na-salts of botlk andp-ISA

up to 125°C [76, 77]. Two independent research ggadentified the possible degradation of
ISA in aqueous solutions under oxidizing conditicalso at low temperatures (25 °C) [78,
79].

Greenfield and co-workers investigated [78] the rddgtion of ISA saturated Ca(OH)
solutions flushed with & N, or air atT = 25 and 80°C. After 10 months of equilibratiome,
only a small fraction of the ISA was degraded at 25°C in the systems purged with &nd
air. In the same oxidizing conditions butTat 80°C, the degradation occurred to a larger

degree. Anaerobic conditions resulted in no sigaiit loss of ISA from the systems, neither
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at 25°C nor at 80°C. These results highlight thevant role of oxygen in the process of ISA
degradation.

In the comprehensive study by Glatsal. [79], the key role of @in the fast decomposition
reaction of ISA in aqueous media was again undatlitn the absence of oxygen, minor loss
of ISA was also detected by the conversion intolemahain organic acids (glycolic, formic
and lactic acid) in solutions with pH > 12. Througidividual batch experiments, the
transformations of lumol of ISA per gram of solid Ca(Ok¥) or OPC powder were
observed in the heterogeneous systems under ai@erobditions up to 542 days of
equilibration time. The observed loss of ISA frame itnaerobic experiments (at 28 and 90 °C
as well) were not fully understood and attributectpotential surface-related decomposition
reaction, taking place independently of the app#ietid phase. Nonetheless, when the total
concentration of ligand exceeded thgnol limit, ISA was shown to be apparently stable fo
even longer observations times.

No experimental studies on the degradation of I®#en reducing alkaline conditions are
available in the literature. In contrast to the qasses driving degradation of ISA under
oxidizing conditions, the reducing conditions dfeirest in the present work may promote the
reduction of the —COOH or —OH functional groupsA.

Another aspect for potential loss of ISA is itslbgical degradation in solution. Although the
effect of microbial activities on the stability 88A (especially under conditions expected in
the near-field of a cementitious deep geologicapdsal facility) have been recently in the
focus of related research-fields [80-83], discussiof these studies are out of the scope of the
present work. Even so, it is worth mentioning tae to the high alkalinity of pore fluids,
strong microbial degradation of ISA may not be etpeé under repository-relevant
conditions, as in some specific cases above pH =significant loss of biomass was
witnessed from the system, indicating the instgbilof these microorganisms under
hyperalkaline conditions [80]. Any degradation mes of ISA under the anticipated
boundary conditions and timeframe investigated withe present work (resulting in the loss
of ISA from the system) has not been considered.

The uptake of ISA by hardened cement pastes urmelitions related to the early stages of
cement degradation was studied by a PSI reseammupgl57, 84]. The average size-
distribution fraction of 100 — 40Am was used of the crushed and sieved cement (CEM I,
52.5 N HTS), which was then let in contact withiefied artificial cement porewater (ACW,
with an equilibrium composition of 110.5 mM Nal76 mM K, 1.75 mM C&" and a pH of

13.3) under controlled N atmosphere in the presence of ISA (with varyingalto
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concentrations of the ligand: M < [ISA]it < 0.3 M). Solid-to-liquid ratios (S:L ratio) in
the range of 25 to 500 gdtwere applied for the individual batch experimemds< 1 day — 9
months). The amount of ISA sorbed on the cementseha[lSAlomes (Molkg?) was
calculated using the initial concentration [ISA]Joften referred to as [ISA) (M) and the
equilibrium concentration [ISA} (M) of the ligand (remaining in the liquid phasdy
Equation (18).

[1SA] sorbed= ([ISAlior — [ISAleq)- VL (porewater, drf)-m(cement, kgj. (18)

The maximum relative error was found to be ~20%oWang the uncertainty of the detection
of [ISAle An important feature of the sorption process whe evolution of ISA
concentration in solution with equilibration tima,most cases the authors experienced a fast
decrease in [ISA}, usually reaching equilibrium within 1 day.

Van Loon et al. fit a two-site Langmuir isotherm to their expermed sorption data,
expressed as in Equation (19) for ISA sorption draaened cement pastes (HCP):

[1SA] sorbed= K1-Qu-[ISA] e (1 + Ki[ISAleg ™ + Ko G [ISA] e (1 + Ko [ISA] e ™, (19)

where q and @ represent the sorption capacities for the two Hygtocal sorption sites
available on the hydrated cement phases (inkgd) and K, and K parameters are the
related adsorption affinity constants (in dmol™). The optimized best-fit values of the

parameters for the two sites were as follows:

b = (0.10 + 0.01) mekg?, K; = (1730 + 385) drimol™* and
02 = (0.17 + 0.02) mekg™, K, = (12 + 4) dmimol™. (20)

The total sorption capacity derived by the autljbis 84] for the used cement with regard to
ISA (0u + @) = 0.27 molkg' was found to be in close agreement with the estiré0.32
molkg?, provided in the work of Bradbury and Sarott [8Bfe Freundlich isotherm was not
able to properly explain sorption data.

Despite the lack of an exact chemical explanat@nttie sorption reaction, Van Loat al.
proposed, based on the fast nature of the prottesgxistence of strong specific interactions
between ISA and the surface sites (of the C-S-Hsgd)a This specific interaction was then

believed to be the reason why the ligand bearirih wme negative charge can overcome the
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electrostatic repulsion against the negatively gbdrsurface, allowing it to sorb on the
surface of the hydrated solid phase.

The latter argumentation was later debated by i wf Pointeatet al.[86, 87]. Prior to the
investigations with ISA, the authors also assesbedevolution of the surface potential of
hydrated cement pastes (CEM | and CEM-V) and themital composition of cement
porewaters as a function of the cement degrad§88) In the latter study, Pointeaat al.
demonstrated through zeta potenti§) (mneasurements in cement suspensions that two
isoelectric points exist in the function of the H@Rching process: 1. for pH 13.3 to pH
12.65 (fresh HCP states) zeta potential increases £17 to +20 mV and decreases from 20
to -8 mV for pH 12.65 to 11 (degraded HCP stat&épjplying the diffuse double-layer theory
(DLM) with surface complexation model (SCM) [89]rfthe present C-S-H phases, the
authors developed a model, providing a good priedicif the surface potential evolution for
both HCP. According to their model, the surfacergbas controlled by the deprotonation of
surface silanol- and silanidol-groups (>SO-) andthy surface complexation of calcium
(>S0OCa+t), causing a positive charge-balance. Orotier hand, the calcium concentration
was controlled by portlandite or calcium silicatelfate (C-S-H) solubility equilibria.

Under similar experimental conditions but at diéier S:L ratios using the CEM-I type
hydrated cement paste suspensions, sorption stweresalso performed by Pointeaual. in

the presence of various anion®Ql™, *21~, *C0Os*", "*SeQ@?) radionuclides and organic
ligands (ISA and EDTA) [86, 87]. The cement phasese equilibrated with porewater
leachates corresponding to 12 different statesogtlitions ranged from 11.5 to 13.3) of the
cement degradation process.

Concerning the experiments with organic ligandg, #uthors concluded that the sorption
process of ISA (and EDTA) was fast, usually reaghequilibrium within 3 days. The
behavior of the ISA uptake was found to be coregldd the evolution of Ca(ll) concentration
in solution (and to the zeta potential as well)cr@ased sorption was determined with
decreasing pH from 13.2 to 12.54® 4 to 100 crig’, respectively), following the
degradation stages of the cement system, then ghalRes suffered gradual decrease (till
Rq = 25 cmg?) by the further decrease of pH condition till 1ih&he pore fluids.

Based on the fast nature of the process, Poirealimodelled the sorption of ISA onto HCP
as an adsorption reaction applying the DLM with S{89] theories together with the surface
equilibria previously proposed for the chemical mloty of the C-S-H phases. Speciation
calculations for ISA in solution were performeddpplying the corresponding data set for the
system Ca(ll)-ISA-OH summarized in the work of Huelrt al. [63].
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The representation of the experimentally determiRgdralues were found to be probable
only with the assumption of the mixed surface caration equilibria, where Equation (22)
depicts the best fit values of the formation comstrresponding to the chemical reaction
(212).

>SiOH + C&" + ISA— >SiOCalSA + H (21)
log K° =-7.5 (22)

In this respect, uptake of ISA by HCP was intemguleds a mixed surface complexation
reaction rather than being a selective chemisarppimcess via specific sorption sites as
originally reported by the PSI team.

It has to be emphasized, that thg vRlues corresponding to ISA sorption onto HCP riake
from the work of Pointeaat al.[87] are highly differing from those which can balculated
using the Langmuir isotherm reported by the PSimte®7, 84]. Applying identical
experimental conditions as in the study of Pointegal. [87], where at pH = 13.2 R ~4
cm® g was predicted for [ISA} = 8.5 10° M at relatively low applied S:L ratio (unreported,
but presumably 1 gdrhas in their previous work), the two-site modeltbé Langmuir
isotherm (obtained at pH = 13.3) results in thaiicantly higher value of R= ~66 cni-g*.
Experimental details, such as for instance: diffees in the characteristics of the cement
phases applied between the two studies (specifitac areas were not reported) or
differences in the investigated experimental coodg could explain this large discrepancy.
In the work of Pointeawt al. a relatively small S:L ratio (1 g-dh was applied for all
investigations, whilst the investigations by the BEam were carried out at larger S:L ratios
(25 to 500 g-di). Consequently, the applicability of the two-sitangmuir isotherm for
different conditions can be criticized, althoughe tpredictions within the investigated
parameter-range are in excellent agreement witretiperimental data points collected. On
the other hand side, the comprehensive surface leaatpn model provided by Pointeat

al. is based on multiple parameters obtained partdynfprevious experimental studie§ (
[Ca]i: vs. pH) and some are extracted from averaged strugitwperties of C-S-H phases or
simply just assumed. Though the latter given mautelvides a proper explanation for the
chemical behavior and tendency for ISA uptake byPH@th regard to the evolution of pH
(and [Ca}y) in the leached porewater fluids, it is inapplieabnder significantly differing

experimental conditions than those of the origstatly.
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The conclusion drawn from the discussions abovkeatthe only relevant process, capable of
reducing the free concentration of ISA in cemenepa@ter solutions is the potential sorption
of the ligand on hydrated cement phases (if thal wincentration of the ligand is below its
solubility limits). In this aspect, for a speciorption study involving the use of ISA and a
metal ion (M), it appears to be necessary to agkestee ligand concentration in solution as

an addition to the study targeting the ternaryespstement—M—ISA.

1.3.3 Review of previous experimental studies on the cortgxation behavior of ISA
with tri- and tetravalent actinides

This section summarizes the main experimental studiailable in the literature on the
complexation of ISA with actinides and lanthanidEsr all these systems, the NEA-TDB
review on the complexes of U, Np, Pu, Am, Tc, Seahd Zr with selected organic ligands
[63] is taken as the most authoritative reference.

One of the open questions affecting the complerabiolSA with actinides (and with metal
cations in general) is the possible role of theladt groups of ISA on the chelation of the
metal cation. Although the pkKof the a—OH group of ISA has been estimated [65] to be
= 14.3 (see Table 1 in Section 1.3.1), the enhaactity of this alcohol group caused by the
complexation with a metal cation is expected tallten the deprotonation of the- (and
even —) alcohol group under significantly less alkalinenditions. Hence, the protons
released in the complex formation under alkalinendtiions can be assigned to both

hydrolysis of the metal cation and deprotonatioalobholic groups:

M™ + x H,O(l) + ISA” = M(OH)JISA™ +x H* (23)
M™ +y HO(l) + ISA” = M(OH),(ISA 4)" Y + (y+2) H' (24)

wherex = (y + 2) and ISAz*"? corresponds to an ISA ligand with the deprotonated
carboxylic and with z as the number of alcohol gouThe choice of one or the other
complexation mode has no implications in the mas®a laws and, therefore they do not
affect the calculated equilibrium constants eitt@n the sake of simplicity and consistency
with previous studies and reviews [12, 90], thstfoption (H released assigned to hydrolysis
of metal cation) is initially favored in the coursethe present work (if no further knowledge
available). This must not be taken as an indicabibtihe correct stoichiometries of prevailing
chemical processes.
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1.3.3.1 Pu(IV)-ISA

The number of studies directly assessing the iatera between Pu(lV) and ISA under
alkaline conditions is limited [78, 91-93]. Thesadies were conducted in the framework of
the NIREX Safety Assessment Research Programme RRP$AThe derived models are
mostly based on solubility experiments, conductednfoversaturation state in the presence
of ISA, except in [92], where the reduction effaftISA on the sorption of Pu(lV) was
determined on a specific, NIREX Reference VaultddNRVB) material.

Solubility experiments were performed under nitrogémosphere in the absence of a redox
controlling reductant at | = 0.01 M (NaCl). The rétag Pu solid phases were freshly
precipitated from a Pu(lV) stock solution in thenfoof Pu(OH)(am) and were directly added
to ISA-containing matrix solutions with gk 12 — 12.5. Redox potentials were not measured
experimentally, and the,Evalues were only assumed to be in the range o100 mV, due

to the applied inert atmosphere. As it was poirdat by Necket al. [5, 6] even under a
well-controlled inert Ar-atmosphere, traces of osyg can be scavenged by the
Pu(IV)O,(am,hyd) solid phase, resulting in the mixed vafn®.(s,hyd) phase, that may be
simultaneously in equilibrium with Pu(lV)(aq) andi(®)(aq), given the kinetically hindered
redox reaction between Butand Pu@'. Due to these experimental shortcomings and tte la
of solid phase characterization throughout the ntegostudies, the redox state of Pu in the
precipitated solid phases and in the aqueous phas&sns unclear. Furthermore, since no
information on the applied phase separation methaiven within the studies, the presence
of polynuclear Pu(lV)-bearing colloids cannot bdeduout. A reevaluation of the data
conducted in [12] showed that the observed Pu tmtatentrations are clearly falling in the
concentration range of Pu(lV) colloidal speciesegmorted by [5], indicating the presence of a
Pu(OH),(col,hyd) solid phase with a comparatively highubdity. According to these
observations, solubility data at p 12 reported in [91] and [78] were then recaltada
proposing the formation of Pu(OMISA)~ and Pu(OH)ISA), % complex species in the range
of 10°to 10° M ISA total concentrations at pH: 12. The derived log® values are also
shown inTable 2 (extrapolated to infinite dilution, by ugitsIT formula), along with the
other formation constants of further to-be-discdsseamplex species. The large uncertainty (+
1.6) assigned in [12] accounts for these experiaiesftortcomings. The stoichiometry of the
species, however remains undefined as the spetiatiodel originally proposed by the
authors was not supported by other type of experisne.g.series of solubility experiments

with Pu in the function of pHat a constant ISA total concentration).
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Sorption experiments of Pu(lV) onto NRVB materiabre carried out by [92] under;N
atmosphere and hyperalkaline conditions, in thegree of 0.01 M ISA. Assessment of the
redox state of Pu is again missing from the study farthermore, the individual sorption of
the ligand onto the used material was also neglettsing the derived speciation model from
the solubility data and the corresponding formationstants of the Pu(lV)-ISA-OH system,
the reproduction of the observed sorption reductamtor was achieved in [12]. The good
agreement between the calculated and the expeaihedetermined values of the defined
constant served as an additional confirmation ensgheciation and the stability constants of

Pu(IV)-I1SA species, resulting from the reevaluatoracedure.

1.3.3.2 Np(IV)-ISA

Rai and co-workers published the only available eeixpental work on the Np(IV)-ISA
system [72, 94, 95]. The basis of the derived camgnsive chemical model were series of
independent undersaturation solubility experimavita NpO,(am) in the presence of ISA at
different ionic strengths, conducted either at astant pH (approximately 5 and 12) with the
variation of the ISA total concentration (£6- 0.1 M) or at a fixed ISA total concentration
(0.0016 and 0.008 M) with different pk~2 — 14). Reducing conditions were attained using
NaS,04 (0.01 M) as buffering chemical. The oxidation staf Np in solution was also
monitored for all the samples using a liquid-liquieixtraction method, involving
thenoyltrifluoroacetone (TTA) under acidic conditt The reducing conditions maintained
by the presence of sodium-dithionate were confirnbgdthe detected Np(IV) content,
representing the 70 to 98 percentage of the tgbaihNsolution. As a consequence, regardless
of the lack of solid phase characterization methtiis predominance of Np(IV) redox state
both in aqueous and solid phase is most probab#id case. Uncertainty of the data can also
originate to a certain extent from the preparatioethod of the NalSA stock solution, used
for the solubility batch experiments. The initialliyssolved Ca(ISAJs) was claimed to be
dissolved quantitatively via addition of 2 M NaOHIgion and the gained Ca(OK9) was
then removed by centrifugation. The supernatamttagning NalSA, together with the portion
of unreacted NaOH in solution was used for the egient preparations. In this context,
considering the solubility of Ca(Ok{}¥) in concentrated NaOH solutions, ranging froihto.
0.5 mM in 1.0 M and 2.0 M NaOH solutions [96], themaining quantity of Ca(OH)
together with Ca(ISA) and Ca(ISA4)° complex species in the separated supernatant may

have resulted in non-negligible concentrationswvaiilable Ca (especially with increasing ISA
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total content) throughout the conducted experimelntsthis respect, depending upon the
original Ca(ISA)}(s) to added NaOH quantity ratio, the vyielding kto@a(ll) to ISA
concentration could vary significantly, which careetually lead to the formation of possible
ternary species involving Np ISA and C&', providing additional enhancement to the
solubility of NpQy(am). Given, that no data were reported on thelZeghtent of the used
NalSA stock solution of interest, the total concations of Ca(ll)are unquantifiable in the
corresponding study [72]. According to a formeradat [94], the author detected less than
0.002 M Ca(ll)-content in the prepared 0.05 M NalStdck solution, which gives a hint
towards the possible presence of relevant Ca(icentrations in the majority of the batch
solubility experiments.

Applying the Pitzer model to account for the iosteength corrections, Rai and co-workers
conducted a comprehensive fitting of all the gaiseldbility data. The thermodynamic model
suggested the presence of 4 Np(IV)-ISA complex iggecdominating under different
boundary conditions:

- Under acidic conditions: Np(Ok{JSA)°(aq) and Np(OHYISA);
- Under alkaline conditions: Np(Ok{)SA)~ and Np(OH)(ISA),*~

At higher ISA concentrations>(0.10 M) the complex species with Np(IV):ISA ratd 1:2
prevail. Despite of the systematic relevant diffexes between the calculated and the
experimentally measured solubility values of Nph&t majority of applied ionic strengths, the
proposed model describes the observed tendencid idata and provides an overall good
prediction of the influence of ISA in a wide rangé total ISA concentrations and pH
conditions on Npg(am) solubility. Stability constants, originallyguided by Raiet al. for

the complex species, forming under alkaline coodgiwere recalculated (and extrapolated to
infinite dilution, using SIT formalism) by Gaonadno-workers [12] (see table 2), applying
the updated thermodynamic database of NEA-TDB fpfI¥) aqueous species and solid

compounds [9].

1.3.3.3 U(IV)-ISA

The influence of ISA on the solubility of UQH,O has only been investigated in two studies

[92, 97]. Relevant experimental shortcomings wdeniified in [92] by [12] such as the lack
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of solid phase characterization and the absenceddx controlling agents, therefore the
aforementioned work was disregarded from the reai@n process.

The undersaturation solubility experiments with AZBI,O(am), reported in [97] were
performed in the presence of Fe powder angSN2, as redox-buffering agents at different
pH. values from acidic (3.25 and 6.21) to alkalineditans (13.5) with the variation of the
total concentration of ISA and GLU (either at 0M4or 0.06M). The author concluded that
the dominating species in the conditions of theeexpent was U(OHJSA™ (or rather
U(ISA.41)"). Considering the mathematically questionablerpretation of the data and the
lack of solubility enhancement of ISA at pH 3.51, along with a wrong chemical model (the
deprotonation and the lactonization reaction of I#As not included and inconsistent
speciation scheme for U(IV) was used), the derstatbility constants are not reliable. Gaona
and co-workers however undertook a reevaluatiaihe@experimental data of Warwiek al,

by assuming the analogy with other An(IV)ISA syssetime author proposed the formation of
the U(OH)(ISA)™ and U(OH)(ISA),>" complex species. On one hand, the stability consta
of the U(OH)(ISA)™ species was estimated via Linear Free-Energy iResdtips with other
tetravalent actinides and on the other, the stghibnstant of the U(OH{ISA),*>~ complex
species was calculated upon a single experimeuwiat. pBoth constants (listed in table 2)
were extrapolated to zero ionic strength via th€ fkrmula. Provided, that the speciation
scheme of & in the presence of ISA is ill-defined and the meation by [12] is based on a

pure hypothesis, the information on the U(IV)-ISyst&m is insatisfactory.

1.3.3.4 Th(IV)-ISA

The available thermodynamic data on the Th(IV)-IBiAary system are either originating
from solubility [59, 92, 95, 98], sorption [71, 9BQ0] or liquid-liquid extraction studies [101,
102].

The extensive solubility study, performed by Rad am-workers was aimed to assess the
influence of ISA on the solubility of Th(Ol{am) solid phase with series of independent
undersaturation solubility batch experiments. Witthie different series, conditions were set
either to a constant pH~6 or 12), while the total ISA concentration wasied (210 0.2

M) or at fixed [ISA]. (0.008 or 0.08 M) the pHwvas ranging from ~4.5to 12 (at | = 0.1 M,
NaClQy). In case of systems with higher ISA total concatiins (0.08 M) steady state
[Th(IV)] ot concentrations were reached already within 15 ,daisreas in the experiment set
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at low ISA concentration (0.008 M), where the pdbndition was varied equilibrium was
only reached within 55 days.

In order to develop a reliable model for Th(IV)-IS®omplexes, several combinations of
monomeric, multi-igand and mixed-hydroxo-ISA spgeciwere used by Rai and co-workers
to represent their experimental data. The initetl of species and corresponding stability
constants were determined through the thermodynaamalyses of the series of
ThO,(am,hyd) solubility data at fixed ISA total concextions in the function of pHIn a
later step, the model was tested to predict theex@ntal Th(IV) solubility data as the
function of ISA total concentrations under constpHf conditions. The speciation scheme,
that provided the best fit for the entire dataiseluded the complex species: Th(OH)SA
Th(OH)(ISA),>~ and Th(OH)(ISA),*~ with the stability constants (at reference stdtsied

in Table 2 (only for the species forming under alkaliconditions: Th(OHJISA),*>~ and
Th(OHW(ISA),%). For ionic strength corrections, Reti al. used the SIT model with certain
estimates of ion interaction parameters for thelpdarmed species. Independent solubility
data for the Th(IV)-ISA system, provided by [92higed under similar conditions but only
with the variation of the total ISA concentratich10™*— 0.2 M) at pH = 12 were also in
close agreement with the experimental results & [9

In the formerly discussed comprehensive study 6f, [Bversaturation solubility experiments
with ThO,(am) in the presence of various synthetically poedliCDPs (and Ca(Ok}))
under alkaline conditions were performed. Despite éxtensive work involving ISA, the
authors did not assess the higher obtained Th diojulif the freshly precipitated solid phase
and furthermore the questionable interpretatiothefresults, using an internally determined
solubility product for Th@@am) led to the systematic overestimation of trabitty of the
suggested Th(IV)-ISA species. Regardless of themx@ntal shortcomings and the problems
with the interpretation of the solubility data, tlseudy verified the predominance of the
previously reported complex, Th(OKISA),>", at pH = 9 and 12 as well in a wide range of
applied total ISA concentrations, underlining thed®al proposed by [98].

Liquid-liquid extraction studies by [101, 102], meped the formation of three Th(IV)-ISA
complexes (Th(ISAf™, with n = 1, 2 and 3), using 0.025 M acetylacetonéluene as an
extracting agent from equilibrated solutions (witt510° M total 2*Th(IV) concentrations)
at pH. =8.3 and I = 1.0 M (NaClf) and at three different temperatures (15 °C, 253%C).
Considering the applied alkaline pEonditions, achieved via the slow titrations of tISA-
free solutions with 1.0 M NaOH solution and theteiely high initial total concentrations of

Th(IV), the formation of Th(OH)am) as a colloidal precipitate can be reasonabieany of
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the performed experiments. Nonetheless, the auttioksnot document any experimental
effort to account for the formation of such spedl@®ughout their investigations. As it was
pointed out by [98], the most serious limitationtbé study is the data interpretation itself.
The authors evaluated their results, assuming tmmdtion of Th(ISA)*" species, by
neglecting the hydrolysis of Th(IV), which then léd the large overestimations of the
corresponding stability constants. As a consequeheerepresentation of the solubility data
of ThOx(am,hyd) in the function of [ISA} or pH. with the model proposed by [101, 102]
results in large deviations by several orders ofmtade from the data, presented in [98] or
[92]. The reevaluation of the liquid-liquid extramt data, carried out by [98], through the
calculations of the distribution factors for Th(I$howed, that the proposed speciation model,
along with the determined stability constants ndy alescribes their data, but it also provides
an equally good representation of the extractignlte within the given uncertainties.
Vercammen and co-workers [71, 99, 100] investigateel sorption of the Th(IV) onto
different materials (feldspar, polyallomer, BioRaekin) in the presence of ISA (£0-
102 M), at pH = 10.7 — 13.3 (at | = 0.3 M). (Similar experimeirighe presence of Ca were
also conducted within the abovementioned studiexse are discussed separately in Section
1.3.4.2.2.) The authors, based on the slope amalg$etheir sorption data (logRvs.
log[ISA]wt), proposed the formation of only one complex ieithexperiments with the
formula Th(OH)(ISA)™. Due to the lack of data at [IS&]> 10° M, formation of higher ISA
complexes cannot be confirmed. Gaataal. pointed out, that the thermodynamic model,
published by Vercammen and co-workers [100], gigesystematic overestimation on the
effect of ISA on Th(OH)am) solubility at pH= 12 [12]. An unequivocal explanation for the
observed inconsistency could not be assigned. Hemvevith regard to the relatively low
applied total concentrations of Th(IV) (in the ranaf 1.2 — 1.6.0* M) and the possibility of
the inefficient separation of the solid-liquid plas together with the allowed rapid
equilibration times (3 days), sorption data canalfected by relevant uncertainties. Further
discussion and comparison of the findings, obtaimgdolubility and sorption studies on the

Th(IV)-ISA system is out of the scope of the cutreork.

1.3.3.5 Ca(ll)=Th(IV)-ISA

The available thermodynamic data on An(IV)-ISA-Qatérnary systems are limited to the
case of Th(IV) and are based mostly on sorptioreergents [100, 103-105], whilst only a

single work [59] reported solubility results on thestem.
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Vercammen and co-workers [100] investigated theptgmr of 2**Th(IV) onto different
materials (feldspar, polyallomer, BioRad) in thesence of ISA (I8 — 102 M) and Ca(ll)
ions (7-10% — 1.8-10° M) in the pH-range of 10.7 — 13.3 (at | = 0.3 Ma®IQy). The authors
reported the formation of the notably stable queter complex CaTh(OH{(ISA).(aq). The
equilibrium constant determined in their study [[LOPas later re-calculated in [12]
consistently with a more recent thermodynamic é@at& h(IV) hydrolysis equilibria reported
in the work of Altmaier and co-workers [106].

Tits, Wieland and co-workers [103, 105] investigatee sorption of?®Th(IV) onto calcite
and hardened cement paste in the presence of I8A-8rgluconate (GLU). Experiments
were conducted with artificial cement porewater p#3.3; [Ca}; ~1.610° M). Special care
was taken to avoid the formation of colloidal spsciand the possible sorption of ISA/GLU
onto the solid phases was thoroughly evaluated. tDwenstant pH and [Ga]used in their
experiments, the authors could not evaluate thietstonetry of the Th(IV)—-ISA complex
forming, but assumed the predominance of the com@eeTh(OH)(ISA).(aq) as previously
proposed by Vercammaeat al.[100]. (As a sidenote: Tits, Wieland and co-woskproposed
the formation of an analogous, quaternary completh wsLU.) One of the main
inconsistencies with the model reported [105] oa @a(ll)-Th(IV)-OH-ISA system is in
connection with the comparison of the prevailinge@es in solution with the initial
assumptions and the experimental parameters appligder the conditions investigated (pH
=13.3, 10 M < [ISA]it < 10% and [Ca}; = 1.610° M), the authors evaluated their Th(IV)
sorption data by disregarding the formation of tH&(IV)(OH)4SA" species previously
reported by Vercammeet al. [100]. Using the combination of the thermodynaonstants
(based on all the sorption studies performed byR8éteam) the dominating species under
the conditions of interest is predicted to be imjedne Th(IV)-OH-ISA species. In this
context, the thermodynamic model and data repdotedits et al. [105] are affected by
relevant uncertainties.

Randall and co-workers [59] performed solubilityperiments with Thg{am) in the presence
of ISA and porewater at pH= 9 and 12 previously equilibrated with Ca(Q(fs).
Unfortunately, the authors did not report [Gadfter the corresponding equilibration with
Ca(OH)(s), and thus this parameter remains ill-definedhi@ evaluation of their results.
Slope analysis of their solubility data indicatbe formation of a complex with Th(IV):ISA
ratio of 1:2. The calculation of the solubility @hO,(am) using the equilibrium constant
reported in the work of Vercammest al. [100] for the complex CaTh(Ok)SA)2(aq)

resulted in a large overestimation of the experialeobservations. It is also unclear which
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Ca(ll) total concentrations were used in the gistray for such calculations [59]. In a similar
context but using GLU instead of ISA, Colas [10&parted a similar impact of GLU in the
solubility of Th(IV) in the absence and presenceCafll), thus challenging the detection of
qguaternary Ca(ll)-Th(IV)-GLU complexes previouslkgported in the study of Tits and
co-workers [105]. For the stability constant of tBa(Il)-Th(IV)-GLU species, Colas [107]
derived an upper limit value which is in good agneat with independently determined value
of Tits et al. [105], as later recalculated by Gaoe& al. [12]. However, analogous
investigations with ISA are missing from the woirfkGolaset al.

The possible formation of quaternary complexes IE&#h(IV)-ISA has relevant
implications in the context of L/ILW disposal, wiedarge amounts of ISA (through cellulose
degradation) and Ca(ll) (through cement materiadsg expected. Thermodynamic
calculations using data on the quaternary comple&d hQOH)(ISA).(aq) reported by
Vercammen and/or Tits, Wieland and co-workers [1003-105] result in a significant
enhancement of the solubility of Th(IV) in cemeiotis environments. The possible
formation of analogous complexes with other An(lig)thus expected to have important
implications in the source term of key radionuclideuch as Pu. However, the sparse
experimental data available, and the controverssults reported by different studies,
represent a call to cautiousness. Further expetahstudies are needed before making any
definitive claim on the relevance of such, analequaternary complexes involving other

tetravalent actinide ions.

1.3.3.6 Ca(I)-An(lI)/Ln(ll1)-ISA systems

The interaction of trivalent actinides and lantlosi with ISA was investigated in a number
of experimental studies [57, 59, 100, 103, 105).108

Analogously to the studies with Th(lV), the PSlrtegerformed sorption experiments with
different solid materials (feldspar, polyallomeroRad resins and calcite) to evaluate the
interaction of ISA with **Eu(lll) and ?**Am(lll) under alkaline to hyperalkaline pH
conditions, both in the absence and presence @ d00, 103, 105]. Although the chemical
model for Eu(lll) under alkaline conditions and abse of ISA was different in [57],[100]
(predominance of Eu(Ok) and in [105] (predominance of Eu(0OfHq)), experimental
sorption data for Eu(lll) in all these studies wamemoderate agreement and indicated the
predominance in solution of the complex Eu(@BA™. Tits and co-workers conducted
analogous sorption experiments with Am(lll). Expeghts were only conducted at pH =

13.3, and thus the authors assumed the formatiarcofmplex with the same stoichiometry as
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for Eu(lll), Am(OHXISA™. Due to the poorer statistics of the results caegbao those with
Eu(lll), the reported equilibrium constants was sidared to be only a first estimate.
Equilibrium constants reported in [105] for therf@tion of the complexes Eu(O#BA™ and
Am(OH)3ISA™ are summarized imable 2.

The possible formation of ternary Ca(ll)-An(ll1)/H)-ISA complexes under alkaline to
hyperalkaline pH conditions (10.Z pH < 13.3) was also evaluated in [100] and [105]
considering 1.80° M < [Ca] < 1.0010 M. Within these boundary conditions, the authors
found no experimental evidence on the participabbrCa(ll) in the complex formation of
ISA with Eu(lll) or Am(llI).

Zhernosekov and co-workers determined the step-v@geilibrium constants for the
formation of Tb(lll)(Lx complexes at pH = 7.0 (L = glycolate, GLU or I1SA3ing an
electromigration technique [108]. Experiments weesformed in 0.10 M NaClQwith
1.000° M < [ISA] < 1.0102 M. The authors (correctly) assumed that unhydedyZ b
prevailed at this pH, and proposed the formationhef complexes TbISA, Tb(ISA)" and
Tb(ISA);(aq) based on the fit of the measured ion mobil@yly three experimental points
were collected within I8 M < [ISA] < 107 M, although the thermodynamic model derived
indicates the predominance of Th(lll)-ISA compleséscktly above [ISA] = 10° M. This
suggests a strong overparametrization of the fit [2®8], and thus the reported
thermodynamic model is disregarded in this work.

Randall and co-workers conducted oversaturationbddly experiments with Eu(lll) under
alkaline to hyperalkaline pH conditions in the mmse of ISA and Ca(ll) [59]. Preliminary
solubility experiments at pH = 12 in the absenc&séft resulted in log [Eu(lll)] between —4.5
and -7, clearly indicating the predominance ofaidtl Eu(lll). The tendency of Ln(lll) to
form colloids when approaching solubility from osaturation conditions is well-known.
Addition of ISA (10°-102 M) to the system resulted in a slight increaséhefsolubility at
the highest ISA concentration. However, becaustheliarge dispersion of the acquired data
(both in absence and presence of ISA) and the &ghgredominance of Eu(lll) colloidal
species in solution, any quantitative interpretatod this study is disregarded in the present

work.
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Table 2.

Speciation scheme and corresponding equilibrium staorts, according to

Equation (23), reported by various authors for LR{An(III)/An(IV)-ISA complexes, forming

under alkaline conditions (see text for more dejail

log*f° (I — 0, 298.15K)

Species
Pu(lVv) Np(IV) u(v) Th(IV) Eu(lll) Am(lll
M(OH)3(ISA)™ —~(20.9 +0.2) —(21.4 + 1.0)
M(OH)A(ISA)" —(3.8&;_7 1.6) (4.06&50.62) —(6.8a’di: 0.9) —(Ii%zigi.sayfv
_ 04+11) -(2.20+0.62) —(4.9+1.0) —10.46
M(OH)4(|SA)22 ( a,+b, ) ( a,:,- ) ( a,(:,- ) _(112 + 1539
CaM(OH)(ISA),(aq) —(4.0 + 0.4t

a, revaluated in [12]; b, [78, 91]; c, [72]; d, |9€, [107]; f, [100]; g, [95]; h, [103]; i, [105]

36



1.3.4 Literature overview of experimental studies on cem&-An(IV)(-ISA) systems

This section is intended to give an overview ofilade literature data on the system cement-
Pu(IV)(-ISA) system. A special emphasis is giverthe experimental details of the discussed
studies in order to gain useful insights in theadepment of the experimental program in this
PhD thesis.

Data available on the binary system cement-An(IN) €hortly discussed in Section 1.3.4.1,
including recommended distribution ratios. Conaegnithe ternary system, the so far
available literature work is found to be scarcesept for the case of Th(IV). The only study
reported on the cement-Pu(IV)-ISA system is seplratiscussed in Section 1.3.4.2.1. More
attention was dedicated to discuss the sorptionctezh effect of ISA on Th(IV) uptake by
hydrated cement phases. The available literatute da the system are summarized in
Section 1.3.4.2.2.

1.3.4.1 Cement—An(IV) system

Tetravalent actinides are in general strongly sbrbg hydrated cement phases. The most
important interacting cementitious solid phasepoesible for the uptake of An(IV) is the
amorphous C-S-H phase [13, 50, 109]. Quantitatjvdle sorption process is expressed,
through the detection of the loss of radionucliaerf the solution in terms of (solid-to-liquid)
distribution ratios (Rin dntkg™ or in ntkg™), as in Equation (25). fRvalues depict the
partitioning of the nuclide between the cement pater and the cementitious material:

Ra = [An(IV)] soro/ [AN(IV)] g , (25)

where the [An(IV)lon is the molar amount of the sorbed actinide ionyyer mass of cement
and [An(IV)]eqis the equilibrium concentration of An(lV) in thermewater in molar units.
Although the majority of the published sorptiondiss on cement-An(lV) systems do not
report any specific information on the mechanisnth& process, the fast kinetics together
with the reversibility of the sorption reaction (&ss suggested for Th(IV) [110]) could be

potential indications for the control by surfaceidigria.
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In the context of cement-An(lV) sorption studidsg following equilibria have influence on

the experimentally measured fRalues:

1. Precipitation processes (precipitation or swfaecipitation as a separate, pure solid phase
and co-precipitation with other metal ions)

2. Solid-solution formation (lattice incorporationdiffusion into a present solid phase)

3. Adsorption onto available surfaces (physisomtmhemisorption)

If precipitation and solid-solution formation care kexcluded via experimental findings,
distribution ratio is equal to the distribution fogent, Ky, which in this case represents
purely the adsorption equilibrium between the salidl liquid phases in the system. The
evolution of the sorption process is also provehdaelevant to the net effect of the hydrated
cement phases, since subsequent to a fast adsopboess onto the surface sites, partly
through solid phase re-crystallization processestahtations can also be taken up into the
structure of the C-S-H phases. Recent studies lexvedear evidences for the uptake of
trivalent (Ed") [111] and tetravalent (N{) [112] actinides by structural incorporation into
the C-S-H phases.

The uptake of plutonium by HCP is influenced by tiegradation stage of the cement (and
the chemical conditions prevailing within the poed®r) and also by the oxidation state/s of
Pu. Under the boundary conditions of interest ia BhD thesis, Pu(lV) is expected to be the
predominating state of Pu with minor contributiaigPu(lll). Concerning the high alkalinity
in porewater solutions, given that the solubilifyRu under the anticipated conditions is very
low (log [Pu]et ~ -10.83), the exclusion and the assessment opdtiential Pu(OH)Yam)
phase precipitation in the course of sorption &sI@ a critical experimental point.

The available literature data on the cement-Pughgtem is very limited. A closer inspection
of these studies reveals that either of them hadiempredox-buffering agents within the
executed experiments, thus, the contribution okotledox states of Pu to the quantified
distribution ratios cannot be fully ruled out.

For the sake of consistency, considering the differreview works on cement-An(1V)
sorption studies provided in the literature [13,, &b, 109, 113], the most recent,
comprehensive work of Ocles al.[50], together with the references therein hasliaken as
the reference study.

Ochs and co-workers critically reviewed the avddadorption data for Pu in the presence of
different cementitious materials (crushed concr€eM |, CEM V-type HCP, OCP, C-S-H
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phases, Nirex reference vault backfill material:\NBR Ettringite and other minor crystalline
phases) with regard to the different states of egrdegradation (I to Ill). The authors also
took into account crucial experimental details suak the potential appearance of
precipitation, colloid formation, application offdirent filtration methods, prevailing redox
conditions, etc. In their work, selected, averaggdvalues for Pu(lV) sorption on cement
phases at degradation stages | to Il are alsoigedy which are found to be in good
agreement with the estimates of previous reviewd [I09]. The most relevant aspects

concerning the cement-Pu(lV) system discussed s €tcal. are as follows:

1. Stage I: The similar sorption behavior for Pu(IYl)analogy with Th(lV) across the
entire pH-range of interest (pH ~ 8 — 13.5) wassugported by the summarized data,
where the reported Rralues [114, 115] corresponding to Pu(lV) uptakeHLP at
state | (pH ~ 13.5 — 12.6) were systematically lotiran for state Il and Ill. Hence,
the Ochs and co-workers selected a conservativeaRe of 5-18 dntkg™ for this
stage of cement degradation.

2. For stages Il and lll, based on the analysis oftreglable sorption data, one singlg R
value was assigned. This unified value is in lintkhwhe constant aqueous speciation
of Pu(lV) within the pH-range (pH ~12.6 — 9), prded also that for other tetravalent
actinides the same tendency was observed. Nevesthah view of the high scatter
within the literature data, an uncertainty of 1rleys of magnitude was associated to
the best estimate value of 3*1irkg™ in the work of Ochst al.[50].

In contrast to the above listed values, Wielandl. provided a higher value withqR= 10°
dm’kg® for An(IV) uptake by HCP for all the three stagéfshe degradation process, based
on the analogy with the Th(IV) system [13].

It can be considered as clear experimental eviddratdPu(1V) sorption onto hydrated cement
phases is the strongest at Stages Il and Il ofcdreent degradation process. However, in
view of all the available experimental data, thevRlues typically detected in the range of
pH = 12 — 12.6 particularly show a huge variatidhe values at pH ~12.6 determined by
Baylisset al. for Pu(lV) sorption on cement with different consiions and NRVB material
[116, 117], were found to be strongly influencedthg applied phase separation methods:
derived R values increased when a filtration step was akldopmed and a further, large
increase (from 10to 7-16 dm’kg™® on NRVB) was identified when the pore size of tised
filter was decreased from om to 30'000Da MWCO [116]. In comparison, significantly
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higher R values (3-10dnm’kg™) were obtained by Aggarwat al. for Pu(IV) sorption on
OPC blends and C-S-H phases in the pH-range of 4212.6 [118]. The authors also
concluded that the sorption of Pu(lV) on HCP ismhadue to the sorption on C-S-H phases.
In accordance with the values of Aggarveslal, Pointeau and co-workers also reported a
stronger uptake of Pu(lV) by hydrated CEM I-typeneat pastes for a broad pH-range (10 —
12) [119]. In spite of this, as the phase sepamati@thod is not indicated in their work and
the applied S:L ratios were also low (0.5 gimreliability of their determined distribution
ratios (laying within the R= 10" — 10 dnrkg™ range, ~ 8-10dnkg™ at pH = 12.4) is
guestionable.

Sorption of Pu (and Am) onto a series of reposjtbackfill and geological relevant materials
(including OPC based concrete and mortar) was edluidi the context of the Rokkasho-Mura
site by Bastoret al. [120]. The authors performed additional experiradot investigate the
impact of organic ligands (ISA among them) on thsteam (see Section 1.3.4.2.1 for related
discussions on the ternary system). Batch expetsneere prepared at S:L = 20 or 200 gtm
using the crushed and sieved material (< 2%) with porewater solutions (generated by pre-
equilibrating the concrete or mortar powders wintketic groundwater, resulting in pH =
12.2 with [Cafi= 2 mM or pH = 12.4 with [Ca} = 8 mM, respectively). Solutions were
spiked with a stock solution 6f%Pu to reach a total Pu concentration of (5 + IJ%1.
Initial redox state of Pu was not reported by ththars (presumably +4 was dominating), and
just as in all other studies, no buffering agenésenapplied and the valence state of Pu was
not assessed either. Prior to quantification (methot indicated) a centrifugation and a
filtration step was also performed (through a Qudband in some cases through a 30’000 Da
MWCO filter as well). Reported Rvalues for cement and concrete at 20 gdsrL ratio for
both pH conditions were significantly higher (1.46-4-16 dntkg?) than the results of
previously published studies. Sorption processes weerpreted using an equilibrium diffuse
layer model in combination with a surface complewmodel. In the absence of Pu, at high
pH values and Ca(ll) concentrations, the authossiraed the formation of three calcified
silanol surface-species on the C-S-H phases. Tlagdeparameters were fitted during the
modelling exercise. Surface equilibria for Pu wdaped from a former, unpublished work
by the same authors. It was based on the experthenteasured fvalues in the system (as
the experiments were performed under non-reducimgliions) and assumed the generation
of a mixed Ca(ll)-Pu(V)-surface complex, formingtween the Pu(V)&OH), species and

the positively charged, calcified silanol groups eapressed in Equation (26).
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>SiOH + 2 C&" + P{* + 6 H,0 — >Si(0OCa)OHPUQ(OH), + € + 9 H (26)

The surface density of available sites were adjustegive a good representation of data
obtained in concrete and mortar equilibrated systab200 gdm S:L ratios. Calculated R
values (3.8-10dntkgtat pH = 12.2 and 6.9-1@n’kg™ at pH = 12.4) were found to be in
relatively good agreement with the experimentaladaionetheless, the assumptions
considered in the modelling exercise were not stpdddy any experimental characterization
results and the in-solution oxidation of Pu(IV) kithe subsequent surface complexation
involving the Pu(V)Q(OH),™ species could not be explained either. Thus, tmasbof the
comprehensive modelling attempt and its justifmattannot be taken as reliable. Since redox
potentials were not assessed systematically duhegsorption experiments with Pu, the
expectedly faster and stronger sorption of Pu(IMpdhe available C-S-H phases could have
possibly taken place rather than sorption of PufMj its lower effective charge. On the
other hand, the nature of the uptake process (axbum be a rapidly reversible surface
sorption) was not underlined either by any expentaleevidence. This is again strongly
questionable in the context of the available meismarior Ng** sorption onto C-S-H phases,
where irreversible sorption was stated? [112]. @mws1g the lack of experimental details,
data provided by Bastagt al. can only be taken as orientative estimates.

Figure 4 shows an overview on recommendgd/&ues for Pu(lV) (An(IV)) sorption onto
various cementitious materials as function of teenent degradation stages. In view of all
available data, the value of approximately d6vkg™” reported by Wieland et al. [13, 113] for
stage Il seems to represent a realistic average.
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Figure 4. Reported data on distribution ratios for Pu(IV)(IW) uptake by various hydrated

cement phases with regard to the state of the cedegmadation process.

1.3.4.2 Cement—An(lV)—-ISA systems

Complexing ligands in general could cause severagsses that will influence positively or
negatively the (ad)sorption of radionuclides onjalidated cement phases. These processes

can occur separately, but (likely) also simultarsiyu

Complex formation in the aqueous phase

Formation of mixed ligand-radionuclide-surface céemps
Non-competitive adsorption of the ligand onto aafalé surface sites
Competitive adsorption of the ligand onto availatleface sites

Surface precipitation of the ligand onto the av@éasolid-liquid interfaces

2 T o

Precipitate formation of the ligand with the radichde
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Concerning the above raised points and the cuyrenilable literature data, the impact of
ISA on radionuclide uptake by cementitious materialmostly limited to complex formation
with cationic radionuclides in the aqueous phasaigmg reduction in the associated R
values). As for anionic species, Pointedial. demonstrated that the adsorption of ISA onto
C-S-H phases is a competing reaction to the adsarpf Se@® in cement paste suspensions.
This implies that the adsorption processes offtertegatively charged species take place on
the same type of surface sites on the C-S-H phases.

Literature data on the Cement-An(IV)-ISA systeme atmost completely constrained to
studies dealing with Th(IV) (see Section 1.3.4fR2the discussion of these data). The only
work involving other tetravalent actinide than T)with Pu) was published by Baston and
co-workers [120].

1.3.4.2.1 Cement—Pu(IV)-ISA system

Prior to their investigations with ISA, Basten al. assessed the sorption of Pu(lV) onto the
crushed and sieved (OCP based) hydrated concrdtmartar powders at highly alkaline pH
and various S:L ratios [120]. (for further detagse Section 1.3.4.1) Under analogous
conditions, Bastoet al.also conducted identical sorption experimenthegresence of ISA
with a total ligand concentration of 2:4M to study the effect of the ligand on the uptake
Pu by different materials. Detectedy Ralues on concrete (quantified after performing
centrifugation and filtration steps) were foundo® significantly decreased by the ligand, to
the level of R = 68 — 190 drikg™ under highly alkaline conditions with pH ~ 12.éBe
results indicate a large sorption reduction fa¢ky), as expressed in Equation (27) for ISA
with an approximate value of ~ 2@t 20 gdri¥ and [ISA]y = 2-10° M) on Pu(lV) uptake

by the hydrated concrete powder:

Fred = Ra,in / Rd,isA ) (27)

where R is the determined distribution ratio for Pu in tiesence of ISA andgfga is the
value collected under identical conditions with fiItesence of ISA in porewater (at [ISAE
2-10° M).

Data interpretation was attempted using of the &tynestablished DLM with SCM models
(validated in the absence of ISA), involving aniiddal complexation equilibrium for Pu(V)

interaction with ISA in solution, as expressed gquEition (28):
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PU"™ + ISA”"+ 2 HO o PU(V)QISA 5 + 6 H + & (28)

The overall stability constant related to Equati{®8) was fitted during the modeling exercise
of the sorption data. Calculated, Ralues were in good agreement with the experiniignta
determined ones. Just as in the absence of ISAxrpdtentials in the solution were not
measured and the redox state of Pu was not characteeither at any stage of the sorption
experiments with the ligand. In this respect, pgasscontributions of Pu(lV)-ISA species to
the quantified total Pu-contents in solution cari®excluded (and should even be expected).
Hence, the reliability of the established surfacenplexation model and its applicability
under any conditions other than the investigategisas highly uncertain. Regardless of the
latter observation, Bastat al. demonstrated the strong sorption reduction capiabibf ISA
towards Pu, providing experimentally determingdvRlues and sorption reduction factors for
the ligand under highly alkaline conditions in {re@sence of (OPC based) crushed concrete
material.

Important to note that the derivededvalues for ISA at the applied [ISA]= 2-10° M
concentrations are close to the sorption redudactors reported by Bradbust al. (Freq =
2-10 at [ISAlt= 10% M) calculated using the model for the Pu(IV)-OHAISystem
provided by Moreton and Greenfiedd al. [91-93], under reducing conditions related to the
state Il of cement degradation process [85]. Thimts out the possible predominance of
Pu(IV)agisobspecies throughout the experiments performed IsyoBat al. and again strongly
questions the reliability of the established modelolving the presence of Pu(@4korb

species.

1.3.4.2.2 Cement-Th(IV)-ISA system

One of the first studies on the cement-Th(IV)-ISAtem was reported by Holgerssenal.
[121]. Within their work, the authors investigatdek impact of ISA (in pure form and also
within cellulose degradation leachates) on Cs(ijlilNPm(lll) and Th(IV) sorption onto and
diffusion into hydrated cement pastes. A synthi&ggsh concrete porewater was prepared by
dissolving NaOH, KOH in Milli-Q water and saturatedth portlandite to set the Ca(ll) total
concentration in solution at a constant level (#-M). Sorption batch experiments were
prepared (under Natmosphere) using a crushed and sieved ordinatiaRd cement powder
(with the average size fraction of d = 63 — 128) at a constant S:L ratio of 50 gdmA

pre-equilibration time of 3 months were allowed fbe cement pastes with the synthetic
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cement porewater before the supernatants werecegphaith identical porewater solutions
containing the radionuclides and the organic adeti The total concentrations of ISA in the
porewater solutions were 3-10 at pH = 13.40, 5-1OM at pH = 13.42 and 2.7-TM at
pH = 12.67, all with a final [Ca(Il)} value below 18 M. Samplings were systematically
performed up to a contact time of 3 months. Quiation of total radionuclide concentration
in solution was assessed by liquid scintillatiorurtiing (phase separation method not
reported). R values for Th(IV) uptake by HCP in the absencéS# were found to be high
(below the level of the detection limit, denoting R 1¢® dnkg™). ISA appeared to have a
significant effect on Th(IV) sorption onto HCP: TWJ total concentrations in solution with
[ISAliot = 2.7-1C¢ M remained high throughout the entire samplingiquer showing a
constantly reduced fralue (R = 10 — 20 drikg™, Feq ~100) for the uptake by the hydrated
cement pastes.

The uptake of Th(IV) by HCP and various C-S-H plasethe presence of ISA at pH = 13.3
(corresponding to state | of HCP degradation pmcesing the APW as discussed previously
in Section 1.3.4.1) was reported in multiple stachg the PSI team [13, 57, 61, 104]. Before
conducting the uptake studies with Th(IV), Wielatdal. also assessed the stability of HCP
in the presence of ISA, to determine the dissotutdd Ca-bearing hydrated cementitious
phases with regard to the total ligand concentnatio solution [104]. For sorption
experiments with HCP, the average size-distributrantion d < 70um (Brunauer—Emmett—
Teller surface area using.Nyas: N-BET surface area = 46 + 4°gt) was applied at S:L
ratios of 0.1 and 5 gdrhfrom the crushed and sieved cement solid phas(GE2.5 N
HTS) and was let in contact with the filtered AC®¢,pH = 13.3, | = 0.3 M (under controlled
N, atmosphere) in the presence of ISA with° M < [ISA]: < 0.3 M. Analogous sorption
experiments with synthetic C-S-H phases were asolucted by Wielandt al, investigating
the effect of Ca:Si ratio on the uptake of Th(IMB]. These phases were also used in the
course of experiments with ISA at 0.1, 1 and 10 §@rL ratios. The stability tests with ISA
and HCP were conducted at a slightly higher S:lorait 12.5 gdr.

In order to avoid precipitation of Th(m,hyd), Th(IV) was introduced to the sample k&va
initial total concentration (in the range of £0- 10® M). Up to 1 month of equilibration time
was allowed for all experiments. Quantification bia, K, Ca, Al, Si and S total
concentrations was performed by ICP-OES, whilst &msessing thé®Th(lV) total
concentrations, gamma counting and LSC was appdftdr a phase separation via

ultracentrifugation (at 95'00Q for 1 hour). Special care was taken during thentjfieation

45



of Th(IV)-content to account for the amount of tfaliotracer sorbed on the walls of the
storage vials.

Wieland et al. showed [104] that the effect of ISA on the chermicamposition of the
porewater (concerning [Ca(H)] and pH) in contact with the OPC paste can be nhedidly
assuming portlandite solubility equilibrium togethgith the formation of Ca(ll)-ISA-OH
species in solution (for [ISA}= 10° M — 10° M, [Ca}, Was ranging from 1.6- 10to
2.8-10° M). Based on a chosen limit of weight reduction thre HCP fmax= 5 w/w%), the
authors set the maximum “allowed” total ISA concatibns (to be applied for the sorption
experiments) at TOM with a S:L ratio of 0.1 gdfhand at 5-16 M with a S:L ratio of 5
gdmi™.

Sorption data collected in the HCP systems werastinguishable from those of the
experiments conducted with synthetic C-S-H phadegicting the key role of C-S-H phases
in the uptake process of tetravalent actinides.

Th(1V) total concentrations in solutions were rekadly enhanced when M < [ISA]w:
was present in porewater. Thus, a “no effect camagan” of 10* M was assigned to ISA
under conditions related to state | and Il of tleenent degradation process with regard to
An(IV) uptake by HCP [13, 122]. Although Ca(ll) &tconcentrations and pH conditions
were different within the two studiesy Ralues obtained by Holgerssenhal. (especially for
2.7 10° M [ISAtet pH = 12.67, [Ca(ll)}; < 10° M and S:L ratio = 50 gdi¥) were in good
agreement with the sorption data of Wielatdl. [121]. However, the fading impact of ISA
on Th(IV) sorption with increasing equilibrationm& at lower total concentration of the
ligand (3-1C¢ M at pH = 13.40, 5-1O M at pH = 13.42) cannot fit in the overall trend
observed by Wieland and co-workers. The highertlwhidetection for the measurement of
[Th(IV)] «: performed by Holgerssaat al. using LSC could serve as a reasonable explanation.
Under the given conditions,qRalues higher than f@n’kg™ were not quantifiable in their
experiments and according to the dispersion ofdéta set reported by Wielamd al, these
values are predicted to lie in the range of 0.94® dnvkg™, which is then matching with
the data of Holgerssaat al.

Wieland and co-workers, observed a rather fasttikmdor the process,e. [Th(IV)] ot in
solution usually reached steady state value withidays, which hinted towards that the
sorption reaction mainly involves surface equibbrAs a consequence, it was concluded that
the uptake of Th(IV) and its complexation with 1&Aad Ca(ll) in solution are counteracting
reactions. Assuming the CaTh(QHPA).(aq) complex as the only predominating species in

solution, adapted from elsewhere [100, 103], théh@s reproduced the reduction effect of
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ISA on Th(lV) sorption in a semi-empirical way ugira simplified sorption model, as
expressed in Equation (29) [13, 104].

log Ry = log Ryjn-— log (1 8’12+ [CE]-[ISAT2AL[HH) (29)

where R, is the initial distribution ratio, describing TR} uptake by HCP in the absence of
ISA, f’12,1is the related stability constant of the solutspecies under the given condition
(adapted from [103]) and theterm (denoted as the “side-reaction coefficieatyounts for

the hydrolysis of Th(IV) as shown in Equation (30):
A=1+f14-[OH]* | (30)

wheref’; 4 is the hydrolysis stability constant for the fotroa of the Th(OH)(aq) species at
the certain ionic strength. Considering the preéwgihigh pH condition in solution, deviation
between the value @ and the free [TH] concentration is negligibly small.

The presented simplified model in the form of Equa(29) is based on a representativg,R
value and allows to quantify the reduction effettttee ligand on Th(lV) uptake by HCP,
through the formation of solution species with hgghbility. Within their presented model,
Wielandet al. did not implement the separate sorption of ISAodhe hydrated cementitious
phases (which decreases significantly ISA equiliioriconcentrations in solution at low
[ISAlw: applied) and furthermore, the formation of CaQ@IH-ISA and the binary
(Th(IV)-ISA) complex species were also neglected, [ISAT] was set equal to [ISA]
(which again causes high deviations with regardth® existing free concentrations of
C&(aq) and ISAions).

Collected Th(IV) sorption data with ISA and HCP wade to be successfully modelled by
Equation (29), only when the initialqR was set to 6-fodntkg™” (as supported by uptake
measurements carried out at a S:L ratio of 0.01"Yd@onversely, using & with a value of
3.5 10 dntkg?, quantified in the ISA-free systems at S:L rati®40 gdnT, the sorption
reduction effect of ISA was overestimated by orgeonf magnitude with increasing [IS4]
in solution. As the sorption studies on Th(IV) Umaby C-S-H phases also suggested the
lower Ry, value to be used within the model, the authorsril®sd such deviations by a
potential surface complexation reaction. The reacsupposedly involves Th(IV) and ISA,
additionally delimiting the dissolution of Th(IV)104].
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Felipe-Sotelo and co-workers also studied the eftdcISA (within generated cellulose
degradation products) on Th(lIV) uptake by NRVB mateand also separately by its
individual components: OPC, limestone and hydréited [123]. Porewater was generated by
equilibrating the powdered NRVB material with deimed water at S:L ratio = 20 gdhfor 8
days. Ca(ll) total concentration was determinelded8.7 + 0.1)- 16M and pH = 12.8 — 12.9.
Cellulose degradation leachate was prepared byhgikeionized water with cut-up Kimwipe
tissues and powdered NRVB material in a stainléssl sanister and put as closed in a
heating-oven for 30 days at 80 °C. The amount Afwsthin the CDPs were quantified to be
1.5-10° M. The yielding leachate had a similar final cheahicomposition as the porewater
itself: pH = 12.7 — 12.8 and [Ga]= (8.6 + 0.2)-18 M.

Sorption experiments were performed at a S:L mitie 2.4 gdrit by mixing the porewater or
the CDP leachate with crushed and sieved (averagefmaction of d = 250 — 50Qm,
N,-BET surface area = (17.07 + 0.12fFgf) NRVB material which was followed by the
addition of the radionuclide (Th(N{). An equilibration time of 8 days was allowed &t
sorption experiments. Total concentrations of Th(iMere quantified by ICP-MS after a
filtration step (0.22um membrane).

As the individual sorption data of CDP leachatethwie NRVB material did not show any
distinct trend, the authors did not account for lties of ISA in the subsequent experiments.
Th(IV) sorption data showed significant retentiarthe presence of OPC and NRVB material
as well with R ~ 6-16 dntkg® and 4-10 dntkg’, respectively. However, observations
revealed that the main sorbing solid phase withiRVB is the OPC and the other
constituents: limestone flour and hydrated lime@indilute the effect of the latter phase,
causing a slightly lower uptake for Th(lV). CDPspepred to have only a small impact on
Th(IV) sorption onto OPC and NRVB material with dgwdetected R values of 1.9 —
3.710°dm’kg ™. These determined distribution ratios (depictinspeption reduction effect of
Fed ~ 2) at the given [ISA}= 1.5-1G° M for Th(IV) uptake by OPC are found to be
significantly differing from the values previoushgported at [ISA};= 10° M with Ry ~
10°dm’kg™® (Feg ~ 100) [104] and also from the data provided bylgdmssonet al. at
[ISAlt= 2.7-1¢ M with Ry ~ 20 dntkg? (Fea ~100, not well-defined) [121]. An
unambiguous explanation for the observed discrapangas not provided by Felipe-Sotelo

and co-workers.
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In the general context of studies on cement-An(84A- systems, dealing with radionuclides
strongly sorbing onto HCP with simultaneously ocig stable complex formation
reaction(s) in solution, it can be concluded tlnat éxperimental window for the assessment

of such a system is rather narrow [13]. It is fotmdbe limited by many constraints, such as:

1. Maximum quantifiable Ri, in the absence of the ligand. This is influencgdtte
maximum total initial concentration of the radiohde to be introduced into the
system (hereafter denoted as [An(k)hs well as by the performed phase separation
method coupled with the detection limits of applethlytical techniques.

2. Optimum total ligand concentration and S:L ratidb®applied, without affecting the
composition of HCP and still maintaining the freencentration of the ligand at a
considerably high level.g. sorption of the ligand onto HCP shall not be tgteersive
or it has to be accounted for under identical comas as in the ternary system)

3. Solubility of the An(lIV) under the given conditianghis sets the theoretical
maximum value of [An(IV)], in order to assessqyRalues which are purely related to
sorption (reduction) processes. (It is also impdrthat below saturation level, surface
precipitation can be still withessed.)

4. Allowed equilibration time. Whilst the sorption pesses of tetravalent actinides onto
HCP are kinetically fast reactions, complexing tida tend to prohibit and slow down

this reaction.

The final interpretation of sorption data collected Cement-An(IV)-ISA systems, as shown
by the literature data on the Th(lV) uptake studstsongly relies on the solution speciation
scheme applied for the Ca(ll)-An(IV)-OH-ISA systas well as it is also highly dependent
on the correct assessment of the binary sorptioililega with regard to the Cement-An(1V)

and Cement-ISA systems.
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1.4 Definition of Objectives

This study aims at providing a fundamental and tjtaive description of the system cement-

Pu-ISA under conditions relevant in the context miclear waste disposal. Performed

ex

co

periments were either solubility- or sorptiongymf investigations. The study is

nceptualized following a bottom-up approach,tstgrwith a redox study on Pu, building-

up with the binary system Pu-ISA (in absence amggmce of Ca(ll)), and concluding with

the ternary system Cement-Pu-ISA, where the ledgamst in steps | and Il are implemented

(and strictly necessary) in the interpretationhaf tesults:

1.

50

Solubility and redox behavior of plutonium in akaline, reducing aquatic systems
(Chapter 3.1)

This part of the study aims at reducing uncertamtffecting the redox chemistry and
solubility of Pu under reducing, alkaline conditsorA special emphasis is given to the
characterization and assessment of Pu redox staéegieous phases as well as within the
solubility controlling solid phases. As a very innfamt milestone of this part of the PhD,
this solubility study intends to set the proper dbag for the interpretation of later

solubility experiments in the presence of ISA.

Solubility, speciation and redox chemistry of Puin the presence of ISA under
reducing, alkaline conditions(Chapter 3.2)

The solubility of Pu in the presence of ISA wasestigated under reducing, alkaline
conditions in a comprehensive approach includimgsystematic variation of pHand ISA
concentration. In combination with extensive soptiase characterization and DFT
calculations, this study aimed at providing reaidPu solubility upper limits in the
presence of ISA under repository-relevant condgiand, further, to derive chemical and
thermodynamic models for the systent P@U*—Na'—ISA—CI—OH—H,0(l). Because of
the direct implications in this solubility studyutbalso considering its relevance in the
context of waste disposal, the stability of ISAalkaline, reducing solutions was evaluated

using different techniques within a timeframe ofears.

Solubility, speciation and redox chemistry of Pun the presence of ISA and Ca(ll)
under reducing, alkaline conditions(Chapter 3.3)
Building-on the solubility study targeted in theepious chapter, this study aimed at

evaluating the impact of ISA on the solubility afl ih the presence of Ca(ll)e. under



conditions representative of cementitious syste@se of the main motivations is the
possible formation of quaternary complexes Ca(l¥)—-OH-ISA, which may
importantly enhance the solubility of Pu and thavdér been controversially discussed in
the literature for the analogue system with Th(IVhe final goal is the development of
chemical and thermodynamic models for the systenvelehemical and thermodynamic
models for the system PuPU*—Na-C&'—ISA—CI—OH-H,O(l), which can be
implemented in thermodynamic databases (TDB) amtlgamical calculations within
boundary conditions of relevance in the contextuaflear waste disposal (and in particular

in the framework of cementitious systems).

. Uptake of Pu by cement in the presence of ISAr{d Ca(ll)) under reducing, alkaline
conditions (Chapter 3.4)

This study focused on the conditions simulatingg8tdl of the cement degradation
process. Investigations were conducted in a step-approach: firstly targeting the binary
systems Cement-Pu and Cement-ISA, and finally #reaty system Cement-Pu-ISA.
Initial experiments on the Cement-Pu system wesigased to set the baseline for the
uptake of Pu by the ordinary Portland cement ph@sgotion of ISA onto the cement was
assessed separately with the aim of quantifyingctiveentration of ligand remaining in
solution.

Aside from the sorption experiments, the formenyided thermodynamic model on the
Ca-Pu-OH-ISA system was also tested by a newly ucted solubility experiment series
in order to verify its validity range concerningetiparameters related to Stage Il of the
cement degradation process.

The evaluation and modelling of the Cement-Pu-ISysteam benefitted from the
guantitative descriptions and models set for theafyi systems as well as from the
thermodynamic model on the Ca-Pu-OH-ISA resultiryf the comprehensive solubility
study. A special emphasis was put on the reveityilaf the observed sorption processes
and also on the redox speciation of Pu prevailmgdrious systems. The final aim is to
provide experimentally determinedyRvalues and accordingly calculated sorption
reduction factors (k) representing the effect of ISA on the uptake wftl cement. Due
to the complexity of the system investigated, #tigly targets the development of a semi-
empirical model describing the sorption of Pu ie goresence of ISA under reducing

conditions simulating stage Il of the cement degtiad process.
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2 Experimental

Experiments involving plutonium were performed esializeda-laboratories within the
controlled area of KIT-INE. All experiments werespared, stored and executed in controlled
gloveboxes afl = (22 + 2) °C under Ar-atmosphere with, @oncentration below 2 ppm,

except otherwise indicated.

2.1 Chemicals

All solutions were prepared with ultra—pure watasrified with a Milli-Q apparatus
(Millipore, 18.2 MQ, 22 + 2 °C) and purged for several hours with Afdoe use. The Milli—
Q water used for the preparation of ISA stock sotutvas further boiled for several hours
with simultaneous purging by Ar gasgtiZ-NO3S (CHES; p.a.), diethyl-ether {&,00, p.a.),
NaCl (p.a.), NaOH (Tritrisol), KOH (p.a.), HCI (Tisol), Na&S;04 (> 87%), hydroquinone
(p.a.), Propan-2-ol (> 99.9 %, for spectroscopy @&bl) xylene (isomeric mixture, p.a.) and
toluene (p.a.) were obtained from MerckHzNOs—C4H11NO3- HCI (TRIS-TRIS-HCI; p.a.)
and Snd (p.a.) were purchased from Sigma—Aldrich. 1-phéhghethyl-4-benzoyl-pyrazol-
5-one (PMBP) and Di-(2-ethylhexyl)-phosphoric a¢HDEHP) were obtained from Fluka
(purum). Carbonate impurities in fresh 1.0 M NaGHtr{sol) were quantified as (3 + )0

M using a Shimadzu TOC5000 equipment. Ca(blg)[CaG2H»,0,5 was purchased from
Alfa Aesar. NalSA(s) was generated by an ion exghamethod from commercial
Ca(ISA)(s) using an ion exchange resin (Chelex® 100, Marfdsigma Aldrich, analytical
grade purity) and diethyl-ether {800, ACS reagent grade, VWR BDH Prolabo®). A
detailed description of the synthesis, purificateord characterization of NalSA(s) is provided
in the Appendix (Section 5.2). The resulting NalS#ck solution applied throughout the
present work as well was characterized as (0.1®2)0M NalSA at pH, = 8.9 with an excess
of 0.18 M NaCl.

The isotopic composition of Pu stock solution aalidsphases applied in this study was 99.4
wt. % 2*?Pu, 0.58 wt. %°%Pu, 0.005 wt. %5°%Pu and 0.005 wt. %"Pu. The use of the long-
lived **?Pu isotopet(, = 3.7510° a) avoids redox processes induced by radiolygis st
Hydrated cement paste rods were obtained from thedSh Nuclear Fuel and Waste
Management Company (SKB). The specimens were cdsbead a mixture of Swedish
structural Portland cement for civil engineeringe@ | 42.5N BV/SR/LA) and deionized
water at a water-to-cement weight ratio of 0.5. i@ical composition of the cement as

provided by the manufacturer is listed in Table 3.
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Table 3. Chemical characteristics of Swedish CEM | 42.5NSR/LA

Chemical

formulation C2C SIQ Al,Os Fe03 MgO NaO KO SG  Cl

w% 64 222 3.6 4.4 094 007 072 22 0.01

2.2 Measurements of pH and E

Combination pH—electrodes (type Orion Ross, TheBuentific), freshly calibrated against
standard pH buffers (pH = 3 — 13, Merck) were usedetermine the total free concentration
of proton in molar (pkl= —log [H']) or molal units (pk = —log ny"). In aqueous solutions of

ionic strengthl,, > 0.1 molkg™, the measured pH value (pb) is an operational, apparent

value related to gt ([H']) by pHn = pHexp + Am (PHe = pHexp + Ac), Where A, (Ao) is an
empirical parameter including the activity coefiost of the protony(") and the liquid
junction potential of the electrode for a given kground electrolyte and ionic strength (and
temperature, pressure). The empirical Ac) values for NaCl were taken from the literature
[124]. In NaCl-NaOH solutions with ga— > 0.03 m, the Hconcentration was calculated
from the given my- and the conditional ion product of watd€ () at the ionic medium
concentration used in the experiments. The lattas walculated from the standard state
constant K°,) extrapolated by the SIT approach using the paemmerom NEA-TDB
compilations [9]). In general, experimental pH \eduelated to solubility studies are provided
in molal units as pH, whilst in the course of the sorption part, these displayed in molar
units, denoted as pH

The redox potential was determined with combinedoPtAu and Ag/AgCl reference
electrodes (Metrohm). The measured potentials wemverted to E (versus standard
hydrogen electrode: SHE) by correcting for the pbo# of the Ag/AgCl inner-reference
electrode with 3 m KCl and T = 22 °C (+207 mV), \&lues were finally transformed to the

negative logarithm of electron activity, pe = —®gaccording to Equation (31):
En=-RT In(10) Flloga- (31)

where R is the ideal gas constant (8.314460>K™), F is the Faraday constant (96485.33
C:mol™) and a is the activity of the electron.,Evalues of the solutions were collected

following the protocol described by Altmaiet al. [125], which involved approximately 15
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minutes of equilibration time. Sufficiently stablg readings were obtained in HQ- and in
many of the Sn(ll)-containing samples, when theohlte drift of the electrode was observed
to be < 0.5 mV/min after the indicated time. Theenmainty of k values collected within 15
mins of equilibration time ranged between £ 15 &ar80 mV (calculated asc2of repeated E
readings). E measurements in Sn(ll)-buffered systems with,pH 11 normally required
longer equilibration times. This is mostly due e sparingly soluble Sn(ll)-oxides and -oxy-
hydroxides forming in these conditions[126] (SnQ(ar SrOgH4(S) / SBO4(OH)4(s)), and
the accordingly low Sn(ll) total concentration wigion. For these critical samples, &lues
were collected repeatedly with increasing equitibratimes (15 minutes, 1, 2 and 6 hours).
Longer equilibration times resulted in significantbwer absolute drift of the redox potential
(< 0.08 mV/min), leading also to clearly lower nuroal deviations in the measured values
(10 to £ 16 mV, calculated as df repeated freadings, see Table 7 in Section 3.1.2.1).
This was considered to be a satisfactory comprotre$eeen the accuracy of thg feadings

and the time-frame of the solubility experiments.

2.3 Pu solubility experiments

The solid phase, Pyam,hyd) used throughout the entire study was ety prepared at
KIT-INE facilities in 2006 and stored to date undentrolled Ar-atmosphere. The plutonium
used for the preparation of the solid phase cansisan isotopic composition of 99.4 wt. %
242py, 0.58 wt. %6°%Pu, 0.005 wt. %63%Pu and 0.005 wt. %"Pu. The original solution was
purified from the daughter nuclides and characgeriayo—, y—spectrometry and inductively
coupled-mass spectrometry (ICP—-MS). The resultingst®ck solution (in 1.0 M HCIg
containing a mixture of different oxidation stat@&gs quantitatively reduced on a platinum
cathode at Biode= — 0.2 V to Pu(lll) followed by a partial oxidati to Pu(lV) at Broge= +
0.8 V. UV-Visible / Near Infrared (UV-Vis/NIR) speoscopy revealed a ratio for BiPu**

of approx. 3:1 in the final solution. Slow additiaf 0.10 M NaOH vyielded a dark green
precipitate of Pu(lV)-hydrous-oxide, which was wadlseveral times with water and stored
in 0.1 M NaCl for two weeks. The precipitate wasrttdistributed to 6 samples, 0.1 M NaCl
solutions with 3< pH < 6. After the initialization of the experimentseteamples have been
regularly monitored for pH, {Evalues and Pu concentrations after 10 kD ultrafitbn (pore
size~ 2 nm) (Nanosep ®, Pall Life Sciences). The vest kampling of this series was
conducted in the context of the current study asrdesponds to an equilibration time of 2886
days (7.9 years). For the determination of the xesiate distribution of Pu in selected

samples of the latter series, a certain liquiditigextraction method [5] and capillary
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electrophoresis hyphenated (CE-) sector-field-IC8-Mchnique was applied (see Section

2.5.2 and 2.5.3, respectively).

2.3.1 Experiments under alkaline, reducing conditions

Two series of batch experiments were preparedrtiffan the redox conditions, which were
either buffered by 2 mM hydroquinone or Sn(ll). Thmmer defines mildly reducing
conditions (pe + pKH ~ 9.5) where Pu(lV) is the only oxidation stateRaf in the system.
Whilst, in the case of applying Sn(ll), redox pdials were adjusted close to the border of
water reduction (pe + pkt~ 2) [127, 128]. Owing to the large uncertaintireghermodynamic
data available for Pu aqueous species and compdonatiéing in these alkaline and very
reducing conditions, both Pu(l}qand Pu(IVyaq might be stable (relevant) in the samples
buffered with Sn(ll).

lonic strength was maintained constant in all #w@ges with 0.1 M NaCl-NaOH solutions.
In both series (hydroquinone and Sn(ll), pMalues of the matrix solutions were adjusted
between 8 and 13. Systems atypH8 and 9 were buffered with 20 mM of TRIS and GHE
respectively. Whenever necessaryphkhs further adjusted with HCl and NaOH solutiohs o
same ionic strength. After achieving constant megsliof pH, and E values (within the
related given uncertainties), Px(@m,hyd) solid phase was added to the system.

The aged Pu solid phase ( ~8 years) at, ptb.93 was newly characterized for this study
using powder X-ray diffraction (XRD), X-ray Photeetron Spectroscopy (XPS) and X-ray
absorption near edge spectroscopy (XANES) (seadbe2i6). Approximately 0.2 mg of this
solid phase were added to each of the batcheggarlamount (ca. 1 mg) was added to four
selected samples with pH= 9 and 12 (of both hydroquinone and Sn(ll) sysieaiming at a
later solid phase characterization.

Subsequently to the introduction of the Pu solihg@s, pH, E, and m(Puy; of all the
samples were regularly monitored. (Characterizapoocedures performed to quantify Pu
total concentrations in the aqueous phase areletktén Section 2.5.) After reaching
equilibrium conditions (constant pHE, and m(Pu);, with an allowed equilibration time of
150 d), selected solid phases from the solubilgyies in hydroquinone and Sn(ll) were
characterized by XPS, XAFS anmdsitu XRD as described in Section 2.6.
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2.3.2 Experiments in the presence of ISA: Pu—ISA system

The system Pu-ISA was investigated in four expemtadeseries with a total of 34
independent batch samples. Redox conditions weneysesing 2 mM of either HQ (with pe
+ pHy 09) or Sn(ll) (with pe + pH O01).

In the presence of each redox buffering agent, $enes of solubility experiment were

prepared:

a. pHm was varied from 8 to 12.9, and [ISAF constant = 18 M. For the HQ system,
an additional series with [ISA]= 0.01 M was prepared.
b. pHm = constant = 12, and [ISA]was varied from 10to 0.10 M.

Solutions with pH, = 8 and 9 were buffered with 20 mM of TRIS and G;lEespectively.
The ionic strength of the solutions was kept camséé 0.10 M NaCl, except for the sample
with the highest ISA concentration (0.10 M), wh#re individual ionic strength of the NalSA
stock solution set the overall ionic strength tslightly higher value| = 0.23 M. Whenever
necessary and before the addition of the Pu sbld, the piH values of the matrix solutions
were adjusted with HCI and NaOH solutions of saamaci strength. After achieving constant
readings of the pH andE;, values, approximately 0.25 mg of the initial, R)D.(am,hyd)
solid phase were added to the each individual bsachple. A larger amount (1.5 — 2.5 mg)
was inserted into six samples with pH 9 and 12 ([ISA] = 1T M) and with [ISA] = 0.10 M
(pHm = 12) (for both, HQ- and Sn(ll)-buffered systema)ning at a later solid phase
characterization. After the addition of the solidape, pH, En and [Pu}: were regularly
monitored for 90 days. (Characterization procedupesformed to quantify Pu total
concentrations in the aqueous phase are detailédleation 2.5.) Equilibrium conditions
(constant pH, En and [Pu: values) were attained within 30 days of contaneti

As a separate investigation, complementing the bddly study, stability of ISA under
alkaline, reducing aqueous conditions was als@deftetails can be found in the Appendix,
Section 6.3). All results unequivocally underlirteé stability of the ligand and its prevalence
in the free form within the boundary conditions kb Hence, trends (such as speciation
changes and complexation reactions) later to berebd can be clearly assigned to the the
ISA™ species itself, as the original structure andctimecentration of the free ligand as well are
proved to remain the same throughout the experiheaties.
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2.3.3 Experiments in the presence of ISA and Ca(ll): Ca—B-ISA system

The system Ca-Pu—-ISA was investigated in six ewpsrtal series of independent
undersaturation solubility batch samples (with ltet@umes of 25 mL). Redox conditions
were set by using 2 mM of either HQ or Sn(ll). Simins with pH = 8 and 9 were buffered

with 20 mM of TRIS and CHES, respectively. The ostrength of the solutions was kept
constant at 0.10 M with NacCl.

In the presence of each redox buffering agent,etlseries of solubility experiment were

prepared:

a. pH was varied from 8 to 12.4, [IS#]= constant = 1 M and
[Ca]it = constant = 0.01 M.

b. [ISA]w: was varied from 10 to 0.01M, pH = constant = 12 and
[Ca]ot = constant = 0.01 M.

c. [Calo: was varied from 30 to 210 M, pH = constant = 12 and
[ISA] ot = constant = 16 M.

Before the addition of the Pu-bearing solid phad4, values of the matrix solutions were
adjusted with HCI and NaOH solutions of same iostrength until attaining constant pH
and E,, readings. The concentration ranges considered#&gtl) and ISA was based upon
preliminary thermodynamic calculations, with thenadf maintaining constant ionic strength
(I = 0.10 M NaCl-NaOH-NalSA-Cag}l within the series and to avoid the unwanted
precipitation of Ca(ISA)s) and/or Ca(OHJs) phases. Although the saturation indices of
both solid phases in the conditions of experimeargee calculated to be negative, aliquots of
the supernatants (of selected systems with highdzdSA-contents) were further analyzed
for [Ca)wt (ICP-MS) and [ISAL: (NPOC) after two weeks of equilibration time priorthe
initialization of the Pu solubility experiments. &l cases, [Ca} and [ISA].: were found to
be identical to the initial values, thus confirmitng absence of any precipitation phenomena.
After achieving constant readings of ptand E,, approximately 0.25 mg of the initial,
Pu(lV)O,(am,hyd) solid phase was added to each individaalhbsample. With the aim of a
comprehensive solid phase characterization, lageunts (1.5 — 2.5 mg) were introduced to
selected samples with pH = 9 and 12 (for both, H@Qd Sn(ll)-buffered systems). The
structural properties and solubility behavior (e tabsence of ISA and Ca in solution) of the
initially used material are published elsewhere Hfter the addition of the Pu solid phase,

experimental parameters pHe, and m(Pu); of each sample were regularly monitored for 90
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days (characterization procedures performed to tgyaRu total concentrations in the
agueous phase are detailed in Section 2.5). Equitibconditions (constant pkl E, and
m(Pu). values) were normally attained within 30 days arfitact time.

2.4 Sorption experiments

The aqueous supernatants of all sorption expersnemre prepared by using synthetic
porewater. The solution, simulating Stage Il of teenent degradation process, was generated
by mixing the cement powder j(d< 100 um) and Milli-Q water after removing the alkali
content of the cement with a pre-washing step. Exyntal details on the preparation and
characterization of the porewater are discussegention 2.4.1. This leachate was then later
used (avoiding further dilution to the highest pblkes extent) in combination with the
original, dry cement powder (at various S:L ratif®) the preparation of all batch sorption
experiments involving Pu and/or ISA.

In order to assess the free ligand concentratiefiore performing investigations on the
ternary Cement-Pu(IV)-ISA system, separate batcptism experiments on the Cement-ISA
system were carried out. Aliquots of the formerlyaacterized ISA-stock solution (see
Appendix and reference [2] for more details) weddeal to porewater solutions and the ISA-
containing porewater was mixed with the dry, cenpawder at different S:L ratios and total
concentrations of ISA (see Section 2.4.3 for furthetails).

The series of performed sorption experiments inmgl**Pu can be separated into three

different cases:

a. binary, “Cement—Pu system” experiments,
b. ternary, “Cement—Pu—ISA system” experiments and

c. “Complementary experiments”.

The source of Pu was a Pu(VI) stock solution. Tahesweration of introducing Pu in its
hexavalent state to all sorption experiments wasesavoid oversaturation conditions for
Pu(lV) which may lead to the formation of colloidsppecies. The stock was prepared by
acidic dissolution of a NRWwO;XH,O(am) solid phase (~5 mg) synthetized and chaiaetér
formerly in-house at KIT-INE as reported elsewhgr29]. Details on the preparation of the
stock solution are discussed in Section 2.4.4. \éamgll aliquots of the diluted stock solution
(10 — 50puL) were introduced to the matrix solutions withwithout ISA and the hydrated

cement pastes.
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Two series of experiments were conducted for theargi system cement-Pu: “screening
experiments” and “redox experiments”. The initistyeening sorption experiments (Section
2.4.5) were conducted only in the presence of HQedsx-buffering agent. These batch
experiments aimed at assessing the kinetics ofsthption processes and the analytical
detection limit of Pu in the system with regarcattded initial Pu total concentrations ([Ru]
and to the S:L ratios to be applied for later irigagions.

The more extensive experiments on the binary, cefensystem, denoted as the “redox
experiments” involved the use of three redox-buffer solution: HQ, Sn(ll) and N&O.,.
Experimental description on this system is als@itet in Section 2.4.5. These experiments
served also for comparison purposes with regattléddQ-buffered case, where Pu(yis
expected to dominate speciation of Pu. Furthermoréae course of this investigation, at two
fixed S:L ratios and [Pwy]concentrations, the uptake of Pu(lll/IV) by thedhgted OPC phase
was evaluated to set general Wlues applicable to the specific conditions & firesent
study (in the absence of ISA, denoted ag)R

Series of sorption batch experiments on the tersgsiem Cement-Pu-ISA were conducted at
various S:L ratios and at two total ligand concations [ISAl= 10° M and 16° M in the
presence of the previously used redox buffers witb different orders of preparation.
Related experimental details are listed in SecBgh6. These investigations were aimed to
assess the impact of ISA on the uptake of Pu b€ pastes.

Preparation details on the complementary experisnaré discussed in Section 2.4.7. In the
course of these investigations, desorption experisneand undersaturation solubility
experiments coupled with sorption experiments wewaducted. Desorption experiments
were performed with selected samples of the HQevatf, well-equilibrated initial screening
experiments by replacing the supernatant solutwitts ISA-containing porewater solutions.
These experiments were intended to test the rdiigsspf the ternary system in the sense of
evaluating the potential incorporation processe$wflV) into the hydrated phases of the
cement pastes with extended allowed equilibratiores and its impact on the sorption
reduction capabilities of ISA.

As a complementary experiment, undersaturationbddju experiments were also prepared
by introducing the previously well-characterizedtiad, PuQ(am,hyd) solid phase (see
Section 2.3.1 and reference [1] for details) ite porewater solutions with ISA at different
total concentrations of the ligand. After reachewilibrium conditions, the validity of the
formerly established thermodynamic, solubility miode the Ca(ll)-Pu(IV)-OH-ISA system

was examined upon the collected data. The latesratgrl supernatants of these solutions
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were applied in the course of additional sorpti@peziments as well. These solutions were
mixed at different S.L ratios with fresh cement plew aiming at strictly investigating
sorption excluding the possibility of precipitatioha Pu(IV) solid phase.

In the course of all sorption experiments with Rusystematic sampling method was
followed. Related experimental details on the utaken procedures are discussed in Section
2.5.

2.4.1 Initial cement powder

The first step in the powdering process of the etk cement specimens was a manual
crushing. Further reduction of the particle sizes\aahieved by the use of an agate-ball (m =
0.50 kg, diameter of 70 mm) mill (®pulverisetteFditsch Gmbh) under ambient conditions.
Different particle-size fractions were gained thgbua continuous-flow, vibrational sieving
mill (®pulverisette 0, Fritsch Gmbh) equipped watainless steel sifters. The fraction with an
average particle diameter-size of, &k 100 um was used for all sorption experiments
performed (hereafter it is generally denoted as itligal cement powder) and for the
generation of the leached porewater solution ad (gahulating stage Il of the cement
degradation process, for further details see Se@id.2). The resulting powder was analyzed
by means of different solid and (after acidic digey liquid phase characterization methods,
namely: X-ray powder diffraction (XRD), X-ray phatectron spectroscopy (XPS),
thermogravimetric analysis coupled with differehtiscanning calorimetry (TG-DSC),
inductively coupled plasma-optical emission speatatsy and —mass spectrometry (ICP—
OES and ICP-MS). Experimental details on the appba of these methods are given in
Section 2.5. As the later data evaluation did nebive the use of thermodynamic parameters
related to the present cementitious phases witinenhlydrated pastes, the performed solid
phase characterization campaign was limited tayttaditative identification / detection of the
major phases (focusing mainly on Portlandite).

2.4.2 Cement porewater

For the synthesis of the cement porewater solutgdmulating Stage Il of the cement
degradation process, Milli-Q water (1.8 Yrnwvas combined with the powdered cement solid
phase at 25 gdmS:L ratio. The solution was systematically anatytafter a centrifugation
step at 4'02@ for 15 mins) for the prevailing pH condition ane thuantity of the major (Na,
K, Ca, Mg) and minor (Al, Ti, V, Cr, Mn, Fe, Co, NCu, Rb, Ba, Pt) component-
concentrations by ICP-OES and ICP-MS techniqueasiliagum conditionsj.e. steady major
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metal ion concentrations and constant pH value® wbserved to be reached within 1 week
of contact time.

This initial leachate, after one month of allowedntact-time, was separated via
sedimentation from the HCP and replaced with fidgh-Q water to gain the final porewater
solution.

For the generation of sorption experiments, variam®unts of the newly gained porewater
were firstly separated from the main stock andrdeged (at 4020g for 15 mins) for the
removal of unwanted cement particles. The resultiegr supernatant solutions were serving
as the porewater (liquid phase) in the course lodaption experiments performed. The pH
value of this solution was frequently measured #&ngas also analyzed for the minor and
major elemental components in solution as wellasTOC/TIC contents. A small quantity
(~0.1 g) of the cement phase in equilibrium wita gorewater was taken in a suspension and
separated by centrifugation (at 4'0gdor 15 mins) after ~10 months of equilibration time
(after the preparation of the sorption experimeritg)dration stoppage was achieved with
propan-2-ol and the dried powder was characterimedheans of XRD, XPS and TG-DSC

methods (see Section 2.6 for details).

2.4.3 Cement-ISA system

The uptake of ISA by the OPC paste used in thidystuas investigated in two series of
independent batch experiments (withyy = 5 cnt and 11 batches in total). In one case, at a
constant S:L ratio of 4 gdfy [ISA]i: = 107 103 10% 10° M were set and in the other, at
fixed [ISAli: = 10° M, S:L ratios of 2, 4, 8, 15, 20 and 50 gdmere applied. Furthermore,
to assess the organic carbon content leaching tihentdCP (originating from the presence of
various additives in the material), an analogougsef experiments with identically set S:L
ratios was also prepared in the absence of ISA.

The pH conditions were systematically monitoreddibsamples. After 7 days and 14 days of
allowed contact time for the ISA-containing expegiits, aliquots of the supernatant solutions
subsequent to a centrifugation step performed '@04g for 15 mins) were pipetted in
diluted HNQ solutions (2 w/w%) and were analyzed for non-palde organic carbon-
content (NPOC) by the use of the previously applddmadzu TOC5000 instrument. To
assess the proper background organic carbon comedated to impurities within the HCP),
bigger volumes were analogously separated fronexiperiments without ISA and measured
for NPOC.
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As the main condition of interest for the Cemen#84 system was at 2 gdinS:L ratio, the
sample with [ISA}:= 0.01 M concentration was characterized ¢gt=t14 days) more
extensively to ensure the retainment of Portlanditethe system at high ISA total
concentrations. The supernatant was also analyzeddjor (Na, K, Ca, Mg) and minor (Al,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Rb, Ba, Pt) compotieancentrations by ICP-OES and ICP-
MS techniques and furthermore the treated cemdidt [gioase was retrieved by centrifugation
(hydration stoppage was achieved by the use ofgor@pol) and characterized with XRD,
XPS and TG-DSC techniques as described in Sectén 2

2.4.4 Pu(VI) stock solution

The source of Pu was an acidic stock solution dvByorepared by the dissolution of an
electrochemically synthetized PRLO,XH,O(am) solid phase. (Details on the exact
preparation procedure and the characterizationltsesti the latter solid phase are reported
elsewhere [129].) A small quantity of this solidggke was compacted and separated from the
supernatant solution (0.005 M NaClO in approx.N.BlaOH) via four centrifugation steps at
(4020 g for 15 mins). The paste was washed with a NaOHtisolwf pH. = 11 (300uL) to
remove the hypochlorite-content of the remainingesoatant. After an additional separation
by centrifugation (at 4'02@ for 15 mins), 1.50 cfhof 0.01 M HCI solution was added to the
solid phase and it was further titrated with 1.00H@I solution until complete dissolution
(total volume required: 110L). In order to maintain the strongly acidic comalis within the
stock (pH = 0.72 — 1.2), 18QL of the 1.00 M HCI were added to the solution. Tésulting
stock solution was characterized and further moaitoby means of spectrophotometric
measurements, in the wavelength range Agf 200-1020 nm using a UV-Vis-NIR
spectrophotometer (Carl Zeiss AG, MSC-500 systamabtk-beam instrument). Measurement
of the sample (in PMMA cuvettes with 1 cm light4pdéngth, Brand Gmbh & Co.) within the
glove-box under protective Ar-atmosphere was embllg an optical fiber and a mobile
sample-holder (Harrick, FiberMdt8). Data collection was performed in a single-beacuey
with 0.1 nm data interval at a scan-rate of 50 nninand a slit-width of 0.5 nm. Baseline
correction was executed using the spectra of a¢ureference solution with identical ionic
strength and acidity. Recorded spectra were nall ésequantification purposes, but only
served as a qualitative identification of prevajliredox states of Pu in the stock solution
before and after the preparation of the sorptiopeements ¢;= “0 d” and 1.2 years,
respectively). Final total Pu concentration of sheck solution after dilution with 2 % HNO
solution was quantified by ICP-MS and LSC methadsdescribed in Section 2.5. Details on
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the preparation and characterization results ofrntlan stock solution is provided in the
Appendix (section 6.4). The Pu(VI) stock solutioasadiluted for further use and aliquots of
the less concentrated stock solutions were intrediio batch sorption experiments to reach

an approximate total initial Pu concentration 002br ~10° M.

2.4.5 Cement—Pu system

Experiments on the binary cement-Pu system careparated into two series: “screening

experiments” and “redox experiments”.

Screening experiments

In the course of the screening experiments (1lviddal batches with total aqueous phase
volume: Vi = 10 crr), the weighted cement powder was added to thenmtee containing
HQ in solution (with 2 mM total concentration apgul) at varying S:L ratios of ~0.1 géfa

4 gdm?®. Prior to the introduction of Pu, samples weradetquilibrate for 2 days and pHE,
values in the centrifuged supernatants were celtedfery small volumes (10 — 240) of the
diluted Pu stock solutions were pipetted into trestems, aiming at log [Ru} -6 or -9.

After the addition of Pu, the values of pHE, and total Pu concentrations in the aqueous
phase, [Pu}, were monitored for 3 months. [Ryjvas measured after centrifugation at 4'020
g for 15 mins, either as clear supernatant soluborafter sub-sequent phase separation
(ultrafiltration or ultracentrifugation). Charaadteation procedures performed to quantify Pu
total concentrations in the aqueous phase ardetkiai Section 2.5.

Well-equilibrated solid phases of selected sampler®e separated (by centrifugation at 4’020
g for 15 mins) atet;= 167 d and applied as pastes in the course afrplésn experiments
with ISA to test the reversibility of the uptakeopess. Details on the preparation of these

batch experiments are given in Section 2.4.7.

Redox experiments

In the second set of experiments (12 batches, Witt= 10 cnf), the cement powder was
mixed with porewater solutions at two S:L ratios@1 gdn? or ~2 gdn in the presence of
HQ or Sn(ll) or NaS;04 in solution (with 2 mM total concentrations). I @ases, 2 days of
pre-equilibration time was allowed for the systelmsfore Pu was inserted as small aliquots

of the stock solutions to reach log [Ru# -6 or -9 under each reducing conditions.

63



After the addition of Pu, pil E, values in the clear solutions and [Rudoncentrations were
collected in the time-frame of ~4 months (charazétion procedures performed to quantify
Pu total concentrations in the agueous phase #adeatkin Section 2.5.)

To assess the prevailing redox state and the paitgmécipitation of Pu in selected systems
(S:L ratio= 2 gdm, log [Pu], = -6, tq= 132 d) the cement pastes were retrieved by
centrifugation (at 4'020g for 15 mins) and analyzeth-situ by Pu L,-edge XANES
measurements (for Sn(ll)- and HQ-buffered systems)fraction of dry solid (without

hydration stoppage) was also characterized by XRE {or the HQ-buffered sample).

2.4.6 Cement—Pu—ISA system

Experiments on the ternary, Cement-Pu-ISA systarciassified in three different series as a
function of the applied solid-to-liquid ratios: “D.2 gdn?¥ S:L” series; 2. 2 gdm® S:L” series
and 3. 0.2 — 50 gdiiS:L” series.

All batch experiments were set up following two ensl of preparation (see Figure 5 for
clarification): (i), the hydrated cement phase Veasn equilibrium with the introduced Pu and
redox buffer in the porewater solution (feg+ 2 d) and then the ISA was added to this
system as pipetted from a stock solution or (i),aAd ISA were allowed to equilibrate in the
porewater solution (together with the redox buffier) 2 days and then the given, weighted
amount of fresh cement powder was added to thitgiealto reach the aimed S:L ratio. The
sorption experiments conducted using the formeerood preparation are hereafter referred to
as the “(Pu + Cement) + ISA” experiments, whilsthe latter case, “(Pu + ISA) + Cement”

order is used to denote the differences in thei@gpreparation order.
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Pu ISA

“(Pu + Cement) + ISA” <— porewater
HQ / Sn(ll) / $,0,%

@ Cement -

Pu Cement

“(Pu +ISA) + Cement” \ FSOLewater

HQ / Sn(ll) / S,0.%

Figure 5. lllustration for the order of addition followed iime course of sorption experiments
on Cement-Pu-ISA system: “(Pu + Cement) + ISA” @Pti + ISA) + Cement”.

0.2 gdnT S:L series

Across thed.2 gdn? S:L series of experiments (24 in total), a constaftevavith 0.2 gdrit
was applied as S:L ratio with regard to the weightement powder and the volume of the
used porewater solution (with = 10 cni). ISA was added by pipetting from the
corresponding stock solution to reach either [K5A] 10? or 10°M in the porewater matrix
solution. At each ligand total concentration, sasplvere conducted with all the three
different previously used redox-buffers (HQ or $n@r NaS,0, in solution at 2 mM total
concentrations). Before introducing Pu into thetays pH and E values in the matrix
solutions were measured to ensure that the redeongitions are maintained and constant.
Aliquots of Pu stock solutions were added aimingaatog [Pu}, = -6 or -9. After the
introduction of Pu to the samples, they were legdailibrate for 2 days (in both experimental
preparation order) and then the aimed sorptionraxeats were initialized by introducing the
third part into the system (either the ISA, pipétteom the stock solution or the weighted
fresh cement powder), as discussed above.

After the initialization of the sorption experimenpH, E, values in the clear solutions and

[Pulaq concentrations were collected in the time-frame ~df months (characterization
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procedures performed to quantify Pu total concéiotra in the aqueous phase are detailed in
Section 2.5).

The redox state of Pu in selected samples of griss (S:L ratio = 0.2 gdth log [Pu], = -6,

teq = 130 d) was further investigated by means of Rtetdlge XANES measurements. For this
purpose the cement pastes were compacted by afwgation step (at 4'02@ for 15 mins)
and analyzed aw-situ by Pu Ly-edge XANES measurements (for Sn(ll)- and HQ-beffer
systems) and as dried powders (without hydratioppge) by XPS method (only for the
HQ-buffered sample).

2 gdm® S:L series

The2 gdm® S:L series of batch experiments (18 samples in tatafe conducted similarly as
the 0.2 gdn? S:L series, except for a few differing experimentalapaeters. In the present
series the applied S:L ratio was increased to 2 {damd only two redox-buffers were
investigated (HQ or N&,0;, (2 mM in each case). Total ligand concentratiovere
[ISA] ot = 102 or 10°M. Before the insertion of Pu, pHind E values were collected within
the matrix solutions. Initial total plutonium comteations were set to log [Ru¥ -6 or -9,
just as previously.

Further experimental details as the order of pipar and the sampling procedure are also
identical to those of the formed,2 gdnT S:L series. Allowed equilibration time wag t ~4

months in the course of this series as well.

0.2 — 50 gdii S:L series

Within the 0.2 — 50 gdii S:L experimental series (12 samples in total), atrstmt total
ligand concentration of [ISA} = 10% M in the matrix solutions with M = 5 cn?, the applied
S:L ratio was modified between the batches to rébaelvalues of 4, 5, 8, 10, 20 and 50 gdm
3, Only HQ was used as the redox-buffering agentorPto the initialization of the
experiments applying the two different preparatoder, pH and E values of the porewater
solutions were collected to determine the prewvailmedox conditions. Initial total Pu
concentration was set to log [Ru -6 in all cases.

Further related experimental details on the prdjgaraand on the sampling procedure
followed in the present experiments are identicathose of the previously discussed two

cases(@.2 and 2 gdm S:L series).
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2.4.7 Complementary experiments

The complementary experiments consisted of twoeseri. “undersaturation solubility
coupled sorption” experiments, and ii. “desorptxperiments”.

Undersaturation solubility coupled sorption expegims

The sorption experiment series denoted dsdersaturation solubility coupled sorptibn
consisted of two main steps.

Firstly, a series of HQ-buffered (2 mM), cementgweater matrix solutions (a total number of
11, each with \; = 10 cri) were prepared with [ISA} ranging from 16 M to 10° M. The
formerly well-characterized Puy(cr) solid phase was introduced in the matricésntically

as in the course of the solubility studies [1, &fter 54 days of allowed contact time
(equilibrium conditions with regard to collected pi, values and [Py} were attained atd

of 2 - 3 weeks), a centrifugation step was perfatifg 4°020 g for 15 mins) and 5 &rof the
supernatant solutions (saturated with R@€)) were pipetted onto different amounts of the
weighted fresh, initial cement powder. The conddicderption experiments were aimed to
reach either a constant S:L ratio of 4 gtiwhere [ISA],; was applied at 1%) 10* 10°or 10°

M concentrations (4 samples) or to maintain at astmt level of [ISAl= 10° M
concentration, varying S:L ratios with 0.2, 2, 418, 20, 50 gdiivalues (7 samples).

After the insertion of the cement phases,,pH, values in the clear solutions and [Ru]
concentrations were collected in the time-framelomonths (characterization procedures
performed to quantify Pu total concentrations ia Hyueous phase are detailed in Section
2.5).

Desorption experiments

Desorption experiments were conducted using thé-emgiilibrated solid phases separated
from the supernatant solutions of selected samfrte® the screening experiment&ee
Section 2.4.5). The solid phases were retrieveddnyrifugation (at 4’020 g for 15 mins) at
teq= 167 d from 6 individual batches with S:L ratwf0.2 — 2.5 gdri and log [Pu}, = -6 or -

9 and applied as pastes within the present expetahsgeries. After phase separation, the
previous supernatants were immediately replaceld Wi-buffered (2 mM), ISA-containing
porewater solutions at [ISA]= 10° M or 10 M, whilst keeping the original container.

After the initialization of the experiments, pHg, values in the clear solutions and [Ru]
concentrations were collected in the time-frame4omonths (characterization procedures
performed to quantify Pu total concentrations ia Hyueous phase are detailed in Section
2.5).
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2.5 Characterization of aqueous phases

The quantification of total Pu concentrations ie tiqueous phase of the Pu solubility and
sorption experiments was performed in a well-defjrs/stematic procedure.

Exclusively for the sorption experiments, samples gtored in 10 mL Sarstedt vials) were
firstly centrifuged at 4’020y for 15 mins, in order to gain better separationnveen the
agqueous and solid phases present. In the courtiee ddolubility experiments, the samples
were let standing for 1 day, avoiding any mechdnidluence to facilitate the sedimentation
process. In each case, aliquots of 100 — 8&Owere carefully taken from the clear
supernatants, avoiding any external mechanicalenite (causing the potential resuspension
of Pu-solid phases or cement particles) and etthesferred to vial with a 10 kDa filter (pore
size~ 2-3 nm, Nanosep ®, Pall Life Sciences) or direattidified with 2% HNQ solution.
Note that the measurements conducted on the sugetmaimed at evaluating the possible
presence of Pu(lV) intrinsic colloids in the systdPhase separation was achieved at 4’020 g
(15 mins) on the given 10 kDa filter and the rasgltsolutions were immediately acidified
(using 2% HNQ solution). For selected samples, phase sepanatsr(also) performed using
a bigger volume of the supernatant solution (3cA®) by ultracentrifugation (Beckman XL-
90, rotor type 90Ti) at 90’000 rpm (694'0@Y in welded vials for one hour. In each case, the
acidic solutions were analyzed for the aqueousl totacentration of Pu using liquid
scintillation counting (LSC, see Section 2.5.1gnslard inductively coupled plasma mass
spectrometry (ICP—-MS) or sector field inductivelyupled plasma mass spectrometry (SF—
ICP-MS). The detection limits (DL) of the latterdviechniques for Pu in the conditions of
the present study are ~16°M (ICP-MS) and ~13°* M (SF-ICP-MS).

The quantified plutonium concentrations in molaritein(M) (and potentially other
concentrations evaluated in this study as well)engften converted to the molal scale (m,
mollkg, ) using the conversion factors reported for NaGutsans in the NEA-TDB [9].
Total concentrations of Pu collected in the cowfkéhe solubility studies are referred to as
m(Pu)e (in molal units), whilst values related to sorptiexperiments are denoted as Hgu]

(in molar units, given the ill-defined ionic strehyy

2.5.1 Liquid Scintillation Counting of **Pu

Liquid Scintillation Counting (LSC) was used foetquantification of [Pw]; in those samples
with higher concentration of plutonium in solution ~10° M). The isotopic composition of
Pu stock solution and solid phases used in thidysincludesa-(**Pu, 2%u, ?**Pu) andp-
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(**'Pu) emitters (see Section 2.1), as well as tratésea-emitter>**Am resulting from the
decay of*Pu (t» = 14.35 a). Due to the very close energy of dqeeaks of*?Pu, %Pu,
23¥py and®”Am and the uncertainty associated to the contdiutf 2Am to the total
counts, the concentration of Pu in solution wasntjfiad using the signal of the low-
energeti-emitter**Pu.

Aliquots of the untreated supernatant (includingeptial colloidal fraction) and of the 10 kD
ultrafiltered sample were acidified with 2% HB@nd mixed with 10 mL of LSC cocktail
(Ultima Gold XR, Perkin Elmer). LSC measurementgenperformed on a low-level LSC
equipment type Quantulus 1220 (LKB WallacOy, Turkinnland, currently PerkinElmer)
for 30 minutes. Standard addition with 50 of a well-defined Pu stock solution (4:36° M

or 3.1810°" M) with the same isotopic composition was usedwercome the effect of the
matrix solution on the counting efficiency 8fPu of unknown samples.

The detection limit of the LSC technique in the ditions of this study is about ~TF M,
clearly above the expected solubility of RP(&n,hyd) under alkaline pH conditions. Thus, the
guantification of Pu concentration in most of tlaenples was performed using ICP-MS and
SF-ICP-MS techniques with the variation of différphase separation methods (see Section

above).

2.5.2 Liquid-liquid extraction

The oxidation state of Pu in the aqueous phasedessmined for selected samples using a
liquid-liquid extraction method described in [5]hd method is a combination of previously
reported approaches [130-134], and allows the dfiGaiton of Pu(lll), Pu(lV), Pu(V),
Pu(VI) and colloidal Pu(lV) with an uncertainty @)% (for the Pu concentration-range
evaluated in this study). Owing to the slower rettaxsformation kinetics of Pl PuQ**
reaction, the method itself is proven to be mot@abée for the relative quantification of Pu
redox states in groups, as follows: (Pu(lll) + Ri){land (Pu(V) + Pu(VI)).

The extraction was performed after 10 kD ultradifion for those samples with m(Ru)»
107" m (acidic series, pki= 3.76, 3.86). The used extractants were PMBPRMied in xylene
and HDEHP dissolved in toluene for the separatiborPo(lV) and (Pu(lV) + Pu(Vl)),
respectively. The combination of both extractiorpst with an additional oxidation step
(using KCr,07) of Pu(lll) to Pu(lV) and Pu(V) to Pu(VIl) revealse complete redox state

distribution of Pu in the aqueous phase (see Talbe details).
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Table 4. Distribution of Pu oxidation states in the orgamind aqueous phases according

to the extraction method used in this work (seefaxmore details).

Oxidation State Distribution

Method

Organic Phase Aqueous phase

PMBP extraction *
PU(IV) Pu(lll), (IV)coll*, (V),

atpH=0 (V1)
PMBP extraction
at pH = 0, with KCr,0; Pu(lll), (1V) Pu(IV)coll*, (V), (VI)
HDEHP extraction
atpH=0 Pu(lV), (VI) Pu(lll), (IV)coll*, (V)
HDEHP extraction
at pH = 0, with kCr,0; ~ Pu(lll), (IV), (V), (VI) Pu(IV)coll*

*Pu(IV)coll refers to the colloidal species of Pwl

After the separation of the aqueous and organisgs)doth aliquots were added to 10 mL of
LSC cocktail and the Pu concentration was deterthibg LSC. The same extraction
procedure was carried out with MilliQ water to @mt for the contribution of changes in the
background electrolyte solutions within the LSC swaments. This is especially important
due to the presence of organic solvents and cologadents that can eventually lead to
guenching effects.

2.5.3 CE-SF-ICP-MS

For the validation of the liquid-liquid extractiomethod and for the analysis of further
selected samples (supernatant solutions or aftkb ldtrafiltration), the oxidation state
distribution of Pu was also investigated by capjllalectrophoresis hyphenated sector-field-
ICP-MS technique (CE-SF-ICP-MS). All separationsravearried out using a commercial
Beckman Coulter P/ACE MDQ capillary electrophoresistem. Conventional fused-silica 75
pum internal diameter capillary with 73 cm lengthswesed for separation. Prior to application,
the capillaries were conditioned for several hohysrinsing with 0.1 M HCI (Merck,
Suprapur), 0.1 M NaOH (Merck, Titripur), Milli-Q wer and with the background
electrolyte: 1.00 M acetic acid (BGE). During treparation, the temperature of the capillary

was kept constant, at 15 °C by the use of a sudiagnliquid cooling agent within the
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instrument. Under the given experimental conditjoiiie temperature gradient across the
capillary’s cross section was estimated to be @.7The hyphenation of the CE to the SF-
ICP-MS (Thermo Element XR) instrument was achiewvkedusing a Mira Mist CE nebulizer
(Burgener Research, Mississauga, ON, Canada).

The capillary was washed with the BGE for 5 min2ét psi before each measurement.
Separations were performed with +30 kV applied piodé at a constant pressure of 0.4 psi
and accomplished within 20 min. The rinsing seqeeafter each separation was 5 min (1
min 0.1 M HCI, 1 min 0.1 M NaOH, 3 min BGE). Thengale injections (with volumes of
appr. 2.3 nL) were achieved hydrodynamically atsRfpr 10 seconds. In order to exclude
redox phenomena induced by oxygen, the CE appanasiplaced in a Nglovebox with Q

< 5 ppm. A more detailed description of the instiédin and the implementation of the

performed measurements is given in [135].

2.6 Characterization of solid phases

For selected cases, solid phases retrieved fromugexperiments were analyzed by means
of complementary characterization techniques édis this section.

In the case of solubility experiments, the Pu(l\dfous oxides were first compacted by
centrifugation at 4’020 g for 15 minutes, thenisted from the samples and washed four
times with ethanol under Ar-atmosphere in orderrémove the traces of background
electrolyte (NaCl). The resulting solid was re-srsged with 25 pL ethanol and used further
for analysis. (forin-situ XRD and Pu l;-edge measurements, the pre-treatment was not
applied, see related section for further details.)

The initial cement powder as well as equilibratedhent solid phases were characterized by
means of various techniques listed below. For sslecequilibrated samples (only in the
absence of Pu) the cement solid phases (withdm= 0.08 — 0.5 g) were treated with propan-
2-ol (20 cni) to stop the hydration process. The retrievedepafter a centrifugation step (at
4’020 g for 15 min) was soaked in the organic phase fomitutes, then the suspension was
filtered through a PTFE membrane withub pore size (Millipore) using a vacuum pump
(Becker). In order to obtain the well-dried powd@r analysis, it was additionally placed in a
heating oven for 20 minutes at 40 °C and, if neamgsshe samples were further stored in

sealed vials under Ar atmosphere.
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2.6.1 Quantitative and semi-quantitative chemical analys

Quantification of the minor (transition metal-comfeand major elemental components (Ca,
Si, Al, Na, Mg, S, Fe) were performed for the @mlittement powder to validate the retainment
of the chemical composition as provided by the nfecturer after the powdering and sieving
procedure. For this purpose, 200 mg of the cementdpr were dispersed in 1500 mg of
melted KOH. The molten mixture was then let coodcand was dissolved in 30 &rof
concentrated HCI solution. The clear solution waesntfilled up to 250 cfhwith Milli-Q
water. The dissolved contents of Ca, Si, Al, Na,, g Fe were quantified by ICP-OES
(Optima 8300 DV, Perkin Elmer), whilst the concatibn of minor components were
determined by ICP-MS (X-Series Il, Thermo Scieq}fifin a semi-quant mode (up to 60
elements included in the scan). The accuracy of dbanning-type, semi-quantitative
characterization is approximately + 50%. As KOH waslved the preparation of the cement
material for the characterization, the method dod allow the quantification of K in the

original sample.

2.6.2 Standard X-ray powder diffraction

For standard XRD analysis of Pu-hydrous-oxides5 +0g of the pre-treated solid phase was
placed on a single crystal silicon waver and drigd at room temperature under Ar
atmosphere. In case of hydrated cement samplespamately 50 mg of the dried cement
powder (initial powder, or pre-treated equilibratgthses) were placed on the waver. XRD
measurements were performed using a D8 Advanceadiffimeter (Bruker AXS) equipped
with a Cu radiation tube (Cu K;LA = 0.15418 nm, current: 25 mA, voltage: 40 kV),fiNer
and a Sol-X detector. For Pu-hydrous-oxide sampihes XRD pattern was recorded in the
range of 5< 2 ® < 80° with a step size of 0.015° and a counting tohé seconds per step.
For cement solid phases, the measurement was exeaith 15 rpm horizontal spin-rate in
the range of Z 20 < 98° with a step size of 0.01° and a counting toh&5 seconds per step.
Data processing was performed using the Bruker A{ffrac™ EVA software (Bruker
AXS, Germany, version 3.1). The resulting diffraptams were compared to the XRD
patterns of the possible relevant solid phasedabtaiin the JCPDS database [136]. Rietveld
refinement of selected diffractograms was performéth the Bruker Diffrals TOPAS
software package (Bruker AXS, Germany, version.4.2)
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2.6.3 X-ray photoelectron spectroscopy

Selected solid phases (pre-treated equilibratedratgd cement solid phases or pre-treated
Pu-hydrous-oxides) for XPS analyses were prepareddncentrated suspensions) onto an
indium foil and mounted on a sample holder undexxanconditions (Ar atmosphere). XPS
measurements were performed using a PHI 5000 Vieisa® (ULVAC-PHI Inc.) system
equipped with a scanning microprobe X-ray sourcen@ehromatic Al kv (1486.7 eV)
X-rays) in combination with an electron flood gundaa floating ion gun generating low
energy electrons (1 eV) and low energy argon ichg\) for charge compensation at
isolating samples (dual beam technique), respdyti$arvey scans were recorded with an X-
ray source power of 31 W and pass energy of 18A\83Narrow scans of the elemental lines
were recorded at 23.5 eV pass energy of the amalyaeh yields an energy resolution of
0.69 eV full width at half maximum (FWHM) on the Agk,, elemental line of pure silver.
Calibration of the binding energy scale of the $meneter was performed using well-
established binding energies of elemental linespofe metals (monochromatic ALK
Cu 2 at 932.62 eV, Au 4f, at 83.96 eV) [137]. C 1s of hydrocarbon at 284/8seused as
charge reference. Error of binding energies of el lines is estimated to be £ 0.2 eV.

Data analysis was performed using ULVAC-PHI Mul&Raogram, version 9.6.0.

2.6.4 Thermogravimetric analysis, differential scanning @alorimetry

TG-DSC was performed with a STA409 (Netzsch GegiteBmbH) on 20 — 50 mg of the
(treated or untreated) dry cement powder samppggyiag a heating rate of 10 °C/min from
25 to 1200 °C under Natmosphere. The crucibles are made afOAl(corundum) and the
sample holder is a type S Pt 10% / Pt-Rh. The tegiperature Pt oven can be operated in the
range of RT to 1500°C.

2.6.5 Brunauer-Emmett—Teller surface area measurements

The specific surface area of the initial cement gemwwas measured by means of the
Brunauer—-Emmett—Teller method. The used instrumeas a Quantachrome Autosorb

Automated Gas Sorption System with(§) adsorbate. Analysis was performed on ~0.5 g of
the freshly grinded, well-homogenized powder forriidis at an outgas temperature of 105

°C applying a multi-point method.
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2.6.6 In-situ XRD and Pu L, -edge XANES measurements

XAFS (X-ray Absorption Fine Structure) spectra &ade-type diffractograms were recorded
on various, selected samplesiasitu under the protective, supernatant solutions atNike-
Beamline for Actinide Research at KARA, KIT Camp\lisrd [138]. The KARA storage ring
was operated at 2.5 GeV electron energy with a rekatron current of 120 mA.

The tunable monochromatic beam was delivered byubld crystal monochromator (DCM),
equipped with a pair of Ge(422) crystals (2d = 2.%). Possible higher harmonic radiation
was suppressed by detuning the parallel alignmétheo crystals to obtain 70% of photon
flux peak intensity at the rocking curve maximum.

All samples for XAFS and (synchrotron-bas@upsitu XRD measurements were prepared in
400 puL polyethylene vials. A suspension containknd mg (for pure Pu-hydrous-oxides) or
=10 — 20 mg of material (for equilibrated, hydratemnent pastes, without any pre-treatment)
were transferred to the vial and centrifuged formid at 4'020g. For Pu-hydrous-oxide
samples (wheim-situ XRD measurements were also performed), the viale \weat sealed in
a plastic bag (polyethylene). All samples were nmednn a gas-tight cell inside the Ar-
glovebox and transported to the INE-Beamline. Dmyirihe XAFS measurements, Ar was
continuously flushed through the cell to ensure phesence of an inert atmosphere. Data
collection was performed at= (22 + 2) °C.

XANES spectra of the Puyl-edge (E (2p.) Pu(0): 18,057 eV) were recorded in fluorescence
yield detection mode using a 5-pixel low energy &daid-state fluorescence detector
(Canberra-Packard Ultra-LEGe, Olen, Belgium) and Aarfilled ionization chamber at
ambient pressure to record the incident beam iit{er®&s-10 scans were collected for each Pu
sample. The spectra were calibrated against teeifilection point in the K-edge spectrum
of a Zr metal foil (E (1s) Zr(0): 17,998 eV) andeaaged to reduce statistical noise. XANES
and EXAFS data reduction were performed with theHENA program package [139],
following standard procedures for edge jump normadilon and EXAFS/(K) extraction. [,

the origin for calculating the EXAFgK)-function, was fixed at the ‘white line’ (WL) p&
maximum in the XAFS spectra at18,068 eV. The Pu,l-edge XANES spectra obtained in
this work were compared with Pu(lll) and Pu(lV) eednce spectra collected at the INE-
Beamline under the same experimental conditionsdartal analysis procedure [1, 7, 140].
EXAFS data analysis was based on standard leaatesjfit techniques using the UWXAFS
program package [141] (The procedure was executddrbJorg Rothe). Metric parameters
(i.e., neighboring atom distances, EXAFS Debye-Waller factors?, coordination numbers

N; for the different coordination shells i) were detsed using the feffit code (v2.98).
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Backscattering amplitude and phase shift functimmnssingle scattering paths in a 45-atom
PuQ cluster with fluorite structure were obtained frétBFF8.2 calculations [142]. All fit
operations were performed in R-space over the iddal radial distance ranges given in
Table 3. The amplitude reduction factog® &as fixed at 1.0.

After completing the XAFS data accumulations, falested, purely Pu-hydrous-oxide
samples, the sealed vials in the double-containmené individually taken out of the Ar-
flushed sample cell, and the-situ diffractograms were collected as well. The double
containment (vial and an outer plastic bag) in tolidito the redox buffers in the protecting
solution (hydroquinone and Sn(ll)) underneath the admosphere are considered to be
sufficient to avoid any redox transformation of thak material within the timeframe of the
XRD measurements (approximately 5-10 minutes).

The 2D XRD patterns were recorded in Laue transomsgeometry using radiation sensitive
high efficiency storage phosphor screens (VxH: 125m 252mm) with a high dynamic
range (MultiSensitive Phosphor Screen, PerkinElf@tmany). The screen was mounted
perpendicular to the incident beam (E = 17.0 Ke),= 0.7 A, size (VxH) 200um x 500um)
at a distance of 20 cm from the sample. An indiuataindisk, mounted on the tip of a plastic
rod was used as central beam-stop. The irradidtedpghor screen was scanned by a laser
based read-out system (Cyclone Plus Phosphor ImdgerkinElmer LAS, Rodgau-
Jugesheim, Germany), transforming the diffracted>XEay intensity into a high resolution
digitized image (600 dpi) with quantitative dataa@simage file (OptiQuant™ software).

The collected frames were transformed into one-dsimmal diffraction patterns by using the
XRDUA software package [143]. The images were atec for dark-current, spatial
distortion and detector pixel response. The XRDegpatof an %Oz powder sample was used
as reference for calibration [144]. After corregtiand calibrating the images, azimuthal
integration was performed and the resulting ditipgcams were normalized for the incident
beam intensity. The background subtraction waseael with a cubic spline polynomial
fitting of the baseline.

The set-up available at the INE-Beamline for thesitu XRD characterization of active

samples is a unique, non-invasive tool for the stigation of redox-sensitive solid phases.

2.7 Evaluation and modelling methods of solubility data

After deriving the corresponding chemical modelspezimental solubility data sets were
evaluated using the Solver tool of Microsoft Excahd with the PhreePot — PhreeqC
(PP-PQC) program packages (version 3.3.5, svn J)080#-147]. For ionic strength
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corrections, the Specific lon-interaction TheoryT(S[148] adopted within the NEA-TDB
project was used. The ion-interaction parametgry ¢f the newly formed complex species
were estimated based on the charge correlatioroagprdescribed in [149]. Worth noticing,
that due to the relatively low ionic strength ihthke experiments (I = 0.10 m NacCl), the main
contribution to the activity corrections resulterfr the Debye—Hickel term rather than the
ion-interaction parameters. Hence, the use of estidz;; values has a limited impact on the
calculated values of log°. Although simultaneously maximum two parametersren
optimized, the reproducibility of the resulting was were further tested by the systematic
variation of the initial input values. To gain fer confidence on the obtained results the
corresponding objective functions were minimized e use of both, gradient-based
(modified Levenberg-Marquardt, [150]) and non-geadibased (SIMPLEX, [151]) methods.

2.8 Theoretical methods

The structures of the Pu(lV)—OH-ISA and Pu(ll)-Q8A complexes were investigated by
R. Polly of KIT-INE via density functional theoryDET) calculations [152, 153]. DFT
calculations were performed using TURBOMOLE (vensi.O, 2015) [154-160] with the
BP86 functional [161] and the def2-SVP basis sé0]bn C, O and H. The use of 5f-in core
pseudo potentials (PP) for Pu(lll) [162] and Pu([\)3] allowed to circumvent several
problems arising with DFT calculations involvingiia@es: (i) difficulties due to open shells
can be avoided, (ii) multi reference effects do emtur and (iii) the number of electrons and
thus the computer time is greatly reduced. Thiddea a theoretical task suited for DFT, and
avoids complex and computational very demandingimeference ab initio methods.

For a more realistic description of the Pu(lll/INDH—ISA systems investigated, several water
molecules saturating the alcohol groups of the W the Pu ion were considered in the
calculations. A second step in the calculationtuihed the aqueous media approximated with
the conductor-like screening model (COSMO) [1645]1&onsidering the first water shell
explicitly and dealing with the additional solvatieffects by means of COSMO provides a

realistic model to investigate species in agqueolsgisn.
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3 Results and discussion

This section is divided into two main parts withethim of discussing the results of the
performed: solubility studies (Section 3.1) andpsion investigations (Section 3.2).

3.1 Plutonium solubility studies

Results of solubility studies can be separated thtee main chapters, where redox and
solubility behavior of Pu were investigated und&akne, reducing conditions: in the absence
of ISA and Ca(ll) (Section 3.1.1), in the presemdeSA and absence of Ca(ll) (Section
3.1.2), and finally in the presence of ISA and Qa$ well (Section 3.1.3).

3.1.1 Pu solubility and redox behavior under alkaline, relucing conditions

3.1.1.1 Characterization of the starting PuOG;(am,hyd) solid phase

This section summarizes the results of the chamaateon by XRD, XANES and XPS of the
PuG(am,hyd) solid phase used as starting materiallitha solubility experiments under
alkaline to hyperalkaline pH conditions. After paggtion (cf. Section 2.3.1), Py@m,hyd)
was aged for ~ 8 years in a 0.1 M NacCl solutiorhwitl, ~ 6. The relatively long pre-
equilibration time of the solid ensures that sditibexperiments are not impacted by short-
term alterations of the solid phaseg. by changes in crystallinity, and consequentlyo ats
solubility.

The XRD pattern of the starting material perfeatigtches the diffractogram of Py(©r),
corresponding to the PDF 41-1170 in the JCPDS data[d 36] (Figure 9 in Section 3.1.1.4).
The widths of the diffraction peaks are consisterth a nanocrystalline structure of the solid
phase. Rietveld refinement (on Fm-3m space gro@ighe collected pattern revealed the
mean value for the crystal domain size of (4 +rh)and an average cell parameter of (5.405
+0.005) A (R = 12.18 %, R, = 15.53 %). The latter is in good agreement withreference
value reported by [166] and [167] (5.396 A). Sitlce oxygen deficiency results in unit-cell
expansion, the slight difference is probably dua tminor substoichiometry (Pu@) in the
investigated solid phase [167]. In the subsequarts f the study this solid phase is referred
to as the “starting material”.

The white line energy position in the Py IXANES spectrum of the starting material is in
excellent agreement with the Pu(lV) reference spettreported in Brendebadt al. [140]

(Figure 10 in Section 3.1.1.4). Differences in #itude observed between both spectra are
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related to the state of Pu in the sample (solithen present work, agueous in the reference
[140]), as previously discussed in Rotteal.[168]. The EXAFS fit parameters obtained for
this sample ¢f. Table 5) are in good agreement with those obdafoe Pu(IV)(OH(am)
precipitate in reference [169]€., 4.3 (4.0) oxygen atoms apfo = 2.33 (2.32) A and 2.3
(2.4) plutonium atoms atdgp,= 3.84 (3.87) A). The apparently low coordinatimmmbers
for both next neighbor shells reflect the strongistorted Pu coordination in these materials
with different Pu to —&, —OH,, —OH" distances and a high density of voids and disiocss
while this phase is still sufficiently ordered tehéit a regular Pu-Pu second next neighbor
interaction. Note that the fit significantly worsewhen fixing the first shell coordination
number to 8¢f. Table 6 and the discussion in Section 3.1.1.4).

The X-ray photoelectron spectrum of the startingemal is also in accordance with the
findings of XRD and XANES measurements. Pu 4f plaptssion peak exhibit a spin—orbit
doublet for the Pu 4% peak at about 426.2 eV, in line with previouslyaeed values [170-
172]. A satellite is observed at approximately é\8 higher binding energy than the Pu 4f
main line. The difference in energy between thenntime and the satellite is in agreement
with data previously reported [170] for P(€r).

All experimental evidences collected for the staytinaterial (XRD, XANES, EXAFS, XPS)
are consistent with the predominance of Kuo€r,hyd). This solid phase is therefore
established as the anchor point in the interpaetatf the solubility data obtained under
alkaline to hyperalkaline pH conditions. It hash® clarified however, that thermodynamic
data selected for Pu(lV) hydrous oxide generallptgs Pu@am,hyd) (see [9] and [5]).
Calculations involving the latter solid phase amelicated consistently with the original
publication / thermodynamic selections.

3.1.1.2 pH and E, measurements

The experimentally measured ptand E (converted into pe) values of all the evaluated
samples are shown in the Pourbaix diagram of Frigare 6. Thermodynamic solubility and

hydrolysis constants for plutonium reported in y&¢re taken for the calculations. SIT ion

interaction parameters estimated in [173] were usestcount for ionic strength corrections
of Pu(lV), whereas(i,j) values reported in [174] for Am(IIl) and NdI)} were taken for the

" The notation Pu(IV)(OHJam) corresponds to a freshly precipitated Pu(l\fhoephous phase. Both
Pu(IV)(OH)(am) and Pu(lV)@am,hyd) are considered in the NEA-TDB reviews d&onorphous, hydrous
Pu(lV) oxides. The latter is nevertheless prefereed! has been also adopted in the present work.
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corrections of Pu(lll) aqueous specie§,j) values reported in [175] for Np(VI) were take
for the SIT corrections of the analogous Pu species

Experimentally measured pHand E values for redox unbuffered samples (prepared
previously to this study, see Section 2.3.1) urdattic conditions (symbole ando in Figure

6) scatter around the redox neutral line at pe + pH13.8, where hypothetical partial
pressures of log(2(02(g))) = logP(H2(g)) = —27.6 are calculated for the reaction gOH)

— Hy(g) + 0.5 Q(g), with logK® = —41.55. These measuregl ialues are considered less
reliable due to the low concentration of plutoniimsolution (below 17 M, see also Figure
7), which is considered to control the redox patdmh the absence of other redox couples in
the system.

Pu solubility samples in the presence of HQ andiSp(epared within the current study
showed stable readings of gt 0.05) and Evalues (x 30 — 50 mV, depending upon pH-
region) within the time frame (~ 9 months) of th@ubility experiment (symbols ane for
HQ- and A for Sn(ll)-systems in Figure 6). HQ sets moddyateducing conditions with pe
+ pHn = (9.5 £ 1), which clearly fall within the staltylifield of Pu(lV)s and Pu(I\Qy. This
system serves as the reference, Py@y9ase for further points of the investigation. Tinis
well-known to be a strong reducing agent which énsffthe redox condition of the system,
with pe + pH, = (2 £ 1), very close to the border line of watduction [40, 127, 176]. Under
these conditions, currently available thermodynadaita predict the predominance of Pu(1V)
both in the aqueous and solid phases abovg 1. Below this pH, the predominance of
Pu(lll) aqueous species (with the consequent iseraa the solubility of Pugam,hyd),
according to Equation (2)) could be expected (GSgere 6). As discussed in Section 1.1.1,
associated uncertainties to the available thermaayn data are affecting the prediction of
redox processes prevailing under these conditionsrall leading to an ill-defined Pu(lV) /

Pu(lll) redox border, especially for pH> 9 systems.
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Figure 6. Pourbaix diagram of Pu calculated for m(Ru) 10° M and | = 0.1 M NaCl
using thermodynamic and (SIT) activity models ascidieed in the text. pkland E values
experimentally determined for Pu(lV) solubility ekments in the absence of redox buffers
(o: 940 days,e: 2886 days), and in the presence of Hf) &nd Sn(ll) (A). The stability
borderlines of water at pe + pk= 20.77 and pe + pH = 0, the “redox-neutral” line at
(pe + pHy = 13.8 and the lines at (pe + pi = 2 and 9.5 are shown for comparison

reasons.

3.1.1.3 Solubility measurements

Total concentrations of plutonium in equilibriumtiviPuQ(ncr,hyd) in the absence and
presence of redox buffers (hydroquinone, Sn(lly ahown inFigure 7. The figure also
shows the thermodynamically calculated solubilify RuGy(ncr,hyd) in equilibrium with
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Pu(IV)aq species and for (pe + pH= 2 (Sn(ll) system, both Pu(lV) and Pu(lll) aguso
species contributing to solubility). Although notpected according to the Pourbaix diagram
of Pu in Figure 6, Figure 7 includes also therrtitelynamically calculated solubility of

Pu(OH)}(am) in equilibrium with Pu(lllq species.

Acidic pH region, unbuffered systems

The two sets of experimentally measured solubddya (in Figure 7) of Puhcr,hyd) at the
acidic 3.8< pHn, < 6 region with equilibration time of 94@) and 2886 ¢) days are showing
consistent values, indicating that thermodynamigldgium has been reached. Note that only
the latter data collection (correspondingdp=t2886 days) was undertaken within the context
of this work.

The total concentration of Pu in this system ishkig(more than 2 orders of magnitude) than
thermodynamic calculations conducted for the elmilim of PuQ(am,hyd) — Pu(IV)aq,
using the thermodynamic data selection in [9] (@eek solid line in Figure 7). On the other
hand, Pu concentrations measured in these sampteslearly below the solubility of
PuGu.x(s,hyd) reported in [177]. Since the average clydtanain sizexdd = (4 = 1) nm,
determined by Rietveld analysis of the collectelidsiotom sample with pH = 5.93, agrees
well with the particle size distribution of Pw@m,hyd) [6], the observed discrepancy in Pu
total concentrations cannot be caused by the diffags in the degree of crystallinity of the
presently used, aged solid phase. Hence, the otplamation remaining for the higher
observed solubility of Pu within the unbufferedtseyss is the contribution of different redox
states of Pu in solution, through oxidative or oke dissolution and consequent redox

reactions of the given aqueous species.
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Figure 7. Plutonium total concentration in solution at | =1@ m NaCl in equilibrium with
PuQ;,(ncr,hyd) for redox unbufferec {940 days.e: 2886 days) and redox buffered systems
(m: hydroquinone;A :Sn(ll)). Red crosses(] show the concentration of Pu(kyfor selected
unbuffered systems)(as quantified by liquid-liquid extraction. Solides correspond to the
thermodynamically calculated solubility of Py(@m,hyd) in equilibrium with Pu(I\y (black
line) and for (pe + pR) = 2 (grey line, predominance of Pu(d})at pH» < 9). Green, purple
and light blue lines show the solubility lines af(PH);(am) as calculated with log *Kz o
values selected in the NEA-TDB [9] and reportedr@iihauer’'s work [40] and in Cho et al.
[33], respectively. Horizontal dashed lines indieahe lowest limits of Pu quantification in
solution for LSC, ICP-MS and SF-ICP-MS techniqresgpectively.

To assess the possible contribution of other redates of Pu to the total Pu solubility under
acidic conditions, liquid-liquid extraction and GEP-MS measurements were performed
with the two most concentrated redox-unbuffered@amat pH, = 3.76 and 3.86. Both redox
speciation analysis showed the predominance of RBu(V ~98 % of the total Pu
concentration) in the investigated solutions aft@kD ultrafiltration. Figure 8 shows the
electropherogram of the supernatant of the unbedfesample with pH = 3.76. The first

intense response at ~470 s retention time, peakift)an electrophoretic mobility of 187*
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cn’V*s? corresponds to the presence of PugWhile the second signal, peak (2) at ~600 s
with 1.210* cnfV's? electrophoretic mobility, followed by a tailing it 600 s indicates
contributions from Pu(lV) agueous monomeric andypotlear, colloidal species [135]. In
addition, liquid-liquid extraction of the given ratfiltrated solutions quantified relevant
contribution of Pu(VI) species (log m(Rs > —7.3 and —7.9, respectively) and showed clearly
lower, but non-negligible Pu(l'{) concentrations as well (ffigure 8: log m(Pw) = —8.0 and
—8.3, respectively). The presence of Pu(V) ande@s extent) Pu(VI) in the aqueous phase is
thus responsible for the observed increase in Ribidity, and reflects the complexity of the
redox chemistry of Pu. This is especially true ade conditions, where Pu(lll), Pu(lV),
Pu(V) and Pu(VIl) have their own predominance figlithin a very narrow pe-range
(seeFigure 6).

The determination of m(Pu(IM))by liquid-liquid extraction allows the direct asse®nt of
the equilibrium Pug{ncr,hyd)«— Pu(lV)aq, independently of the contributions by\Puand
Pu(VI). Although, the depicted m(Pu(I\Vy))values inFigure 7 show already an excellent
agreement with thermodynamic calculations for #gsiilibrium reaction, the results of the
liquid-liquid extraction have been used in comhmatwith the hydrolysis scheme and
corresponding thermodynamic constants reportefl]ito[slightly adjust the log*Kys o of the
solid phase Pugincr,hyd) used in the present study (see Sectibd.3).
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Figure 8. Electropherogram of supernatant solution of untigfiePu solubility experiment
with pH, = 3.76. Peak (1) corresponds to Pu{y)peak (2) indicates Pu(l¥)con Species,
with characteristic tailing at t > 600 s.
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Alkaline to hyperalkaline pH region, under reducaumnditions

In the alkaline pH region, total concentration ai B equilibrium with Pu@ncr,hyd)
measured by LSC after 10 kD ultrafiltration remamsstly below or close to the detection
limit of the technique (18 m) for both, the hydroquinone and the Sn(ll) syst&herefore,
these data were considered to be excluded fronsdtresponding figures. Pu solubility data
guantified by ICP-MS and SF-ICP-MS after ultrag&ugation are shown in Figure 7 for
hydroquinone &) and Sn(ll) (A) systems (equilibration timegt< 173 days anded< 261
days, respectively). Above pH> 9, very low concentrations of Pu 3®m < m(Pu)y; <
10*** m) are measured for both redox systems, consligteith the solubility control by
PuQy(am,hyd) in equilibrium with Pu(IV)(OHY species. In systems with pH 9, under the
redox-influence of hydroquinone again low solupilis determined, whereas in the case of
Sn(ll) systems, discrepant values are obtained.

In spite of the dispersion in the measured log Mm¢Rt1.5 log-units) caused by the very low
concentration of Pu and the predominance of nesp@ties in solution, data collected for the
hydroquinone system are in perfect agreement Wethsolubility expected for Py(am,hyd)

in equilibrium with Pu(lV) aqueous species (bladiic line in Figure 4). This observation
also underlines thermodynamic expectations, origigafrom the experimentally measured
(pe + pHy) values, that are in the case of the hydroquirsames plotting in the stability field
of PU(IV)agss

A more complex picture arises in the case of Srgli3tems, where both the reductive
dissolution of Pu@am,hyd) (grey line in Figure 7) and the soluiliequilibrium
Pu(OH}(am) < Pu(lll)aq (green [9, 30], purple [40] and light blue [33hds in Figure 4)
would explain the experimental observations obthime this study. A more detailed
discussion in combination with the results obtaitgdn-situ XRD, XANES, EXAFS and
XPS is provided in Section 3.1.1.8.

For selected supernatant solutions of the Sn(ifjebed system, CE-ICP-MS measurements
were also performed. In all cases, due to the l@sytotal Pu concentrations the resulting
electropherogram showed an indistinct picture efrdox speciation of Pu (not shown). The
only visible feature was an unusually elongatetingiof the electrophoretic peak of Pu(lV)
agueous species at t > 600 s, characteristic toth@ation of Pu(IV) colloidal species with a
partial sorption onto the wall of the capillary.n& the expected concentrations of the
hydrolyzed species of Pu(IV) (or eventually Pufli§ in the range of I8°to 10 m for the
given samples, the detection of the different redtates of Pu is highly influenced by the

minor changes in the media. The stabilization oéd@ox state in the investigated system is
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directly depending on the total Pu in solution teailable Sn(ll) hydrolyzed species

concentration ratio, which is in the case of thpasation by CE might be affected by the
eluent (1.0 M acetic acid), due to the formationhaghly stable Sn(ll)-acetate complexes
[178]. This has possibly led to changes in the xedndition of the analyte solution and thus
facilitated the oxidative alteration of the low Bantent by traces of oxygen in the system
(under N atmosphere with ©content < 5 ppm). As a consequence, CE-ICP-MS waeth

could not provide relevant input on the redox spigmn of the buffered samples.

3.1.1.4 Solid phase characterization

XRD

Figure 9 shows thm-situ XRD patterns of the solid phases controlling tbkilgility of Pu in
hydroquinone and Sn(ll) systems at,pl 9 and 12 t¢; = 146 days), collected at the
INE-Beamline as described in Section 2.6.2. Tharégalso shows the diffractogram of the
empty double containment used in the synchrotraedaneasurements, as well as the XRD
patterns of the starting material collected wittbaventional diffractometer.

Highly resolved diffractograms are obtained forsainples investigated at the INE-Beamline.
A perfect match with Pugcr) patterns previously reported [166] is obtairied the solid
phases equilibrated in hydroquinone solutions, tardirming that the initial nanocrystalline
PuG(ncr,hyd) remains stable and controls the solybit Pu in these systems. Although
showing a weaker signal, a very good agreement Ruit@(cr) patterns is also obtained for
the solid phase recovered from the Sn(ll) systepHat= 12. Besides the pattern of P4E),

a number of additional reflections are observedhan Sn(ll) system at pki= 9. The latter
show moderate agreement with the diffractogram §OZOH)4(s) (PDF 14-0140) and
SnO(s) (PDF 13-0111), which are the expected [$26§l phases controlling the solubility of
Sn(ll) at this pH. At pHy, =12, Sn(ll) is completely dissolved due to therfation of anionic
hydrolysis species, in good agreement with the latkeflexes corresponding to Sn(ll)-
containing phases in the Sn(ll) buffered systethiatpH.

These results confirm the presence of Kof,hyd) in both hydroquinone and Sn(ll)
systems. Note, however that both cubic,®cr) (PDF 06328) and PuQ(cr) (PDF
41-1171) share similar reflections with P4€), and thus cannot be ruled out from the

findings gained by XRD.
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Figure 9. Powder diffractogram of the starting Pu@cr,hyd) phase collected with a
conventional spectrometer (top), and in-situ XREtgras collected at the INE-Beamline for
the empty double containment and Pu solid phasssvezed from solubility experiments at
pHm = 9 and 12 in hydroquinone and Sn(ll) systerag<t146 days). Squares indicate peak
positions and relative intensities reported [166} PuOy(cr). Triangles correspond to peak

positions and relative intensities of the doublentaciment used for in-situ XRD

measurements.
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XPS

XPS spectra of solid phases recovered from thedoydinone and Sn(ll) systems after an
equilibration time of 126 days indicate the predoamce of Pugfncr,hyd) in all cases,
confirming that the structure of the starting miafeis retained. However, the spectra
collected in Sn(ll) systems with pH< 11 exhibit poor quality, likely due to the sig#int
presence of Sn(ll)—containing phases and consdguenter Pu atomic concentration on the
surface of the evaluated samples.

The identification of minor contributions of othBu redox states (e. g. +lll) can also be
hindered by the relatively broad range of Full Widt Half-Maximum (FWHM) observed for
the Pu 4f,elemental lines (2.27 e¥ FWHM < 2.87 eV). Variations in the FWHM are likely
to be related to structural disorder charactedgstaf amorphous phases, but also to
inhomogeneous surface charging due to the presainsalts such as NaCl or Sn(ll) oxy-

hydroxides.

XANES

Pu Lj—edge XANES spectra collected for the solid phasesrolling the solubility of Pu in
hydroquinone and Sn(ll) systems atpH 9 and 12 are shown in Figure 10. The figure
includes also the XANES spectra of the startingemal; as well as the reference spectra
reported in Brendebackt al. [140] for aqueous Pu(lll) and Pu(lV) species indaci

conditions.
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Figure 10.Pu L,—edge XANES spectra of solid phases recovered Qm(blue line) and
Sn(ll) systems (green line) at g+ 9 and 12 (¢, = 146 days). The spectra of the starting
material (black) used in this study and the giveferences for the aqueous species of Pu(lll)
(purple line, position of WL = 18062.5 eV) and R{((red line, position of WL = 18067.6
eV) reported in Brendebach et al. [140] are shoandomparison.

The edge energies of the XANES spectra (listedahld 2) collected for Pu solid phases in
hydroquinone systems are in excellent agreemett thé Pu(lV) reference spectrum [140].
Furthermore, these spectra perfectly match the X8MBgectrum collected for the starting
material, and clearly show the existence of a Pu@rite-like structure in the analyzed solid.
The shift in the white line position to lower engr@: 1.2 eV,Figure 10) observed for Pu
solid phases in Sn(ll) systems is beyond the typmoargy calibration error margir (0.5
eV), and unequivocally confirms a significant cdmition of Pu(lll). The reproduction of
these spectra as a linear combination of Pu(llj Ba(lV) reference spectra indicates an
average Pu(lll) content of (30 + 5) %, both at,pH 9 and 12. Since the predominance of
Pu(IV) was confirmed in the starting material, tbisservation indicates the reduction of the
initial Pu(lV) and further stabilization of Pu(lllnder these (pe + phl conditions. It has to
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be emphasized that a beam induced reduction irSti{fl)-buffered samples is ruled out
accounting for the confirmed predominance of Pu(ivV}he hydroquinone samples, which
were measured under exactly the same experimemtadlitons. Two hypotheses are
considered to explain the presence of Pu(lll) i $blid phases controlling the solubility of
Pu in Sn(ll) systems: (i) the coexistence of RuCr,hyd) and Pu(OHfam), or (ii) the
formation of a sub-stoichiometric Pu(fs) phase. Both options are discussed in the
following sections in connection with EXAFS anddality data.

Table 5. Pu Lj—edge inflection points and white-line positionstioé XANES spectra

in Figure 10: starting material used in the presenidst, solid phases recovered from the

hydroquinone and Sn(ll) systems at,pH 9 and 12 ({5 = 146 days) and Pu(llh, and
Pu(IV)yq references [140].

First inflection point*f White line (WL)*
Sample
[eV] [eV]

PuGy(ncr,hyd), 18060.3 18068.3
starting material

HQ, pHn=9 18060.9 18067.9

HQ, pH, =12 18060.7 18068.1

Sn(ll), pHn =9 18059.9 18066.6

Sn(ll), pHy =12 18059.3 18066.7

Pu(lll)aq (HCI, pH = 0) [140] 18059.9 18062.5

Pu(IV)aq (HCI, pH = 3) [140] 18062.4 18067.6
Pu(IV)(OH)(am)

(sample H) [169] 18060.5 18068.4

* Energy calibration relative to first infection jpd of Zr K-edge XANES assigned to 17998 eV (E Cs)ibration error
(due to DCM motor encoder step uncertainty): + @5 e

T Note that the position of the first inflectionipbis affected also by the Pu aggregation ste¢e é&qua ion vs. colloidal
oxy-hydroxide species or solid precipitates.

EXAFS

The Fourier-Transformed (FT) representation of Kieveighted EXAFS data depicted
in Figure 11 for hydroquinone and Sn(ll) systeme$t panel: FT magnitude, imaginary part
and fit results in R-space, right panel: raw d&tayrier-filtered data and fit results in k-space)

corresponds to a radial pair distribution functiorcorrected for photoelectron phase-shifts of
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the central and neighboring atoms. Two coordinasballs are discernible for all samples
investigated in the present work: the first oneuanb1.75 A (RA), which typically reflects
Pu bonding to bridging oxygen atoms and to oxygemfterminal water and hydroxide units.
These different oxygen neighbors, if simultaneoyslsent in a compound, exhibit a spread
of bond distances generally leading to large DeWaer factors or requiring inclusion of an
asymmetry parameterrfazumulant) in the fit - or even a second oxygerginieor shell ¢f.,
e.g.to Rotheet al.[169]). The second shell around 3.6 A (R-reflects backscattering from
second next Pu neighbors in the solid precipitadisnetric parameters evaluated are listed
in Table 3. The fit results obtained for both Pagds equilibrated in hydroquinone systems
are almost identical and very similar to those wiatd for the untreated starting material
discussed in Section 3.1. The apparent disagreeneéween the PuTluorite-type structure
observed in the XRD patterns and the reduced OPandoordination numbers in the Py L
EXAFS fits is actually in line with previous ressilbbtained for Pu oxy/hydroxide phases or
amorphous colloids: a rather rigid —-Pu—O—-Pu— ‘backd or fluorite structure type lattice
gives rise to the clear XRD signature, while thealoorder around individual Pu centers can
be significantly distorted - leading to stronglydueed coordination numbers (fluorite-type
PuQ: Rpy-0=2.32 A, Ny = 8; Rou-pu= 3.81 A, Ny = 12) due to destructive interference of
the backscattered photoelectron waves. This diao@p merely reflects the different
sensitivity of EXAFS as a short range structuraloer for order/disorder phenomena in solid
materials compared to XRD, where the latter is prambe blind to local deviations from a
long range ordered structure. Interestingly, Pupamequilibrated in Sn(ll) systems (at both
pHm values) exhibit a significant and consistent dhing of both Pu-O and Pu-Pu distances
by about 0.04—0.05 A compared to the two hydroquinsamples (fit errors are estimated to
0.01 A for R.oand 0.02 A for Ry.py).

The impact of the possible coexistence of {n€r,hyd) and Pu(OHfjam) on the average Pu-
O distances (measured by EXAFS) in the Pu solids@haquilibrated in Sn(ll) systems is
unclear. Virtually no information is available ohet structure of the amorphous phase
Pu(OH)(am), which should be probably better defined a®,f0H);_»MHO(am). Pu(lll)—
OH bonds are expectedly shorter than Pu(IV)-O ¢PUOH,, considering ¢y = 1.22 A,
fo~ = 1.40 A and ¢, = 1.38 A reported previously [179-181]. Howeves,the number of
Pu(ll)—OH bonds in Pu@OH)s_xH,O(am) is unknown, the impact on the Pu-O distances
cannot be properly assessed.

The shrinking of Pu-O and Pu-Pu distances in thied gohases containing Pu(lll) is
unexpected because of the larger size of tH& iBn (1.12 + 0.02 A, CN = 8) compared to
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PU** (1.01 £ 0.02 A, CN = 9) [173]. Only a limited nuethof experimental studies [167, 182-
186] have investigated the structure and statmlityub-stoichiometric phases Pugs). Most

of these studies focused on the behavior of B@€) phases at elevated temperature, and
reported the destabilization of Pudds) below 300°C. Haschket al.[184] investigated the
reaction of Pu metal (both-phase and-stabilized alloy) with water at 25°C, and reported
the formation of several PuQX(s) phases (PuQ:4 PuQ 775 PuQ s and PuQ@sg3) besides
PwOs, PuQ and two Pu(lll) oxo-hydrides (PuOH and;PgH3). Recent publications [185,
186] by the same research team combining their ewperimental results with the re-
interpretation of data available in the literatwencluded that the Pu-O system is not
accurately described by the currently accepted Hase diagram, and that the formation and
predominance of PuQ(s) phases should be also expected at room temperaBoth
experimental and theoretical studies report howgweexpansion of the unit cell in Pugs)
compared to Pugls), which expectedly should correlate with an ghdion of the Pu-O
distance [167, 187]. It is evident from the disdoissabove that relevant uncertainties still
affect to this system, especially in the conditiomgestigated in the present stud. in
aqueous systems at room temperature.

Although, the presence of up to 30% of Pu(lll) l@en confirmed in the Pu solid phases
equilibrated in Sn(ll)-buffered systems, based ughenstructural changes associated with the
partial reduction of Pu(l\§) the currently available XAFS data cannot unamdiicply

differentiate between the following two cases:

1. Formation of a homogeneous phase, Ry€), with reduced lattice constant

2. Mixture of predominantly fluorite type Pu(IV3@nd amorphous Pu(lll)(Okliphase.

Further experimental efforts are definitely neettedlucidate these uncertainties (see Section

3.1.1.8 for related discussion).
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Table 6.

spectra to the EXAFS equation.

Data range and metric parameters extracted by lsgstares fitting of EXAFS

k-raqge ,
A7 R AEo o r-factor
Sample fit-range shell N Al [eVv] (A7 [%]
[A]

1.85-12.13 O 43 233 2.06° 0.0046°3 2.9
PuQy(ncr,hyd), (8.0) (0.0140)
starting material

1.29-417 Pu 23 3.84 0.0004

1.71-125 O 40 2.32 2.38 0.0104 1.6
Pu(IV)(OHu(am)
(sample H) [169]

135399 Pu 24 3.87 1.84 0.0066
HO 1.65-12.23 O 52 2.32 0.099 0.0068%® 1.3
pHn=9

1.01-408 Pu 3.2 3.83 0.0021
HO 1.60-12.10 O 50 2.33 2.329 0.0044% 1.2
pH,=12

1.01-408 Pu 3.2 3.83 0.0027

1.90-12.22 O 6.2 228 -1.43° 0.0071¢ 2.5
Sn(ll)
pH,=9

0.83-4.17 Pu 3.7 3.78 0.0014

1.90-12.18 O 49 228 -1.349 0.0061°® 2.9
Sn(ll)
pH, =12

0.83-4.17 Pu 32 3.78 0.0014

S2 = 1.0 fixed (slightly underestimating N in allsit

9 global parameter for both shells

' fixed parameter

€3 asymmetry parameter (3rd cumulant) applied in fit

errors: R0 0.01 A, Ryp,0.02 A
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Figure 11.Pu L,—edge EXAFS fit results for hydroquinone and SrsyBtems in R-space -
left panel: FT magnitude (solid line), fit magnitudopen circles), FT real part (thin solid
line) and fit real part (open triangles); right pah Fourier-filtered data (solid line), raw data
(thin solid line), back-transformed fit (open ces).
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3.1.1.5 Thermodynamic calculations

Chemical reactions (32), (35) and (38) are expetdezbntrol the solubility of Pu within the
experimental conditions considered in this studye €orresponding Equations (33, 34), (36,
37) and (39, 40) have been used in combination witbility constants and SIT ion
interaction coefficients summarized in Table Al drable A2 of the Appendix to calculate
the solubility lines in Figure 7 and Figure 121@(am,hyd) in equilibrium with Pu(lV)
aqueous species (black line); P@n,hyd) in equilibrium with Pu(\y, and Pu(lll}q at pe +
pHm = 2 (grey line); and Pu(OK(p) in equilibrium with Pu(lll)q (green and purple lines).
The two solubility curves plotted for Pu(Ofh) have been calculated using |d€ffiso =
15.8 and 14.35, as reported in [9] (taken from 30id [40], respectively.

Pu(l(OH)s@m) + n H = Pu(lil)(OH)n + n HO(l) (32)
log *K®is,(3-n) = 109 *K'iis,3-n) + 10g ypuqinpor); 1+ + N logaw — n logyw+ (33)
log *K'iiis,3-n) = 109 Mpuqinom),_ 1+ + N phhn (34)
Pu(IV)Ox(am,hyd) + n Fl = Pu(IV)(OH)n  + (n—2) BO() (35)
log *K°vs,(4-n) = 109 *K'ivs (4-n) + 109 yruqv)ion), " + N logaw — n logyw+ (36)
log *K'ivs,4-n) = 109 Meuqvyom), 1+ + N ph (37)
Pu(lV)Ox(am,hyd) + (1+n) A+ € PU(l”)(OH)g_nn+ + (n-1) BO(l) (38)
log *K*vsi,a-n) = 109 *K'isii,a-n) + 109 ypuinor;_ 1+ + pe +

+ (1+n) logay — (1+n) logyy+ (39)
log *K'snii,a-n) = 10g Meuqiyor, M + (1+n) phh (40)

3.1.1.6 Redox conditions in unbuffered systems

The redox-unbuffered systems after an equilibratiioie of ca. 8 years are considered to be in
a well-established steady state with constant rgumgntial values. Liquid—liquid extraction
method on the ultra-filtrates determined Pu(V) las prevailing redox state of Pu in the

investigated systems at pH= 3.76 and 3.86. The quantified Pufy)concentrations
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(log m(Pu): = —5.63 and —6.18) together with the contributiofu(Vl)g (log m(Puy: =
—7.3 and -7.9) and Pu(ly) (log m(Puy: = —8.0 and —8.3, respectively) are suitable to
calculate the theoretical redox potentials of tbkitsons, based on the corresponding redox-
equilibria: Pu(lV} « Pu(V)kq and Pu(V)q < Pu(Vl)a According to the hydrolysis scheme
of Pu(V) and Pu(VI) [9], the dominant species af tliven oxidation states of Pu in solutions
at pH, = 3.76 and 3.86 were found to be the oxo-catibhg®" and Pu@. Hence, the
theoretical pe values were then derived from resg@ctions (28) and (31), through the
corresponding Equations (30) and (33), respectiyshusing the thermodynamic values (29)
and (32), reported in [5] and [9], corrected to @ NaCl via the SIT formulism.

Pu(IlV)O,(am,hyd) = Pu(V)Q:'(aq) + € (41)
log *K°envaq = —(19.78 + 0.89) (42)
P&uvs-vaq) = —(10g *K'vsivag— 109 Mbu()0,*(aq) (43)
Pu(V)Q;'(aq) = Pu(vV)O*'(aq) + & (44)
l0g *K°Vaqviag= —(15.82 % 0.09) (45)
Pevag-viag) = ~(109 *K'vagiviag— 109 Mpuv)o,*(ag) — 109 Mbu(viyo,?*(ag) (46)

The experimentally measured redox potential valpes= 12.39, 11.35 in the unbuffered
samples at pH= 3.76 and 3.86, respectively were found to bear&ably lower than those,
calculated by the corresponding equilibria: PUgR)I(V)aq With p&ivs.vaq= 13.94, 13.39 and
the Pu(V)4dPu(V1)aq With p&vag-viaq) = 13.75, 13.74. In the absence of other redoxesifthe
redox potential is directly controlled by the awabie plutonium in solution. In this
framework, measured,Eralues of systems with relatively low Pu total centrations (below
10 M) are affected by large uncertainties and shalltleated carefully. Nonetheless, the
good agreement in the pe values measured for thepleD Pu(IVYyPu(V),, and
Pu(V).{Pu(Vl)aq gives further confidence in the quantitative easitbn of the different redox

states of Pu in solution.

3.1.1.7 Determination of log *K°ys o for PuO(ncr,hyd) starting material

The accurate characterization of the Rm@r,hyd) solid phase and the quantification by
liquid-liquid extraction of m(Pu(IV)): in equilibrium with this phase under acidic coruatis

allows the quantification of logk°yse of the starting material used in the solubility
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experiments under alkaline to hyperalkaline pH dooras. Solid phase characterization
(Section 3.1.1.4) has also confirmed the predonumanf the same solid phase in
hydroquinone systems, and thus the solubility dat#his system expressed by the same
log *K°vs0. The case of Sn(ll)-buffered systems, where XANt&S confirmed the presence
of Pu(lll) in the solid phase is discussed in detaSection 3.1.1.8.

Total concentration of Pu(lV) in equilibrium withuBP,(ncr,hyd) at pi, = 3.76 and 3.86 was
quantified by liquid-liquid extraction. Based oretbxperimentally measured m(Pu(lM))the

concentration of free Pt(aq) was calculated using Equation (47):
4 -1
Mpaq = MPU(IV)lot* (L +X | (*A'rn-Mi™)) ! (47)

where log #'1, are the hydrolysis constants of Pu(lV) (correspogdo the reactions:
P + n HO(l) = Pu(IV)(OHY“™" + n H with n = 1 — 4) corrected to 0.1 m NaCl using
the SIT formalism. Based on the calculategfpq and according with chemical reaction
(35) for n = 4, the conditional solubility produzit PuG(ncr,hyd) in 0.1 m NaCl (logK'\ys o)
can be calculated based on Equation (47), and ateddo the standard state (Id§°fys.o)
using Equation (36).

The resulting mean value of the solubility prodattthe PuQ@(ncr,hyd) phase used in this
study was determined as log%yso = —(58.1 £ 0.3), which is in excellent agreemeiihwthe
selected reference value of —(58.3 + 0.5), repartédiecket al.[5] and NEA-TDB [9].

3.1.1.8 On the role of Pu(lll)s/aq under alkaline reducingconditions

According to the current thermodynamic data sedectiprovided by NEA-TDB [9] for
Pu(lV) and Pu(lll) solid compounds and aqueous isgecthe redox transition for the
transformation of Pugam,hyd) + & «— Pu(OHX(s) lays at (pe + pH) = —(0.4 = 1.6), is just
below the lower border line of the stability fieddl water (see Section 1.1.1 for more details).
Consequently, Pu(OR{s) is not foreseen to form under the redox-infaeerof Sn(ll) in
agueous systems, defined by the mildly higher (%) values (see Figure 6). It has to be
emphasized however, that taken into account thertainty of + 1.6 log-units assigned to the
log *K°is.0 Solubility product, the redox conditions definifgetgiven transition are very ill-
defined.

In contrast to the above mentioned thermodynampmeetations, XANES results provide

evidence on the presence of relevant fractionsugfiliP in the solid phases, controlling the
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solubility of Pu in Sn(ll)-buffered systems at pi# 9 and 12. Under the given conditions at
pHn = 9 the solubility of Sn(ll) (originally: m(Sn(lky: = 2 mM) is controlled by the
SnsO4(OH)4(s) and SnO(s) phases, limiting m(Sn¢o ~10° m, whilst at pkh = 12, Sn(ll)

is quantitatively dissolved by the formation of SR’ and (mostly) Sn(OH) [126].
Reproduction of the observed PyJedge XANES spectra by the linear combination of
Pu(lll)aq and Pu(lV)q reference spectra from [140] determined an overadrage Pu(llk)
content of (30 £ 5) n% for both retrieved solidsnfr the Sn(ll)-buffered systems, regardless
of the present pH condition in the supernatant solutions. Basedh&asé observations, the
influence of different Sn(ll)-containing solid plason the redox state of Pu within the
investigated solids (through possible sorption ctffe can be discarded. Furthermore,
provided the different hydrolysis speciation andsththe chemical behavior of Sn(ll) at the
given pH, within the investigated systems, the detected atolu of Pu(IV)s to Pu(lll)s (in
comparison with the identical HQ system) could onéyimposed by the lower (pe + gH
conditions,.e. by the more reducing nature of the media.

Previously reported experimental observations {8, point towards the greater stability of
Pu(OHX(s) compared to the current thermodynamic NEA-TRB&ion [9]. According to
Equation (34) using the lod<® s o for Pu(OH}(s) reported by Fellhauer and co-workers [40]
the depicted calculation results in less reducmgddions for the given redox transition with
(pe + pH,) values of +1.05, consistently with the presericd@éuflll) in the solid phases of the
Sn(l)-buffered solubility experiments. However, the case of the simultaneous presence of
two solid phases containing the same cation, tlesetwith the higher solubility (and thus
less stable) controls the concentration of the ooatin solution until its complete
transformation into the thermodynamically stabldidsgphase (if equilibration processes
between the solid and liquid phases are not kiakichindered). In this context, the
coexistence of two solid phases (B(@r,hyd) and Pu(OHjam)) along a broad pH-range
(9-12, in the present study) is feasible but uhjikeom a thermodynamic point of view. It
requiresAG = 0 within the considered (pe + pHboundary conditions for the chemical
reaction Pu@am,hyd) + HO(l) + H" + € « Pu(OHY(am). This observation suggests that
the coexistence of both solid phases, if confirnveallld possibly correspond to a kinetically
transient state evolving towards the complete foamstion into a single phase, either
PuQy(ncr,hyd) or Pu(OH)am), or a mixed-valent oxide forming.

For comparison reasons, the Pu solubility resulthis study, gained in the Sn(ll)-buffered
system are plotted together in Figure 12 withginglar (above the given detection limit) data
on Pu(OHJ(s) solubility, conducted in distilled water by sl and co-workers [30]. Figure
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12 also includes all the previously calculated Blulslity curves corresponding to solutions
in equilibrium with Pu@@am,hyd) or Pu(OHJs) solid phases.

The green line in Figure 12, showing the solupiif Pu(OH}(s) calculated with the NEA-
TDB selection [9] clearly overestimates the expenially measured Pu solubility in Sn(ll)-
buffered systems with pki< 11, supporting the hypothesis that the seleligdK® s for
this solid phase, reported in [30] is too large.rébver the published raw data points of
Felmy et al. also exhibit systematic differences (with negdsivé@gned residuals) from the
above mentioned solubility line. Worth mentioninigaa that the corresponding solubility
curve is corrected to 0.1 m (NacCl) ionic strenggtitie SIT formalism. Hence, changes in the
residuals with respect to the “real” curve at ifténdilution are indeed expected, (since the
experiments were conducted in distilled water biyrfyeet al), but the effect is irrelevant to
the overall trend. This phenomena implies thatojhigmized solubility product of Pu(Ok{}¥)
(log *K°s,0) is overestimated, which is partly originating rfrothe incorrectly applied
hydrolysis scheme of Pu(lll) (see Section 1.1.1nfare details). The possible reevaluation of
the raw data reported in [30], using the selectgdrdlysis constants from the latest NEA-
TDB review [9] for Pu(lll}, would already provide a moderately lower ld¢fifiso by
approximately 0.6 log-units, also in accordancénhie work of Chaet al.[33].

On the contrary, the identical solubility curve fiple line in Figure 9) of Pu(OH(s),
calculated with the logK°,so determined in [40] provides a more consistentofitthe
solubility data gained in this work at pH> 9. However, the large dispersion in the
determined Pu concentrations under the near-nepHgl conditions does not allow us to
refine theoretically the corresponding la§°s o value of Pu(OHy)s) for the Sn(ll)-buffered
system.
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Figure 12. Plutonium total concentrations in solution in dduium with Pu(OH}(am) in
distilled water (Felmy et al. [30], symbol), in 0.10 m NaCl (Fellhauer [40], symbat), in
0.10 m NaClQ (Cho et al. [33], symbol#) or with PuQ(ncr,hyd) in Sn(ll)-buffered systems
at 1 = 0.10 m NaCl (present study, symhbb). Solid lines correspond to the
thermodynamically calculated solubility of Py@m,hyd) in equilibrium with Pu(ly)
species (black line) and for pe + pH 2 (grey line, predominance of Pu(ly)at pHny < 9).
Green, purple and light blue lines show the caltediasolubility lines of Pu(OHjam) using
log *K°is0 values reported in NEA-TDB [9], in Fellhauer et 0] and in Cho et al. [33],
respectively. lonic strength corrections were perfed using SIT formalism as described in
Section 3.1.1.5.

One plausible explanation for the presence of BillV) and Pu(lll) in the solid phase
controlling the solubility of Pu under alkaline lhgperalkaline reducing conditions would be
the formation of the substoichiometric plutoniunoxdde: PuQ_ys). It is widely accepted [5,
6, 177, 188-190] that the fluorite-type structufePoQ, can easily accommodate additional
oxygen atoms to charge-balance the presence of)Ru(PuQ.«(s), which readily forms in
the presence of traces o0b.Q\ far more limited and discrepant literature v&igable on the
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formation of the sub-stoichiometric phase Ry(). Most of the available studies [167, 182,
183] deal with dry solid material synthesized ahdracterized at elevated temperature (300—
1000°C), and thus, are hardly comparable to thegmtework. The study by Haschke and co-
workers [184] dealing with the corrosion of Pu nhetdh water at room temperature provides
a somehow closer basis to be compared with thermlatibtained in the presently. The
authors could not explain their observations witle formation of either Pu(Ok{}) or
PuO(s) solid phases plus ;Hbut claimed the formation of several Pu(®) phases.
Unfortunately, no structural data was reportedsiach phases and no information on the Pu
concentrations in solution were provided either.

In spite of the multiple experimental evidence ectiéd in the present work (solubility, (pe +
pH) measurements, extensive solid phase charaatienz redox speciation), this still does
not allow us to formulate a final conclusion on ttae of Pu(lll) in the solid phases
controlling the solubility of Pu under alkaline teihg conditions. However, the solubility
behavior of Pu(lV) and Pu(lll) solid phases in firesence of strongly complexing ligands
(such as ISA) is expected to provide additionaigims on the character of the solid phases

controlling the solubility of Pu under these bourydeonditions.
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3.1.2 Pu-ISA system

3.1.2.1 pH and E, measurements

The experimentally measured ptand E (converted into pe) values of all the evaluated
samples are shown in the Pourbaix diagram of Purigure 13. The thermodynamic
calculations for the construction of the diagranrevexecuted identically as it was detailed
before in Section 3.1.1.2.

Solubility experiments in HQ or Sn(ll) redox buféersystems in the presence of ISA showed
stable pk, (x 0.05) andE, (= 15-30 mV, depending upon pH-region) readingthwithe
time frame of this study (3 months).

In accordance with the findings of the present wtoonducted in the absence of ISA (see
Section 3.1.1), the use of HQ as a redox buffeaggnt set moderately reducing conditions
with (pe + pH,) = (9 = 1). These conditions fall within the st&pifield of Pu(lV)s and
Pu(IV)aq and thus this system is considered as the referease to assess the interaction of
Pu(IV)aqs With ISA. The presence of Sn(ll) maintained stigngeducing conditions in
solution. Redox potentials observed in all Sn(Uffered systems with shorter measurement
time (approximately 15 mins) could be describedhsycorrelation of (pe + pk) = (1 = 1).
However, as discussed in Section 2.2, longer alfosamtact time for the measurements pf E
values resulted in a more stable mean value atiesektigated pH condition. The obtained
values showed significantly smaller uncertaintyemaft hour of measurement timeable 7
summarizes the average of thev&alues yersusAg/AgCl reference electrode) together with
the associated uncertaintiesofZollected in the Sn(ll) system at different pldonditions
with more than 1 hour of equilibration time. Theadhabsolute drift for the measurements of
the values listed iffable 7 (below < 0.08 mV/min) together with theaclg lower associated

uncertainties (x 15 mV) ensured the validity of tieained conditions.
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Figure 13.Pourbaix diagram of Pu calculated for m(Ru) 10° m and | = 0.1 m NacCl
using thermodynamic and (SIT) activity models ascideed in the text. pkland E, values
experimentally determined for Pu(IV) solubility ekments in the presence of ISA and redox-
buffering agents: HQu) and Sn(ll) (A).Thick lines correspond to redox borderlines betwe
Pu(lV) and other Pu redox states: solid line is tharderline between Pu solid phases;
dashed line is the borderline between Pu aqueowisp. Colored regions indicate
equilibrium between Pu(IlVand Pu(lllyq (green), Pu(\yy (orange) and Pu(V4) (blue). The
borderlines of the stability field of water at (pepHm) = 20.77 and (pe + pk) = 0, the
“redox-neutral” line at (pe + pH,) = 13.8 and the lines at (pe + pi= 1.54 and 9 are

shown for comparison.
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Table 7. Mean pH, and g values (versus Ag/AgCl reference electrode) wdboaiated
uncertainties collected in Sn(ll)-buffered systemith extended measurement times (for 1, 2
and 6 hours).

En (MV) Associated
pHm uncertainty, &
vs. Ag/AgClI ref. electrode (mV)
8.05 -580.0 14.5
9.15 —657.9 9.2
10.02 —714.8 14.2
10.85 —771.2 14.2

Using the results of 1, 2 and 6 hours gfrfeeasurements, an averaged redox condition with
(pe + pHy) = (1.54 £ 0.14) can be derived. This is considete be the overall valid
thermodynamic value and adapted for the interpogtadf the data gained in the Sn(ll)
system (see Section 3.1.2.4.2 for further detailstree evaluation procedure of the given
results). Under the redox-influence of Sn(ll) fings of the previous study conducted in the
absence of ISA indicated the coexistence of Pu(?0%) and Pu(lll) (~30%) in the solid

phases recovered from experiments at, pt® and 12 after 146 days of contact time.

3.1.2.2 Solubility measurements

Total concentrations of plutonium in equilibriumtwiPuQ(ncr,hyd) and in the presence of
NalSA measured after phase separation (ultrafidinatind ultracentrifugation) are shown
in Figure 14 (pk, = 8 — 12.9; m(ISA); = constant = I8 m) andFigure 15 (pH, = constant =
12; m(ISA)e: = 10° — 0.10 m). Figure 12 also includes the total Puceatration measured
(without any phase separation applied) in the swgiant of the solubility experiments. The
latter data give insight on the possible preseriaitoidal Pu(lV) species. The solubility of
PuQy(ncr,hyd) in equilibrium with Pu(I\g), (HQ system) and for (pe + pii= 1.54 (reductive
dissolution), as well as the solubility of Pu(Qm) using log K°s 0 reported in Chet al.
[33], are appended to the figures for comparisap@ses.
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3.1.2.2.1 Series with constant ISA total concentrations

Figure 14 shows that very stable values of m{Paje obtained for both HQ and Sn(ll)
systems after 90 days, indicating that thermodynaquilibrium has been attained within
this timeframe. The trends observed in the solybdurves in HQ and Sn(ll) systems can be

divided into three different cases:

1) pHn = 8 — 11 in HQ-buffered systems: moderate ang-pidependent enhancement in
the solubility of Pu@ncr,hyd) is detected, indicating that nd Hre involved in the
equilibrium reaction controlling the solubility dPu. The increase in solubility with
respect to the ISA-free systems is attributed ® ftirmation of Pu(IV)-ISA agueous
complexes.

2) pHm =8 — 11 in Sn(ll) systems: compared to the HQesys a greater impact of ISA on
the solubility of Pu@ncr,hyd) is observed. The solubility shows alsalear pH-
dependency. Such differential behavior can onlattébuted to the formation of Pu(lll)—
ISA agueous complexes. Although these observationsot provide any direct insight on
the solid phase controlling the solubility, the Bwm(Pu); measured at pkl= 8
compared to the calculated solubility line of Pu(g{eim) (light blue line in Figure 14)
hints towards the possible retainment of the ihRia(lV)O.(am,hyd) phase within these
boundary conditions.

3) pHm > 11 for both HQ and Sn(ll) systems: a clear iaseein the total Pu concentrations is
observed with a slope (log m(Ruys. pHm) = +1, indicating that one Hs released in the
equilibrium reaction controlling the solubility ¢fu. The identical behavior observed in
HQ and Sn(ll) suggests that Pu({\dhd Pu(lV)q prevail in both systems.
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Figure 14.Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) in 0.10 m
NacCl for redox buffered systems with H&) &nd Sn(ll) (A) at pH, = 8 — 12.9 and m(ISA)

= 102 m. Solid lines correspond to the thermodynamicaibiculated solubility of
PuO,(am,hyd) in the absence of ISA in equilibrium wWRt(1V)q (black line) and for pe +
pHm = 1.54 (grey line, predominance of Pu(iypelow pH, =10.5, see text for more details),
and for Pu(OHj(am) (light blue line) in equilibrium with Pu(lly species (calculated by
using log *K9so reported in Cho et al. [33]). Red line with a stopf +1 is shown for

comparison purposes.

3.1.2.2.2 Series at constant pH conditions

Figure 15 shows the solubility of Pu at pk 12 as a function of increasing m(1SA)n
solution after various applied phase separationhoust and in the supernatants as well.
Virtually identical solubility behavior is observddr the HQ- and Sn(ll)-buffered systems,
indicating that the same chemical equilibrium isitcolling the solubility in both systems.
Consistent values were obtained using ultrafilratiand ultracentrifugation as phase
separation technique. A large scattering in m¢Pis)observed at m(ISA) < 10° m, in line
with the results gained in the absence of ISA. Maecise values of m(Pgt)are visible at
m(ISA)e > 10° m, indicating the formation of a new Pu(IV)-ISAroplex. The latter
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phenomena: increasing precision of solubility measents upon the formation of charged

aqueous complexes was previously reported for b{g/)—carbonate system as well [106].

' 1 N I ' 1 N I v 1
3L A Sn(ll), teq <90 d, LSC, (SF)-ICP-MS (UF/UC), (p.w.) ]
B HQ t,,<90d, LSC, (SF)-ICP-MS (UF/UC), (p.w.) @
Sn(ll), te, < 182 d, supernatant, (p.w.)
4 HQ, t,, < 182 d, supernatant, (p.w.) ]

® Moreton et al. (I =0.01 m NaCl)
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Figure 15. Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) in 0.10 m
NaCl for redox buffered systems with H&) @nd Sn(ll) () at pH, = 12 and 10° m <
M(ISA): =0.10 m. Open symbols mark the total concentratadrBu in the supernatants of
the Sn(ll)«A) and HQ-buffered() systems (measured without any phase separatitimoche
applied). Black, filled circlese) correspond to experimental solubility data regaktin [93]
obtained from undersaturation conditions at | = 0.0 NaCl. Red line with a slope of +1 is

shown for comparison purposes.
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At m(ISA) > 10° m, the solubility of Pu increases with a well-defil a slope of +1,
indicating that the Pu:ISA stoichiometry of the quex at pH, =12 is 1:1.

Quantification of Pu in the supernatant solutiontheut any phase separation method (open
symbols inFigure 15) show a significantly greater m(guhan the values obtained after
ultracentrifugation or ultrafiltration, indicatinghe gradually larger fraction of colloidal
Pu(lV) aqueous species in solution with increasm{SA)... Special care was taken to avoid
artefacts caused by the re-suspension of solidiclgmt The reproducibility of these
observations was counterchecked with independemplea prepared with different total
volumes and types of containers. Although mgPualues obtained after phase separation are
representative of the thermodynamic equilibriumween the solid phase and monomeric
agueous species, the colloidal fraction must be edsmsidered when assessing the impact of
ISA on the mobilization of Pu under repository-xeet conditions.

Solubility data of Pu(IV) in the presence of ISAepiously determined in [93] are also shown
for comparison purposes Figure 15. Substantial discrepancies arise betwsese data and
the Pu solubility determined in the present wodk @oth, HQ- and Sn(ll)-buffered systems).
Relevant experimental shortcomings identified i8][@see Section 1.3.3.1) could explain
these observations, such as: the use of oversatugproach without phase separation for
the quantification of m(Pw), non-redox buffered conditions, among others. éagethe
m(Pu),: concentrations measured in the present work inatbeence of phase separation
already point out that the presence of colloidshinrgpresent a relevant contribution to the
overall solubility measured by Moreton and co-weské&ecause of these limitations, the data
reported in [93] are disregarded in the developne¢rhemical and thermodynamic models
for the system Pu(IV)-ISA.

3.1.2.3 Solid phase characterization

Synchrotron-based in-situ XRD

Figure 16 andrigure 17 show thén-situ XRD patterns of the solid phases controlling the
solubility of Pu in HQ and Sn(ll) systems, respesly, equilibrated in solutions with
M(ISA)et = 10° m, pHy = 9 or M(ISA): = 0.10 m, pk, = 12 for 260 daysFigure 16 also
shows the diffractogram of the empty double comment used in the synchrotron-based

measurements at the INE-Beamline as describedcimn8e.6.6.
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Cu Ko radiation [J PuOy(cr) - Zachariansen, 1949
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Figure 16.In-situ XRD patterns collected at the INE-Beamlioe the Pu solid phases
recovered from HQ-buffered solubility experimenithvm(ISA); = 10° m, pH, = 9 and
M(ISA): = 0.1 m, pH, = 12 (tq = 260 days) and for the empty double containmgquares
indicate peak positions and relative intensitieggarted for PuQ(cr) [166].
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Figure 17.In-situ XRD patterns collected at the INE-Beamliioe the Pu solid phases
recovered from Sn(ll)-buffered solubility experingewith m(ISA); = 10° m, pH, = 9 and
M(ISA): = 0.1 m, pH, = 12 (g = 260 days). Square and circle marks show pealtipos
and relative intensities reported for Pp@r) [166] and for SeO4(OH)4(s) (PDF 14-0140
from JCPDS database [136]), respectively. The mianmarks indicate the corresponding

signals of the empty double containment used.

All collected diffractograms of the retrieved PUidghases equilibrated in the presence of
ISA are perfectly matching with the reference pattef PuQ(cr) reported in [166]. Under
identical conditions to those of the present wamevious experimental study conducted in
the absence of ISA found the signals of the RaQ@reference pattern significantly decreased
in the solid phases retrieved from the Sn(ll)-brdte samples at pHi= 9 and 12, in
comparison with the analogous data obtained inHResystem. The Pu,l-edge XANES
spectra indicated a relevant contribution of PY(Hlthe solid phases treated with Sn(ll), but
the presence of the cubic y(cr) (PDF 06328) and/or PuQ)(cr) (PDF 41-1171) phases
could not be ruled out. However, in the coursehefdurrent study, all XRD pattern collected
on the solid phases equilibrated in the presend8Mfare identical and such differences are

not observed between the data of different reddieled systems. These results are hinting
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towards the retainment and predominance of Pu(}{a@,hyd) in both the HQ- and Sn(ll)-
buffered Pu-ISA system. Besides the pattern of far) a number of additional reflections
are also observed in the Sn(ll) system af, pHO. The latter show moderate agreement with
the diffractogram of S04(OH)4(s) (PDF 14-0140, as identified solid phase avéalab the
JCPDS database [136]) and SnO(s) (PDF 13-0111)hwaie the expected solid phases
controlling the solubility of Sn(ll) at this pH[126]. Just as previously (Section 3.1.1.4),
Sn(ll)-containing solid phases in the retrieveddsphases of the Sn(ll)-buffered system at

pHm = 12 were not detected, due to the complete dissal of Sn(ll) under this condition.

XANES

Pu Lj—edge XANES spectra collected for the solid phasesrolling the solubility of Pu in
HQ and Sn(ll)-buffered solutions with m(IS4)= 10° m, pHy = 9 or m(ISA), = 0.10 m,
pHn = 12 (tq = 260 days) are shown faigure 18. The figure also includes the XANES
spectra of the reference spectra reported in [fBtG3queous Pu(lll) and Pu(lV) species under
acidic conditions.

The edge energies of the XANES spectra collectedlfahe retrieved Pu solid phases are in
excellent agreement with the Pu(lV) reference spettreported in [140]. Furthermore, these
spectra perfectly match the previously XANES speuticollected for the starting material,

and clearly show the existence of a RdiQorite-like structure in the analyzed solid.
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Figure 18.Pu L,,—edge XANES spectra of solid phases recovered HQm(blue lines) and
Sn(ll)-buffered (green lines) systems equilibratedolutions with m(ISA)} = 10> m, pH, =

9 and m(ISA): = 0.10 m, pH, = 12 for 260 days. The spectra of the referencesttie
aqueous species of Pu(lll) (purple line, positidrnEg, = 18062.5 eV) and Pu(lV) (red line,
position of k. = 18067.6 eV) reported in Brendebach et al. [140ld the spectra of the
initially characterized Pu(lV)@am,hyd) phase (starting material, also used fa finesent

study, see section 3.1.1.1 and references [1, 2])

Experimental evidences from-situ XRD and XANES measurements unequivocally confirm
that the initial nanocrystalline Pu(IV3@m,hyd) remains stable and controls the solubuality
Pu in all system in the presence of ISA.

As the redox conditions imposed by HQ fall withiretstability field of both, Pu(l\{)and
Pu(IV)aq the predominance of Pu(lV) in the retrieved sgllthses wer@ priori expected
upon predictions of thermodynamic calculations.viengs solubility study conducted in the
absence of ISA under identical redox conditions aBd < pH;, < ~13 showed very low
(~10"°> m) and pH-independent Pu solubility values, cdasiswith the control of the
solubility equilibrium: Pu@am,hyd) + 2 HO(I) = Pu(OH)(aq). Hence, the HQ-buffered

Pu-ISA series are treated as the reference casptoately assess the interaction of Pugly)
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with ISA. Findings ofin-situ XRD and XANES gained on the retrieved Pu solid pbas the
Sn(ll) system show significant differences betwéentwo cases: i, in the absencg £t 146
days) and ii, in the presence of ISA (present wagks 260 days). The predominance of the
tetravalent state of Pug. the complete lack of the previously detected Pu¢kntent in the
retrieved solid phases dictates to evaluate thé&SRusolubility data of the Sn(ll) system by
the use of a reductive dissolution model. Undehsticcumstances, the concentrations of the
free hydrolyzed Pu(lll)-species are driven by tihespnt redox condition, with (pe + pH=
(1.54 + 0.14) in solution, through the chemicaliguum: Pu(IV)O.(am,hyd) + (1+n) A+

€ = Pu(ll(OH)_"" + (n—=1) HO(l).

EXAFS

The Fourier-transformed (FT) representation of #feveighted EXAFS data depicted
in Figure 19 for HQ and Sn(ll) systems (upper fpaR€ magnitude, imaginary part and fit
results in R-space, lower panel: raw data, Fodiitered data and fit results in k-space)
corresponds to a radial pair distribution functiemcorrected for photoelectron central and
neighbor atom phase-shifts. Two coordination shelte discernible for all samples
investigated in the present work: the first oneuamb1.75 A (RA) reflects Pu bonding to
bridging oxygen atoms and to oxygen from terminater and hydroxide units. These
different oxygen neighbors exhibit a spread of balstances generally leading to large
Debye—Waller factors or requiring inclusion of @ymmetry parameter '€3cumulant) in the

fit - or even a second oxygen neighbor shdil, e.g.to Rotheet al.[169]). The second shell
around 3.6 A (RA) reflects backscattering from second next Pu rmgh in the solid
precipitates. All metric parameters are listed @ble 8.

As observed in the previous Pu solubility studytive absence of ISA [1], all solids
investigated in the present work show a fluoritgetysignature as well. No clear trends are
observed with pH (9 and 12) or with reducing agent (HQ and Sn(liy).all cases, R-o
scatters around 2.30 A angR-,around 3.80 A, whereas coordination numbegssbhtters
around 6 and P, around 4. As extensively discussed in previoudigations [1, 179-181],
the nanocrystalline character of the B({or,hyd) material used in this work leads to a
significantly distorted local order around indivaluPu centers, which importantly reduces the
coordination number reported for ideal fluorite¢yPuQ: Rpy-0= 2.32 A, Ny = 8; Roy-pu=
3.81 A, Ny = 12. This is attributed to destructive interfarenof the backscattered

photoelectron waves.
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In summary, experimental evidences frowsitu-XRD, XANES and EXAFS measurements
unequivocally confirm that the initial material, neerystalline Pu(lV)@(ncr,hyd) remains

stable and controls the solubility of Pu in allteyss in the presence of ISA. This observation
was considered in Section 3.1.2.4 for deriving deaimrand thermodynamic models for the

Pu—ISA system in HQ- and Sn(ll)-buffered systems.

Table 8.
spectra to the EXAFS equation.

Data range and metric parameters extracted by lsgstares fitting of EXAFS

k-range
Sample A4 AE, e r-factor
_ shell N )
name fit-range [A] [ev]® [A] [%]
[A]
HQ 1.80-13.28 @) 59 2.30 -0.44 0.0081 2.7
pHn =9 0.95-4.14 Pu 3.4 3.81 0.0021
Sn(ll) 1.75-13.46 O 6.6 2.28 -2.28 0.0081 2.4
pHL=9 0.98-4.11 Pu 4.3 3.78 0.0030
HQ 1.70-13.29 O 5.9 2.30 -1.11 0.0082 6.6!
pHn =12 1.04-4.11 Pu 4.1 3.80 0.0030
Sn(ll) 1.75-13.47 O 5.2 2.29 -2.31 0.0060 1.6*
pHn =12 0.90-4.06 Pu 3.5 3.80 0.0025

S’ = 1.0 fixed (slightly underestimating N in all fits
9 global parameter for both shells
I'worst fit in series, reason unclear, low frequeaentribution not reproduced
* best fit in series
errors: Ru.00.01 A, Ry.p,0.02 A
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Figure 19. Pu L—edge EXAFS fit results for Pu(I\)@cr,hyd) solid phases recovered from HQ and Sib{iffered systems in the presence of

ISA in R-space - upper panel: FT magnitude (satid)| fit magnitude (open circles), FT real pati(t solid line) and fit real part (open triangles);
lower panel: Fourier-filtered data (solid line), wadata (thin solid line), back-transformed fit (opercles).
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3.1.2.4 Thermodynamic calculations

As discussed in Section 3.1.1.5, Chemical reac(i8gy (35) and (38) are expected to control
the solubility of Pu within the experimental comolits considered in this study. The
corresponding Equations (33, 34), (36, 37) and 489,have been used in combination with
stability constants and SIT ion interaction coeffits summarized in Table A1 and Table A2
of the Appendix to calculate the solubility lines Figure 20, Figure 21, Figure 22 and
in Figure 28: Pugfam,hyd) in equilibrium with Pu(l\g (black line); Pu@am,hyd) in
equilibrium with Pu(IV)q and Pu(lll}q at (pe + pi) = 1.54 (grey line); and Pu(Okfam) in
equilibrium with Pu(lllxq (light blue line). The solubility curve plottedrf@u(OH)}(am) were
calculated using logK® s 0 = 14.58, as reported in Clev al.[33]. These thermodynamic and
activity models and accordingly calculated solwpililines are the basis for the
thermodynamic description of the systems Pu(IV)—-GA-and Pu(lll)-OH-ISA, which are
derived in Sections 3.1.2.4.1 and 3.1.2.4.2 bageah usolubility data and solid phase
characterization discussed above.

3.1.2.4.1 Chemical and thermodynamic model of the system PWI)-OH-ISA

The solubility data obtained in HQ-buffered expamnseries with m(ISAy < 0.10 m were
used for the development of the chemical and thdymamic models on the Pu(IV)-OH-ISA
system. As demonstrated in the Pu solubility expents in the absence of ISA (see Section
3.1.1) and also confirmed by the results of thedsphase characterization session in this
chapter (see Section 3.1.2.3 for details), it carséfely assumed that HQ stabilizes the +IV
redox state of Pu in both the aqueous and solidgsha

Based on the slope analyses described in Sectitris A1 and 3.1.2.2.2 (log m(kRuys. pHm
and log m(Puy; vs. log m(ISA).), chemical reactions (48) and (49) are proposecbturol
the solubility and solution chemistry of Pu(IV) the presence of ISA within the conditions

investigated (—& log m(ISA). < —2 and & pHy, < 13) in HQ-buffered systems.

Pu(IV)Ox(am,hyd) + ISA + 2 HO(l) = Pu(IV)(OHMISA™ (48)
PU(IV)Oy(am,hyd) + ISA + 3 HO(l) < Pu(IV)(OH}ISA™ + H' (49)

The species Pu(OWBA™ is predominant at pki= 8 — 11, whereas Pu(O#$A> forms in
systems with pH > 11. Note, that the proposed stoichiometries ttog Pu(lV)—-ISA
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complexes assume highly hydrolyzed Pu(lV) moietigBu(OH),” and “Pu(OH)}™)
coordinated to one ISAigand. Analogous reactions can be proposed hynaisg instead the
deprotonation of one or more alcohol groups of & ligand. Such uncertainty does not
affect the mass action law in reactions (48) and) (@except for the number of water
molecules), and thus has no impact on the accdyddejermined equilibrium constants. (In
view of general knowledge on Pu coordination clstéryj however, it can already be clarified
that the formation of the complex with the moiety ‘®u(OH)s ™ should involve the
simultaneous deprotonation of minimum one alcohgiimups of ISA.) The structures of the
complexes forming are further investigated via quamchemical calculations, as discussed
in Section 3.1.2.5.1.

Internal data evaluation, using the non-linear @sgion analysis method of least-squares

involved the application of the following model fition:
| 2 -1, 0.5
f(K'vs aexgyy - Kivs, asxy) = (5 [(log M (PU)om—log m - (PU)ogm) (N =1) ), (50)

where rﬁxp(Pu)ot,m Is the experimentally determined total concertratf Pu in solution (at a
certain conditions, considering number of data points in total). The parametﬁfsi/s,mxi,yi
(with i = 1, 2) are the conditional equilibrium constamtd & 0.10 m NaCl) corresponding to

the solubility reactions (48) and (49), which candxpressed as in Equation (51):
log "K'ivs 4+x,y = log Mhu(IV)(OH)(1SA),~ ) + X 0g My+ — y l0g Misa- ) (51)

where (y = y» = 1 and) x = 0 for the first, (Pu(OH)SA™; log K sa41) OF (% =) 1 for the
second species (Pu(Of#8A% log 'K ss9. The dependent variable:c?'lrc(Pu)ot,m is the
total concentration of Pu in solution calculatedading with Equation (52) and considering
the total concentration of ISA (m(ISg#) with the experimentally measured pktonverted
to my") value at each experimental point. Taking intocat the significantly higher total
concentrations of ISA compared to the solubilityPaf, free concentration of ISA in solution:

Misa , Was set equal to the total: m(1S4)

calc

m (Pu}om =X 4n _(K'vs an) (M?)) + ¥ 2i _(Kivsasy (Misa)” (mH+)_Xi) (52)
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In order to minimize the object function (Equati(d0) - the square root of the averaged,
squared residuals), firstly, the SIMPLEX method wpplied [151].

In a second step, the gained, optimized valueK @fs,41 and K vs,;5.1 were then extrapolated
to reference statd, = 0 using Equation (53) and SIT ion interactiorefficients with the
values ofe(Pu(OH)ISA™; Na") = —(0.05 + 0.10) makg™ ande(Pu(OH)ISA® Na') = —(0.10

+ 0.10) molkg™, estimated according to empirical correlationshvite charges of the newly
forming complex species as described in [149].

log “K° s a+xy = 109 K'ivs a+xy + 100 VPU(V)(OH)I1SA),~0H) + X lOg i+ —

-y logyisa- — x logay (53)

As a last step, the resulting solubility constdotsK®ys 4,1 and logK®ys s1 were converted
(in accordance with chemical Equation (54) into twresponding formation constants
log f°141 and logp°is1 using the lodk°vso reported in the NEA-TDB [9] for
PuQy(am,hyd). As shown in analogous investigations ceotetl in the absence of ISA (see
Section 3.1.1), this is consistent with the soltpitontrol of the initial Pu(IV)Qncr, hyd)
phase used in this study as well.

PU(ag) + X ISA + (4+y) BO(l) = PU(IV)(OH)yISA ™ + (4+y) H (54)

log "°1.4+xy = log Bu(V)(OH),(15A),~ ) + (4+X) log &+ —log &+ —y log gsa” (55)

To validate the simplified fitting process descdbabove, an independent data evaluation
approach was also performed using the PHREEPLOTHREEQC (PP-PQC) program
packages (see also Section 2.7). For this purgodatabase was constructed containing all
necessary equilibrium constants and SIT ion intemac coefficients (including
g(PU(OHYISA™; Na') ande(Pu(OH)}ISA?; Na") as summarized in Table Al and Table A2 of
the Appendix. With this database, the software pagekwas used to optimize the values of
log “A°1.41and log f°1 51 The applied objective function was the squarée oédhe averaged
sum of squared residuals (corresponding to thenpetexs). The refinement of the defined
cumulative equilibrium constants (as in Equatioh)(&t the reference state) was combined
with the internal calculation of the ionic strengttased upon the initially set m(NacCl),
M(ISA), and pH, values. In this case, the modified Levenberg-Mardu method
implemented in PP-PQC was used to optimize thetantss[150].
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Table 9 shows the values of 198141 and log §°1 51 obtained with the two different data
evaluation approaches. The nearly identical redti® the two procedures provide further
confidence in the optimized log°; 41 and log £°1 51 values. Because of the higher internal
consistency and the more accurate calculationrot istrength, the outcome obtained with the
PP-PQC software package was adopted as the fihalf 9bermodynamic constants and

uncertainties for the Pu(IV)-OH-ISA system.

Table 9. Fitting results for the equilibrium constants (at10, as expressed in Equation
(55) for Pu(OH)ISA™ with log °1 41 and Pu(OH)ISA™ with log °1 5 1) obtained through the
non-linear regression analysis method of least-sgma“LS-method”) or by using the
PHREEPLOT — PHREEQC software package (“PP—-PQC").

log °1.4+ Parameters of evaluated  approach  Fitting result
I a0 data sets (HQ system) PP J

PU(IV)(OH) 4+ SA™™  m(ISA)et [M]  pHm (hame) (I - 0)

log f°1.41 <0.10 8—12.9 LS—-method -5.03

log f°15.1 <0.10 8—12.9 LS—-method —16.98

log 141 <0.10 8—12.9 PP-PQC —(5.03+0.12)

log f°15.1 <0.10 8-12.9 PP-PQC —(16.92 +0.13)

The solubility of Pu(IV)Q(ncr,hyd) in the presence of ISA calculated usheg¢hemical and
thermodynamic models derived in the present woekstwown in Figure 20 and in Figure 21
a, b, ¢, along with the corresponding experimenfatia sets obtained in this study. For
comparison reasons, Figure 20 and Figure 21 mislude experimental solubility data
obtained in Sn(ll) systems at pk& 11.

Figure 21 (a, b, c¢) show that the solubility of(IR)O.(am,hyd) in the presence of ISA
calculated using the chemical and thermodynamicetsadierived in this work are in excellent
agreement with the experimentally measured sotybiin HQ systems. Although
experimental data obtained in Sn(ll) systems weoe used for the refinement of the
parameters, chemical and thermodynamic modelsatefiom HQ systems properly explain
solubility data in Sn(ll) systems as well, where,pH 11. This observation further confirms
the findings of the solid phase characterizationttees chemical reaction controlling the
solubility of Pu,i.e. PuGQ(ncr,hyd) = Pu(lV)-ISA(aq) is the same in both systems under t

outlined conditions.
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Figure 20. Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) at | = 0.10
m NaCl in HQ-buffered systems with pH 8 — 12.9 in the presence of m(I$AF 10° m
(m) or m(ISA): = 0.01 m ) and in Sn(ll)-buffered systema ), at pH, > 11 with m(ISA)

= 10~ m. Solubility lines (solid and dashed) in bluetfwin(ISA): = 10 m) and in orange
(with m(ISA): = 0.01 m) for Pu(IV)@am,hyd) in the presence of ISA are calculated &t
0.10 m NacCl) using the chemical and thermodynanoidets derived in this work. Black solid
line corresponds to the thermodynamically calcudasolubility of Pu@am,hyd) in the

absence of ISA.
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Figure 21.Experimentally measured m(Ry)in equilibrium with Pu@ncr,hyd) at |
0.10 m NaCl in HQ-buffered systenad ¢r in Sn(ll)-buffered systema( at constant pH =

8 (b), 11 €) or 12 @) with 10° m< m(ISA): = 0.10 m. Solubility lines (solid and dashed) in
blue for Pu(IV)Q(am,hyd) in the presence of ISA are calculated @10.10 m NaCl) using
the chemical and thermodynamic models derivedigwtiork. Straight lines are showing the

individual contributions of the selected compleg@es.
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3.1.2.4.2 Chemical and thermodynamic model of the system Pu(}-OH—-ISA

The solubility data obtained in Sn(ll)-buffered eximent series with m(ISA) = 10° m
were used for the development of chemical and tbdymamic models on the Pu(lll)-
-ISA-OH system. In comparison with the HQ seriég, higher Pu solubility values obtained
in the Sn(ll)-buffered systems at g 8 — 11 supports the predominance of Pu(lll)-ISA
complex(es) in solution. As the solubility contmoy) phase (at pH= 9 and 12) was identified
to be the initial Pu(IV)@ncr,hyd) phase, the present Pu(lll)-bearing ISAwptex species in
solution originate from the reductive dissoluti@action of the initial Pu(I\{)phase. Hence,
under such conditions, the concentration of fredrblyzed Pu(lll)-species are defined by
Equations (39) and (40) through chemical equilibri{B8). The basis of data evaluation is the
formerly determined chemical and thermodynamic rhoflthe system Pu(IV)-OH-ISA.
Considering that the observed increase in Pu dajuliith regard to the ISA-free caske.
solubility at (pe + piH) = 1.54 is pronounced within the near neutral pHge, the formation
reaction must undergo by involving either of thegemt hydrolyzed species: Pu(lll)(GH)
Pu(ll)(OH)," and Pu(lll)(OH). The trend observed in the data set as functioth@fpH,
conditions however shows clear correlation withopes of —1 (log m(Pw) vs. pHm), pointing
towards the formation and predominance of only odeubly hydrolyzed Pu(lll)—-ISA
complex species: Pu(lll)(OkWBA(ag). Nevertheless, the possible formation ofezond
species with several proposed stoichiometries #81)PQH:ISA with values of 1:1:1, 1:3:1,
1:1:2, 1:3:2, 2:1:1 and 2:3:1 was also tested poesent the observed tendencies in the data
set. However, as the overall fit throughout thessc@dures did not improve significantly
(compared to the case of involving only the Pu(@H).ISA(aq) species), the existence of a
second Pu(lll)-ISA complex was finally disregardéddferences between the absolute values
of the objective functions corresponding to thaouas fitting procedures were observed to be
negligibly small:AY (6% < 1%). Hence, the established speciation modesisted of only
one species to be forming under the boundary dondithrough chemical equilibrium (56).

Pu(Il)(OH)," + ISA = Pu(lll)(OH)ISA(aq) (56)
The newly defined species, Pu(ll)(O#8§A(aq) is expected to be predominant under
strongly reducing conditions at relatively wide ganof pH, values (8 < pH < 10, at

m(ISAy: = 10° m), whereas in solutions with 10 < pHthe formerly identified
Pu(IV)(OH)%ISA? complex gains relevance. (Just as previouslyptoposed stoichiometry
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for the Pu(ll)-OH-ISA complex remains at a hypdited level, provided that an analogous
reaction can also be constructed by assuming ims$keadeprotonation of one or more alcohol
groups of the ISA ligand. This again would not efféhe mass action law or change the
derived equilibrium constants related to the chahmeaction itself.)

The internal data evaluation, using the non-liregression analysis method of least-squares
involved the use of an analogous model functioprasiously established (see Equation (50)
in Section 3.1.2.4.1). The optimized parameter Ha present case was the conditional
equilibrium constant'K y21; at! = 0.10 m NaCl), corresponding to the chemical tieac

(21), expressed as in Equation (57).
log "K'yiz.1 = log Mbu(i(OH),(1SA)ag) — 109 Msa-— 10g Mbyqinom),* (57)

The total concentration of Pu in solution C?lr%ﬁPu)ot,m) was calculated as expressed in
Equation (58), considering the total concentrabbiSA (m(ISA).) with the experimentally
measured pH(converted to m") and pe values as —logacalculated from the (pe + p=
1.54 correlation, also taking into account the cleammodel and the corresponding
equilibrium constants of the system Pu(IV)—OH—ISK {ys,s1 and Ks,51 at| = 0.10 m
NaCl calculated using the estimated SIT coeffigemptimized by the PP-PQC software
package. Based on similar assumptions as formetyssed, the free concentration of ISA in

solution, msa~, was set equal to the m(1S4\)

calc

4 * 3 *
m (PUlotm=3% | _ 1( K'ivs,@-ny (nw)n) +X o 1( K'wvs/iit,3-n)- (nw)n) +

+y Zi _ 1(* K'ivs 4+%,1 (mH+)_Xi' (Msa)) + Kzt (Misad): (Mpu(oHy,,) (58)

Minimization of the object function (optimizationf dhe "'K'y.1 parameter) was again
performed using the SIMPLEX method [151].

The optimized value ofK'y 21 was then extrapolated to the reference state @) using
Equation (59) where the SIT ion interaction coééit wass(Pu(OH)ISA(aq); N&/CI) =

0.00 molkg™, as given by definition for neutrally charged speavithin the SIT formalism.

log "K°u 21 = log K'yi21 + log YPu(OHpISA(ag) — 109 71sA~ (59)
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In the final stage, the resulting solubility comgtéog K°y-1 was converted (in accordance
with chemical Equation (60) into the correspondingmulative formation constant:
log f°121 expressed in Equation (61) using the second hygisoconstant of Pu(l14),
log "K°y.2 = 15.1 as reported in NEA-TDB [9].

Pi*(aq) + ISA + 2 HO(l) = Pu(lll)(OHYISA(aqg) + 2 H (60)

log *$°1,2,1= 109 @u(oHpisa@qg) + 2 109 &+ —l0g @3+ — l0g asa” (61)

By the use of the previously established databasetife system Pu(lV)-OH-ISA, the
parameter logf°; 2,1 was also optimized with the PP—PQC program packadee procedure
was executed analogously as previously describ&kation 3.1.2.4.1, but in the present case
the measured redox condition in solution with (p@H:,) = 1.54 also had to be taken in
consideration as a second independent variable.

Provided that the measured Ealues were largely scattered, accounting foutheertainty of
the optimized parameter was executed using an @thMonte Carlo approach. For this
purpose, the following initial assumptions were: detthe mean pe values and the assigned
uncertainties represent the final values and #gssital errors of the redox conditions present
in solutions, 2. dependent (log m(Bdand independent (pe, pHvariables follow Gaussian
distribution when the number of variables is sudintly large. In the course of the estimation
procedure, the inverse Gaussian distribution faomctwas applied together with the Monte-
Carlo method to generate new sets of pe and logw(khput values randomly scattered
around the respective mean values (uncertaintsgresd to the measured pldonditions are
considered negligible). The standard deviationslemented in the functions were directly
adapted from the errors assigned to the measuredlpes and from the variance of the input
log m(Pu); values corresponding to the best fit result ofithieal data set. A total of 1000
new data sets were generated and independentifte#-bne by one using the PP—-PQC
program packages. The correctness of the used agpravas attested through the re-
calculation of the given standard deviations reldtethe new sets of the two variables, which
were in perfect agreement with those of the intiabllected data. Furthermore, as expected,
the mean value of the optimized |06t .1 parameter was also found to be identical to the
given best fit value. The uncertainty assigned te tog *3°;1,1 parameter was finally
calculated as the weighted average of all newlguated uncertainties. The use of the latter
approach enabled us to estimate coupled uncedsiatcounting for individual errors of

independent and dependent variables in strict ladiwa with the optimized parameter.
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Table 10 shows the optimized values of the i8g .1 obtained with the two different data
evaluation procedures applied. Although small dewis arose between the two values, the
one resulted from the internal data treatment &y within the large uncertainty-range
assigned by the Monte Carlo method. Due to thedrighternal consistency and the more
accurate calculation of ionic strength, the outcahtined by the use of PP-PQC software
package was again adopted as the recommendedHearatodynamic constant together with
the uncertainty calculated with the Monte Carlomoetfor the Pu(ll1l)-OH—ISA system.

The solubility of Pu(IV)Q(ncr,hyd) in the presence of ISA under stronglyueedg condition
with (pe + pH,) = 1.54 calculated using the chemical and thermadhic models derived in
the present work are shown in Figure 22, alony wie corresponding experimental data sets
obtained in the Sn(ll)-buffered system. For theesak comparison, Figure 22 also includes
experimental solubility data obtained in HQ systeahpH, > 11. The excellent agreement
between the calculated and all the measured logiyg(Brovides further confidence in the

optimized parameter.

Table 10. Fitting results for the equilibrium constants (at4 0), as expressed in Equation
(61) for Pu(lll)(OHYISA(aqg) with logs°: .1 obtained through the non-linear regression
analysis method of least—squares (“LS-method”) prusing the PHREEPLOT — PHREEQC
software package (“PP—-PQC").

Parameters of evaluated Fitting log 121 Uncertainty
data sets (Sn(ll) system)  approach o estimation
M(ISA)ot [M] pHm (name) (at1 — 0) (description)
10°° 8-12.9 LS-method -10.73 -
1073 8-12.9 PP-PQC —(10.96 +0.10 “+ 3¢”

1073 8-12.9 PP-PQC —(10.96 0.2  “Monte Carlo”
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Figure 22. Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) at | = 0.10
m NaCl in Sn(ll)-buffered systema J with pH, = 8 — 12.9 in the presence of m(1gAF 10
®m and in HQ-buffered systems),(at pH, > 11 with m(ISA): = 10> m. Solubility curves
(solid and dashed) in green (with m(I§A3 1072 m) for Pu(IV)Q(am,hyd) in the presence of
ISA are calculated (at | = 0.10 m NaCl) using theemical and thermodynamic models
derived in this work. Black solid line correspontts the thermodynamically calculated
solubility of Pu@Q(am,hyd) in the absence of ISA. Straight lines sirewing the individual

contributions of the selected complex species.

3.1.2.5 Quantum chemical calculations

3.1.2.5.1 Pu(IV)(OH) 4ISA™ and Pu(IV)(OH)sISA% complexes

Based on experimental observations, the complené®¥OH)4ISA and Pu(IV)(OH3ISA*
were identified in Section 3.1.2.4.1 to dominate #gueous speciation of Pu(lV) in HQ
systems at m(ISA)} > 10°° m and 8< pHy,, < 13. The analysis of solubility data provides
only information on the stoichiometry of these cdexps, in terms of Pu:OH:ISA ratios.

DFT calculations summarized in this section allofuiher insight on the structure of these

complexes, with focus on the hydrolysis of*Pus. deprotonation of OH-groups of the ISA
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molecule. Because of the aqueous character ofdh@lexes under investigation and as a
simplified model for the solvent, a number of wateolecules were included in the
calculations (i) saturating the alcoholic groups®A and (ii) close to the metal ion in the first
coordination shell of Pli. Additional, a total of 8 water molecules were sidered in a first
approach, 4 at the ISA and 4 in the first coordomatshell of P&". In a second step,
DFT+COSMO was used to investigate the structutb@tpecies in solution.

For both complexes under investigation, 8 oxygemmat (belonging to ISA, water or to an
OH-group) coordinated to Plin its first coordination shell. Formerly, througbASPT2
calculations, it was shown that coordination nuralmr8 and 9 are energetically similar for
Pu(lV) [191]. Whilst keeping the charge of the cdexpconstant, several configurations
involving different number of hydrolysis groups (QHand deprotonated alcohol groups of
ISA (-C-O) were attempted: (i). Pu(IV)(ORBA~, Pu(lV)(OHXISA 4, Pu(IV)(OHRLISA 4
and Pu(IV)(OH)ISAs; (ii) Pu(IV)(OH)sISAZ, Pu(IV)(OHRISA_ %, Pu(IV)(OHXISA %
and Pu(IV)(OH)ISA 3%, where ISA, corresponds to an ISA molecule witlleprotonated
alcohol groups. In each case, several starting ggea were probed to confirm that a
reasonable local minimum was found for the caledatructures. This procedure was carried
out both with and without the approximation of Hweous solution phases with COSMO.
For the complex “Pu(IV)(OH)SA™, calculations with and without COSMO indicate ttiiae
o-OH of ISA group (second carbon adjacent to théo@aylate group, see Figure 23) is
deprotonated (labelled as ISA(C2) in Table 117 I&teracts via the deprotonatedOH and
the COQ group with Pu(lV). Additionally, 3 OH-groups andagater molecules remain in the
first coordination shell of the Pu(lV) ion. The saris observed for the “Pu(IV)(OKBA®™
complex, although in this case the alcohol groupthaf fourth carbon atom (labelled as
ISA(C4) in Table 11) was also deprotonated and @iinteracts directly with Pu(lV) and
consequently one water molecule was removed franfitet coordination shell of Pu(lV).
The resulting structures as optimized by DFT cardéscribed as Pu(lV)(OBBA 4 and
Pu(IV)(OH)ISA o> (see Figure 23). For both complexes, DFT calmratconfirmed the

presence of eight O-/O ions / atoms in the firgirdonation shell of the metal ion.
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Figure 23.Structures of the complexes (a) Pu(IV)(@BA4 (“Pu(IV)(OH)4SA™ in
Section 3.1.2.4.1) and (b) Pu(IV)(Q#9A o7 (“Pu(IV)(OH)sISA™ in Section 3.1.2.4.1), as
optimized in this work by DFT calculations with andhout COSMO.

Distances calculated by DFT and DFT+COSMO for thptinozed structures of
Pu(IV)(OHXISA_y and Pu(IV)(OH)ISA % are summarized iffable 11. Expectedly,
shorter distances are found in the complex Pu(Iv)¢BA_4 for Pu(IV)-OH (average 232
pm / 231 pm for DFT / DFT+COSMO) and Pu(IV)-ISA(-CR) (average 231 pm / 230 pm),
compared to the longer distances calculated foMpHSA(-COQO") (239 pm / 240 pm) and
Pu(IV)-H,O (259 pm / 259 pm). Similar trends but with ovessightly longer distances are
obtained in the case of Pu(IV)(O#SA_»>, with average distances Pu(IV)-OE233 pm /
233 pm), Pu(lV)-ISA(-C4-Q (233 pm / 232 pm), Pu(IV)—-ISA(-C2-D(240 pm / 237 pm),
Pu(IV)-ISA(-COQO) (248 pm / 249 pm) and Pu(lV)-8 (265 pm / 261 pm). The larger
average distances in Pu(IV)(O#8A_,4" reflect the increased electronic density aroured th
PU** ion as a result of the additional coordination tbé -C4-O of ISA. The highly
coordinating environment around ®uwith 5 and 6 “-O* groups (as hydroxide ions: OH
alcoholate functional groups: RED™ or carboxylate functional group: -COQis also
responsible for the increased Pu(lV}&Hand Pu(lV)—OH distances compared to values
reported in the literature.g. d(PU*'—OH,) = (239 + 1) pm [173] and(PU**—OH) = rpy. +
ron. = 101 + 122 =223 pm [173, 179].
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Table 11. Pu—O distances (in pm) calculated by DFT and DFT-8BD for the complexes
Pu(IV)(OHXISA L, Pu(IV)(OHXISA 21 and Pu(lll)(OH)ISAx(aq) as optimized in this

work. For discussion on Pu(lll) species see neapbér.

Pu(IV)(OH) 3ISA_

DFT +COSMO DFT +COSMO
Pu(IV)-OH 226 227 Pu(IV)-ISA(-COQ 239 240
Pu(IV)-ISA(-C2-0) 231 230 Pu(IV)—Obl 250 251
Pu(IV)-OH 233 233 Pu(IV)-Ohi 260 259
Pu(IV)-OH 236 234 Pu(IV)—Obf 267 267
Pu(IV)(OH) 3ISA 1™
DFT +COSMO DFT +COSMO
Pu(IV)—-OH 227 230 Pu(IV)-ISA(-C2-Q 240 237
Pu(IV)-ISA(-C4-0) 233 232 Pu(IV)-ISA(-COQ 248 249
Pu(IV)-OH 234 235 Pu(IV)—Obl 264 260
Pu(IV)-OH 237 235 Pu(IV)—Obl 266 261
Pu(lll) (OH)ISA_x(aq)
DFT +COSMO DFT +COSMO
Pu(ll)-ISA(-C2-O) 232 235 Pu(ll)—OHl 262 259
Pu(ll)—OH 242 243 Pu(ll)—OH 265 261
Pu(lll)-ISA(-COO) 249 251 Pu(lll)—Oki 266 263
Pu(lll)—OH; 261 259 Pu(lll)—Oki 266 264

3.1.2.5.2 Pu(lll)(OH) 2ISA(aq) complex

The same approach as described in the previoummseeas used in the optimization of the
structure of the Pu(lll)(OH)SA(aqg) complex. Here also several configurationts the same
charge were evaluated: Pu(lll)(OG#§A(aq), Pu(ll)(OH)ISAx(aq) and Pu(ll)ISAx4(aq).
Both DFT and DFT+COSMO resulted in Pu(lll)(OH)IS#aq) as the energetically favored
configuration. The optimized structure and resglftu—O distances are provided in Figure 24
and Table 11, respectively.
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Figure 24.Structure of the complexes Pu(ll)(OH)LSfaqg) (“Pu(ll)(OH).ISA(aq)” in
Section 3.1.2.4.2) and as optimized in this woykO#FT calculations with and without
COSMO.

Pu-O distances summarized ifable 11 for the complex Pu(ll)(OH)ISA(aq) are
systematically longer than the Pu(lV) counterparts)sistently with differences in the ionic
radii of Pd* (101 pm for CN = 9) and Bl(112 pm for CN = 8) [173] and the reduced charge
at the metal ion. The distance calculated for PH{BA(-COQO) (251 pm) is in line with
distances Cm(lll)-L(-COQ reported in the literature for L = oxalate (23251 pm)[192]
and succinate (236 — 247 pm)[193] with side-on dm@tion, considering also differences in
size between Pi1(112 pm) and CAi (109 pm) [173].

3.1.2.6 Summary of the new Pu(lll/IV)-OH-ISA thermodynamic model

Table 12 summarizes the equilibrium constants ddrim the present work for the formation
of Pu(ll)-OH-ISA and Pu(lV)-OH-ISA complexes inkaline to hyperalkaline pk
conditions. Table 13 lists SIT ion interaction coefficients iestted for these complexes.
Stoichiometry of these chemical reactions is predidhy the combination of solubility data
and solid phase characterization, whereas chenficahula for Pu(lll/IV)-OH-ISA

complexes are based upon DFT calculations.

Table 12. Chemical equilibria and related equilibrium constsinderived (for reference
state, I— 0 m) in the present study for the Pu(lll/IV)-OHAISystem.
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Chemical equilibria log¥° (I — 0)

PU" +I1SA + 3 HO(l) = Pu(IV)(OH)ISA ,, +4 H —(5.03 £0.12)
PU™ +1SA + 3 HO(l) < Pu(lV)(OH);ISA_ZHZ_+ 5H —(16.92 +0.13)
PU" +I1SA +2 HO(l) = Pu(lll)(OH)ISA (aq) + 2 H —(10.97 £ 0.28)

Table 13. SIT ion interaction coefficients estimated for Englll/IV)-ISA—OH species.

species i species | &(i,j) [mol-kg™
Pu(IV)(OHXISA ,, Na' —(0.05 + 0.1
Pu(IV)(OH)3ISA_2H2_ Na" —(0.10 + 0.1
Pu(ll)(OH)ISA ,(aq) cl’/ Na 0.00”

Y estimated values based on [149].
®) defined to be zero by definition within SIT forrisah.

The chemical and thermodynamic models derived is Work provide the most accurate
description available to date for the solubilityPud in the presence of ISA. Thermodynamic
data provided by Moreton and co-workers [93] amadl superseded by the more accurate
control of the experimental conditions achievedha present study (especially in terms of
phase separation techniques applied and monitofedlies), as well as for the systematic
variation of pH,. The latter parameter was kept constant in thaystyy Moretonet al.[93],

and thus the stoichiometry of the complexes progpdse the authors remains only at a
speculative level.

Figure 25 a and b show the Pourbaix diagrams ofdueous species in the presence of
log m(ISA)e: = —4 and —2, respectively, calculated for m(Pugv¥ 10 m andl = 0.1 m
NaCl using the thermodynamic and (SIT) activity rlsdderived in the present work. It is
worth mentioning again that the formerly identifid®L(IV)—ISA” colloids were not included

in the present thermodynamic model.
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Figure 25.Pourbaix diagram of Pu calculated for m(Ru¥ 10t m and log m(ISA) = —4:

a, —2: b, (blue lines) and without ISA (grey lines) at | A0n NaCl using thermodynamic and
(SIT) activity models as described in the text.yGgueous species of Pu are displayed in the
diagram. Dashed lines correspond to the borderbhevater reduction to k{g) at the given:

(pe + pHy) = 0 value.

Figure 25 shows that the presence of ISA at m@$A)10™* m has a minor impact on the

2

L Isonly

aqueous speciation of Pu, and the predominandeeatdmplex Pu(IV)(OHJSA ,
predicted at pH > 12. However, at m(ISA) = 102 m, Pu(lll/IV)—~OH-ISA species become
predominant within & pHny, < 13. At this m(ISA): and for pH, < 11.5, the stability field of
Pu(lll)aq is slightly increased towards higher pe valuesganad to ISA-free systems. Above
this pHn, the complex Pu(IV)(OH)SA_»+% becomes again predominant and is the only Pu—
ISA complex forming above the border of water redatuc Note, however that other Pu(lll)—
ISA complexes beyond Pu(lll)(OH)ISA(aq) possibly form under hyperalkaline conditions.
For instance, the species Eu(@QISA™ and Am(OH}ISA™ (expectedly Eu(OH)SA ™ and
Am(OH)ISA ") were proposed [100, 103, 105] to control the sotuchemistry of Eu(lll)

and Am(lll) in the presence of ISA at pH = 13.3.

3.1.2.7 Comparison with thermodynamic data available in theliterature

Due to the absence of reliable thermodynamic datahe binary system Pu(IV)-ISA, the
new chemical and thermodynamic models derived enpilesent work are compared to data
available for Np(IV)—-ISA and Th(IV)-ISAKigure 26 a, b, Eigure 26 ) for a systematic
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comparison. In both systems, data obtained in wati@ration solubility studies for Np(1V)
[72] (re-evaluated in [12]) and Th(IV) [98, 107] reepreferred although the thermodynamic
data derived in Vercammeet al, 2001 [100] for the Th(IV)-ISA system from sorptio
studies (with large discrepancies to the work of &al.[98] and also Colast al.[107]) are
shortly discussed as well.

Figure 26 (a, b, c, d) shows the predominanceraiag of Pu(lV)—-ISA, Np(IV)-ISA and
Th(IV)-ISA calculated for —& log m(ISA),t < —1 and K pHy, < 13 withl = 0.20 m NaCl
using the thermodynamic data derived in the presemk (Table 12) and summarized
in Table 2 for Np(IV) and Th(IV). In spite of tleéear insights gained by DFT on the structure
of Pu(IV)-ISA complexes and for the sake of comgamiwith data reported in the literature,
the notation assuming the hydrolysis of the An(®e)ion instead of the deprotonation of OH-
groups of the ISA ligand has been used in the pnénknce diagram of Pu shown in Figure
26 d.

Figure 26 (a, c, d) shows significant differendesthe calculated aqueous speciation of
Pu(IV)-ISA, Np(IV)-ISA and Th(IV)-ISA systems. Threodynamic data of the present work
suggest the predominance of the 1:1 complex ilPth#V)—ISA system with pH < 11.5 and
mM(ISA)et > 10°°>m. On the contrary, thermodynamic calculationsdemted for Th(IV) show
the predominance of the 1:2 complex above m@$A) 10° m, whereas the Np(IV) case
results in the predominance of the 1:1 complexi@iSA): < 10 m, and the predominance
of the complex 1:2 above this m(ISA) Such observations could be rationalized by
differences in the size of the Ancation, with TA" and PG* having the largest (1.08 + 0.02
A) and smallest (1.01 + 0.02 A) size, respectividly3]. Hence, the formation of chelate
complexes with An(IV):ISA ratio of 1:2 might be cgegquently favored for the largest cation
as steric repulsions between the coordinated ligjamnel less pronounced. It has to be stressed,
however that the uncertainties associated to thakwilations are large and the number of
An(IV)-ISA systems available are very limited, atflis the argumentation above does not
represent any strong claim and must be only taken@ausible hypothesis.

The predominance diagram in Figure 26 b calcul&edhe system Th(IV)-ISA using the
equilibrium constants reported in Vercammen al, 2001 [100] shows a significantly
different species distribution compared to Figeéea. Calculations in Figure 26 b predict the
predominance of the species Th(QIBA™ at m(ISA),: > 10> m, whereas this species
becomes only predominant at m(ISA} 10*?m (Figure 26 a). Vercammen and co-workers

did not report the formation of the 1:2 complex @h{)4(ISA),>", which therefore does not

? Sidenote: Colas performed solubility experimentsrf both over- and undersaturation conditions.
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appear in calculations shown in Figure 26 b, aitiothey conducted their experiments with
m(ISA)e < 102 m. The use of the speciation scheme and equilibdanstants in Figure 26 b
importantly overestimate experimental solubility talaobtained from under- and
oversaturation conditions in Rai al. [98] and in Colaset al. [107]. Although sorption
experiments performed with ultra-trace concentratiof *Th or 2**Th may appear more
susceptible to artefacts than solubility studieshwinacroscopic amounts &fTh, the
discussion remains open and a final proof of condéepthe proposed hypothesis is still
missing.

Figure 26 a, c, d also show significant differenae the aqueous speciation of the systems
An(IV)-ISA as a function of pKH. Both Np(IV)-ISA and Th(IV)-ISA show a pH-
independent behavior of the aqueous speciatior<gitd), < 13, whereas the formation of the
complex: PUu(OHISA , is predicted for the system Pu(IV)-ISA at pkt 11.5. Some

relevant notes on these observations:

- Th(lV) solubility experiments in Raet al. [98] and in Colaset al. [107] were
performed at pH < 12. Consequently, these authors may simply hawssedi the
formation of the complex “Th(OH)SA*™, which according to th&e of Th(IV) may
form at greater pH values.

- Due to differences in the ionic radii of the Arions, the effective chargeZf) of the
An(IV) systems under consideration follow the patt®d* > Np** > TH". Such
differences are for instance responsible for thehmueaker hydrolysis observed for
Th**, compared to both Npand P&". It can be hypothesized that differenceZin
are also responsible for the differences in theeags speciation of the Np(IV)-ISA
and Pu(lV)-ISA systems.

- Np(IV) solubility experiments in Ragt al, 2003 [72] were performed over a relatively
short timeframe< 20 days). A close inspection of their solubilitgtal suggests that
the authors may have not attained equilibrium dions in their experiments. Hence,
Figure 5 in Raet al, 2003 [72] shows systematic and very relevanedzfices (0.3 to
0.5 log-units) between solubility datatat 12 days ant= 20 days (the latter showing
systematically greater solubility). Solubility datported at pH = 13 and 13.8 were
only collected for t = 5 and 13 days (Figure 4 ir2]). These experimental
shortcomings may cast some doubts on the specitioeme proposed by Rai and co-

workers.
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Figure 26.Predominance diagrams of An(IV) in the presendSAf(—6< log m(ISA): <-1)
with m(An(IV))t = 10 m, 9< pHn < 13 and | = 0.10 m NaCl, calculated far Th(IV)
using thermodynamic data in Colas et al. [10B]; Th(IV) using thermodynamic data in
Vercammen et al., 2001 [100], as recalculated i8][1c, Np(IV) using thermodynamic data
in Rai et al., 2003 [72] as recalculated in [12] @r, Pu(lV) using thermodynamic data

derived in the present work.

The discussion above does not provide a defingikfdanation for the differences observed in
the trends of An(IV)-ISA complexation with pH. Aset current study (using a combination
of solubility studies including XAFS techniques ahé@oretical DFT methods) in the system
Pu(IV)-ISA represents the most comprehensive effortcharacterize the systems and
complexes forming under alkaline to hyperalkalind ponditions, further experimental

studies following a similar systematic and strategpproach like the one applied in the
present work on the systems Th(IV)-ISA, U(IV)-ISAdaNp(IV)-ISA would prove very
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helpful in understanding the overall picture of M)EISA complexation under conditions
relevant for L/ILW disposal.

The only thermodynamic data available for the systan(l11)-ISA under alkaline conditions
was reported by Titet al. [105] for Am(llIl) based upon sorption experimentghacalcite
(see discussion in Section 1.3.3.4). Experiment®\performed only at pH = 13.3, and thus
the stoichiometry of the complex forming (Am(QFKHA™) was proposed in analogy with
Eu(lll) [100].

Figure 27 shows the predominance diagrams of A{BA (a,) and Pu(lll)-ISA (b,)
calculated for —6< log m(ISA)st < —1 and 9< pH;, < 13 atl = 0.10 m NaCl using the
thermodynamic data derived in the present wdrkb(e 12 andlable 13) and summarized
in Table 2 for Am(lll).

-1 . : . .

a (Tits et al., 2002, 2005) I =0.10 m NaCl b (present work) I =0.10 m NaCl
2k - 2 .
Pu(ll)(OH)ISA ,(aq)
2 sl Am(II1)(OH)5ISA- 4 sl |
2}
3
2 4t 4 4F .
Am(lI1)(OH); g Pu(lll)(OH); Pu(lll)(OH);(aq)
-5 - 5+ -
Am(II1)(OH);(aq)
-6 " 1 . 1 L 1 . -6 1 1 1
9 10 11 12 13 9 10 11 12 13
pH,, PHy,

Figure 27.Predominance diagrams of An(lll) in the presencéS# (—6< log m(ISA}: <-1)
with 9 < pHn < 13 at | = 0.10 m NaCl, calculated fa, Am(lI1) : m(Am(I1D))e = 107 m

using thermodynamic data reported by Tits et ab5Jlandb, Pu(lll) : m(Pu(ll))e; = 107°
m, using thermodynamic data derived in the pressmk.

Figure 27 displays different speciation schemesAm(ll)—-ISA and Pu(lll)-ISA systems,
which basically reflect the experimental conditiona which the corresponding
thermodynamic models were derived (pH = 13.3 for(WrISA in Tits et al.[105], pH, <
11.5 for Pu(lll)—ISA in this work). As the sorptistudy by Vercammest al. [100] on the
system Eu(ll)-ISA (basis for the chemical modebgwmsed by Titset al. [105]) was

performed at pH > 10.7, these authors could nokemesthe formation of the complex
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Eu(Il)(OH).ISA(aq) proposed in the present work for Pu(lindéed, the combination of
chemical and thermodynamic models available for IN{SA and Pu(lll/IV)—-ISA provides

a satisfactory explanation of the present solybddta collected in Sn(ll) systems (see Figure
28).

Although the incorporation of the species 1:3:Xha model did not result in a significantly
improved fit for the solubility data of the presemork, the consideration of log3*; 3, =
—(21.4 + 1.0) as reported in Tiés al. for the chemical reaction Afh+ 3 HO(l) + ISA” <
Am(OH)ISA™ + 3 H' can be adapted as a reasonable upper limit fdPukkl) as well. In the
case of Pu(lll), however, the predominance of tlsiplex is limited to strongly alkaline and
reducing conditions with pkli> 11.5 and (pe + pk) < 1.5.
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Figure 28. Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) at | = 0.10
m NaCl in Sn(ll)-buffered systema Y with pH, = 8 — 12.9 in the presence of m(ISA¥
10° m and in HQ-buffered systems),(at pHy, > 11 with m(ISA); = 10> m. Solubility curves
(solid and dashed) in green (with m(1$&¥ 10 m) for Pu(IV)Q(ncr,hyd) in the presence of
ISA are calculated (at | = 0.10 m NaCl) using theemical and thermodynamic models
derived in the present work and additionally inchglthe formation of the Pu(lll)(OHISA®
species (not detected in the p. w.) where the ibguin constant (log 5°131= (-21.4 £1.0))
reported by Tits et al. [105] was adapted (purpleelindicates the individual contribution of
this species to the overall calculated Pu total camtrations). Black and grey solid lines
correspond to the thermodynamically calculated ity of PuQ,(am,hyd) in the absence of
ISA, calculated using equilibrium constants repdrite NEA-TDB [9].
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3.1.3 Ca—Pu—ISA system

3.1.3.1 pH and E;, measurements

The collected pH and E (converted into pe) values of all evaluated sasmple shown in the
Pourbaix diagram of Pu in Figure 29. The thermadyic calculations for the construction of
the diagram were performed as indicated in Se@&ibrl.2.

Solubility experiments with HQ or Sn(ll) redox beiféd systems in the presence of ISA and
Ca(ll) show stable pH (x 0.05) andg;, (+ 15-30 mV, depending upon pH-region) readings
within the time frame of this study (~3 months).

In accordance with the findings of work conductedhe absence and presence of ISA [1, 2],
HQ in solution imposed moderately reducing condgioHowever, the obtained (pe + HH
values in the present case were found to be aglatlgllower level (~8.5 * 0.5) than those of
the previously[2] determined values: (pe +.pH 9 + 1 (whilst also having lower associated
uncertainties), but still within the range of thepected values considering the originally
assigned uncertainty. Apart from the latter min@ceepancy, the newly assessed redox
conditions are again clearly located within theb#ity field of Pu(lV) for both, aqueous
species and solilu compounds. Evaluation of Pu solubility dataesziftd in the HQ system
under the presence of only ISA in solution, formesulted in the identification of two
Pu(IV)—-OH-ISA species: Pu(IV)(ORBA_ i, Pu(IV)(OHXISA 1 % [2]. Hence, the HQ-
buffered system of the present study is considemedhe reference case to investigate the
interaction of Pu(IV3q,swith ISA and Ca(ll) in solution.

As it was also discussed in Sections 3.1.1.2 ahd® .3, the presence of sparingly soluble
Sn(ll)-oxides and -oxy-hydroxide precipitates fonguiunder pl < 11 conditions (SnO(cr),
or SnOgH4(s) / SrO4(OH)4(s)) [126], dictates longer equilibration times fdg,
measurements in these Sn(ll)-buffered systems. fdhmerly established redox condition
with (pe + pH,) values of (1.54 = 0.14) for the Sn(ll)-bufferegseem were found to be
slightly higher but agreeing within the uncertagstwith the average values measured in the
presence of Ca(ll), (pe + g = (1.0 £ 0.5). However, it has to be highlightédht the
thermodynamic evaluation of the Sn(ll) solubilitatd collected in the current case for the
presence of Ca(ll) did not necessitate the acquoeedalues to be included as input values in
the development of the thermodynamic model. Hekgejalues were not measured further
with longer equilibration times. In this sense, tetermined lod<° values were not affected
by the newly set conditions in the presence of Cafhs in solution. In the absence of Ca(ll)

in solution, reductive dissolution reaction: B@t@r, hyd) = Pu(ll)(aq) + Pu(lV)(aq) was
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determined formerly as the Pu solubility contrajlireaction in the Sn(ll) system (see Section
3.1.2.4.2) [2]. In this aspect, the Sn(ll)-buffesadubility experiment series in the presence of
Ca(ll) was aimed to assess the impact of Ca(ll} iom the latter equilibria, where below pH

=11, the predominance of the Pu(lll)-ISA specieswbserved.
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Figure 29.Pourbaix diagram of Pu calculated for m(Ru)= 10° m and | = 0.1 m NaCl
using thermodynamic and (SIT) activity models ascidieed in the text. pkland E values
experimentally determined for Pu(lV) solubility ekments in the presence of ISA and Ca(ll)
ions in solution with redox-buffering agents: hygumone @) and Sn(ll) (A). Thick lines
correspond to redox borderlines between Pu(lV) atiter Pu redox states: solid line is the
borderline between Pu solid phases; dashed linghés borderline between Pu aqueous
species. Colored regions indicate equilibrium ba&w®u(lV) and Pu(lll}g (green), Pu(Va,
(orange) and Pu(VYy (blue). The borderlines of the stability fieldwéter at (pe + pk) =
20.77 and (pe + pK) = 0, the “redox-neutral” line at (pe + pK) = 13.8 and the lines at (pe

+ pHy) = 1.54 and 9 are shown for comparison.
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3.1.3.2 Solubility measurements

Figure 30 shows the experimentally measured tamatentrations of Pu in equilibrium with
PuQy(ncr,hyd) at m(ISA): = constant = 18 m and m(Ca); = constant = 0.01 m with pH=

8 — 12.5 in HQ-buffered systema)( The analogous Sn(ll)-buffered system)(is displayed
in Figure 31.Figure 32 summarizes the solubility of Pu in H@) &nd Sn(ll)-buffered 4)
systems at pkH = 12 with m(Ca); = constant = 0.01 m and TOom < m(ISA)y < 107
m. Figure 33 shows the solubility of Pu determinegtat, = 12 in the presence of m(ISAF
constant = 10m with 310* < m(Ca)y < 2:102 m, for both HQ- &) and Sn(ll) ) systems.
All figures also display the solubility curves afiPv)O,(am,hyd) in the presence of ISA (and
absence of Ca), calculated for identical conditigas| = 0.10 m) applying chemical and
thermodynamic models derived in the present stidwell as reported in [2]. (For further

details regarding the calculations of the referesatability curves, see Section 3.1.1.5.)

3.1.3.2.1 Series at constant m(ISA): and m(Ca)t

Figure 30 shows a clear and systematic increagbeirsolubility of Pu@ncr,hyd) in HQ
systems §) with m(ISA): = 10° m and m(Caj; = 0.01 m, compared to the solubility of the
ternary Pu(lV)-OH-ISA system in the absence of Qlad line in the figure). This observation
strongly supports the formation of quaternary GaRu(IV)-OH-ISA agueous complexes in
HQ systems. For this redox buffer, same/similardggfgendency of the solubility is observed
in the absence and presence of Ca(ll), suggestatgPu(IV)—-ISA complexes in the presence
of Ca hold similar Pu:OH ratios in their apparetgichiometries as those reported in the
absence of Ca: 1:4 and 1:5.

Less precise data (especially atpE 9 — 10) were obtained for the Sn(ll)-bufferedteyns
(Figure 31), although in general terms experimentakasured m(Py)are of the same order
than those determined in HQ systems. In both cabkessolubility of Pu remains in all
samples bellow I8 m, suggesting the lack of quaternary species fugrbetween Ca(ll) and
the formerly identified Pu(lll)(OH)ISA4(aq) species. This observation is in line with hssu
of previous studies [59, 100] on analogous systemi®re the formation of a quaternary
complex of Eu(lll)-ISA species with Ca(ll) ion urdalkaline conditions was not detected.
Due to these ambiguities, development of a chemacal thermodynamic model for the
Ca(I)-Pu—ISA system was based entirely on the H€ebed solubility data.

Considering the limitations existing for the Sn(#lystem, the following tendencies can be
outlined for the solubility of Pu in HQ solutionSigure 30):
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pHn = 8 — 11 as in the absence of Ca(ll), a clear and pH-ieddpnt
enhancement in the solubility of Py(@cr,hyd) is observed. This indicates that
within this pH-range no protons are involved in tegquilibrium reaction

controlling the solubility of Pu in the presencd®A and Ca(ll).

pHn = 11 — 12 a pH-dependent increase of the solubility is oles@ with a slope
of (log m(Puy: vs. pHm) = +1. This finding suggests that oné id released in the
equilibrium reaction controlling the solubility &fu. A similar behavior can be
claimed for the solubility of Pu in Sn(ll) systenidote however that because of
the limited number of experimental points definthgs pHy-region, a slope of +2
(with the corresponding implications for the staachetry Pu:OH in the Ca-Pu-
OH-ISA complex) was also tested in the developnoé@t thermodynamic model
(see Section 3.1.3.4).

pHm = 12.4 experimental data show a clear decrease in flabisty of Pu with
respect to the sample at pH= 12. A similar behavior is observed for the
solubility of Pu in the Sn(ll) system. Indeed, 8@ubility data at this pkvalue

is very similar to the solubility in the absence @#&(Il). TOC and ICP-OES
measurements performed after 2 weeks of equildmmatif the inactive system
(before the addition of Pu solid phases) indicdbted no loss of ISA and/or Ca
took place. The working hypothesis refers to thessgme formation of a
guaternary, Ca(ll)-Pu-OH-ISA solid phase, althowggh far, no conclusive
evidence is available in this respect. Consequesdlbility data obtained in the
presence of Ca at pH= 12.4 has been disregarded in the developmettieof

thermodynamic model for the system Ca(ll)-Pu—ISA.
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Figure 30. Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) in 0.10 m
NaCl at m(ISA); = 10° m and m(Ca) = 0.01 m with pH, = 8 — 12.5 in HQ-buffered
solutions @). Blue line (solid and dashed) corresponds togblkeibility of Pu(IV)Q(am,hyd)
at | = 0.10 m NaCl, in the presence of m(I$A 102 m calculated using the chemical and
thermodynamic models derived in the present warkhi® system Pu(IV)-OH-ISA [2]. Black
solid line corresponds to the thermodynamicallycaidted solubility of Pugiam,hyd) in the
absence of ISA, adapted from NEA-TDB [9].
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Figure 31.Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) in 0.10 m
NaCl at m(ISA); = 10> m and m(Ca) = 0.01 m with pkh = 8 — 12.5 in Sn(ll)-buffered
solutions (A). Green lines (solid and dashed) correspond to thelubility of
Pu(IV)Ox,(am,hyd) at | = 0.10 m NaCl, in the presence of3A{l: = 102 m calculated using
the chemical and thermodynamic models derived Herltinary system Pu(lll/IV)-OH—-ISA
(listed in Table 12) [2]. Black and grey solid lines correspoto the thermodynamically
calculated solubility of Pugfam,hyd) in the absence of ISA in equilibrium vRt(IV),q and
for (pe + pHy) = 1.54 (predominance of Pu(lly below pH, = 10.5, see Section details),

respectively.

3.1.3.2.2 Solubility at constant pHy, and m(Ca)et

A clear and systematic enhancement of #u€,hyd) solubility is observed with increasing
m(ISA): at constant pH = 12 and m(Ca)} = 102 m. The trend is very similar in HQ and
Sn(ll) systems, suggesting that the chemical reastcontrolling the solubility of Pu are the
same in both systems. The clear increase in thebiio} with respect to the Ca(ll)-free
system (solid line ifrigure 32), again supports the formation of a quatey Ca(ll)-Pu(IV)—
OH-ISA complex. Although the formation of binaryfiary Ca(ll)-ISA complexes (CalSA

and CalSA (aq)) hinders a straightforward interpretationts tlata, a slope of +1 (and thus
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a stoichiometry Pu:ISA of 1:1) can be postulatethdor HQ and Sn(ll) systems. In order to
further test the validity of the proposed modelP@&lISA stoichiometry of 1:2 was also
considered in the development of the thermodynamodel (see Section 3.1.3.4 for further

details).
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Figure 32. Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) in 0.10 m
NaCl at pH, = 12 and m(Ca}; = 0.01 m conditions with I®m < m(ISA): < 102 m in HQ-
(m) or Sn(ll)-buffered solutions&(). Cross, red symbols are the total concentratiohBu in
the supernatants (sampled without any phase sepajadf the Sn(ll)€x) and HQ-buffered
(+) systems. Blue lines (solid and dashed) correspotide solubility of Pu(lV)gfam,hyd) at
| = 0.10 m NacCl, in the presence of m(I$AF 10° m calculated using the chemical and
thermodynamic models derived for the binary syfReiliiv)-OH—-ISA (listed iTable 12) [2].

To assess the presence of colloidal Pu(lV) spets, Pu concentrations in the supernatants
of the samples were additionally measured without phase separation method applied
(cross symbols ifrigure 32). The detected Pu concentrations fronmdthextly supernatants

after an equilibration time of 102 days were villyithe same as the m(Rss)values collected
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after ultracentrifugation or ultrafiltration phaseparation methods. This is different from the
previous findings on the system in the absenceagfiJons in solution, where the enhanced
formation of Pu(lV) colloidal species was seen wiitkhreasing total ISA concentration in
solution (seeFigure 15 in Section 3.1.2.2.2). Although the med$mm driving to these
observations is not understood, it points out glevant role of Ca(ll) in the destabilization of
Pu colloids in ISA containing systems. Similar pberena was also observed for clay colloid
suspensions, where the Ca(ll) concentration ssedio the critical coagulation concentration
caused the gradual agglomeration of the colloidatigles due to the Gaion exchange

against LT and N4 ions at the charged basal clay planes [194].

3.1.3.2.3 Solubility at constant pHy, and m(ISA)t

Figure 33 shows a clear increase in the solubdityPu with increasing m(Cg) A very
similar trend in the solubility data is observed KQ and Sn(ll) systems, suggesting again
that the chemical equilibria controlling the solitpiof Pu at pH, = 12 are the same for both
redox-buffered systems. In solutions with the low@a(ll) total concentration (m(Ga)= —
3.5) Pu solubility values are in close agreemerth e concentration determined in the
absence of Ca(ll) and same m(I$A)This observation further supports the experimenta
results and thermodynamic model derived in Secdidn2.4 for the system Pu(lll/1V)-OH-
ISA in the absence of Ca(ll).

The increase of log m(Pgt)with increasing log m(Cg) follows a slope= +1, indicating that
the Ca:Pu stoichiometry of the Pu—-ISA complex forgnat pH, = 12 is 1:1. As in the
evaluation process of the previously collected ddth pH, = 12 (log m(Pu): vs. pH, and
log m(Pu)y vs.log m(ISA).), the fitting of the data considered also the fmsdormation of
complexes with Ca:Pu stoichiometry of 2:1 to téms teliability of the model (see Section
3.1.3.4 for further details).
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Figure 33. Experimentally measured total m(Ruin equilibrium with Pu@(ncr,hyd) in 0.10
m NaCl at pk, = 12 and m(ISA); = 10 m, with 310* m< m(Ca)y; < 10° 210 m, in HQ-
(m) or Sn(ll)-buffered solutions &). Solid blue line corresponds to the solubility of
Pu(IV)Ox;(am,hyd) at | = 0.10 m NaCl, in the presence of3A{l: = 10 m calculated using
the chemical and thermodynamic models derived e Ibinary system Pu—-ISA (listed
in Table 12) [2]. Black solid line corresponds to ttermodynamically calculated solubility
of PuQ(am,hyd) in the absence of ISA adapted from NEA-[BDB

3.1.3.3 Solid phase characterization

Synchrotron-based in-situ XRD

Figure 34 shows thm-situ XRD patterns of the solid phases controlling tokilsility of Pu

in HQ and Sn(ll) systems, equilibrated in solutiarith m(ISA)e: = 10° m, m(Ca = 0.01 m

at pH, = 12 for 150 days. It also displays the diffractog of the empty double containment
used in the course of the synchrotron-based measuts at the INE-Beamline as described
in Section 2.6.6.
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The collected patterns of the retrieved Pu soliasels equilibrated in the presence of ISA and
Ca(ll) in solution are in perfect agreement witk tieference pattern of Pu@©r) reported by
Zachariansen [166]. Under identical conditions howse of the present work, previous
experimental study conducted in the absence ofl)Calfo pointed out the retainment and
predominance of Pu(IV)$ncr,hyd) in both redox-buffered systems after l@agilibration
times (260 days) in contact with 3@ and 0.01 m ISA solutions at g 9 and 12 [2]. The
present observations also conclude that the ilyitimiserted solid phase remained in its
original state, just as in the case when it wag equilibrated with ISA in solution.

As stated before (in Sections 3.1.1.4 and 3.1.88(ll) is completely dissolved at pH 12,
which was again underlined by the lack of reflegesesponding to Sn(ll)-containing phases
in the Sn(ll)-buffered system at this pHAdditionally, the absence of any XRD peaks relate
to the Ca(ISA)cr) phase (detection limit at ~5-10%) confirms ttHaa(ll) and ISA
dominantly exist as solution species in the systéhms confirms the previous quantitative
analysis and also the predictions of thermodynamedculations made prior to the
initialization of the solubility experiments,e. no differences are to be expected in the

originally introduced total concentrations of thepecies.
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Figure 34.In-situ XRD patterns collected at the INE-Beamliioe the Pu solid phases
recovered from HQ-buffered (blue, top) and Sn(Uj#ered (green, lower) solubility
experiments solubility with m(1ISA)= 10° m, m(Ca: = 10° m and pkh = 12 (tq = 150
days) and for the empty double containment usetthensynchrotron-based measurements
(orange). Squares indicate peak positions and mnedaintensities reported for Puy(r)
[166].

XANES

Pu L;—edge XANES spectra collected for the solid phasesvered from HQ and Sn(ll)-
buffered solubility experiments with m(IS&)= 10° m, m(Cay: = 10° m and pkh = 12 ¢eq =
150 days) are shown iRigure 35. The figure also includes the XANES spedf the
references reported in Brendebasthal. [140] for aqueous Pu(lll) and Pu(lV) species under
acidic conditions and furthermore it also depid® tspectra of the formerly reported
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PuG(IV)(ncr,hyd) solid phase (starting material froracBon 3.1.1.1 and previous studies [1,
2]), which was used as the initial solid phaséhmpresent series of experiments as well.

The edge energies of the XANES spectra collectedlfdhe retrieved Pu solid phases are in
excellent agreement with the Pu(lV) reference spettreported by Brendebach and co-
workers [140]. The newly collected spectra were dtsund to be virtually identical to the
previously reported [1] XANES spectrum of the B(@@r,hyd), starting material. In
accordance within-situ XRD data, XANES analysis also unequivocally canfirthe
retainment of the original Pu(IV}hcr,hyd) solid phase introduced to the solubibitch

experiments with ISA and Ca(ll) in solution.

Ew[Pu(lll),g] = 18062.5 eV

Pu(lll)aq, Brendebach et al.

Starting material, Pu(IV)O,(ncr,hyd)

HQ, 10 m ISA, 0.01 m Ca, pH,, = 12 |

sn(ll), 103 m ISA, 0.01 m Ca, pH,, = 12

Pu(IV),q, Brendebach et al. |

Normalized absorption [a.u.]

_Ew[Pu(IV),g] = 18067.6 eV

18025 18050 18075 18100 18125 18150

Photon energy [eV]

Figure 35.Pu L,—edge XANES spectra of solid phases recovered HQm(blue lines) and
Sn(ll)-buffered (green lines) systems equilibraitecolutions with with m(1S4) = 10° m,
m(Ca)yt = 10? m and phh = 12 (g = 150 days). The spectra of the references for the
aqueous species of Pu(lll) (purple line, positidnivd. = 18062.5 eV) and Pu(lV) (red line,
position of WL = 18067.6 eV) reported in Brendeba&thal. [140] and the spectra of the
initially characterized Pu(lV)@ncr,hyd) phase (starting material, also used foe present
study, see section 3.1.1.1 and references [1, 2] shown for comparison.

EXAFS

The K-weighted EXAFS data shown iRigure 36 for Pu solid phases recovered from

solubility experiments in HQ- and Sn(ll)-systemep(trow: Fourier-transform magnitude,
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imaginary part and fit results in R-space, bottaw:rraw data, Fourier-filtered data and fit
results in k-space) are perfectly in agreement withprevious results obtained in the absence
of Ca(ll) (see section 3.1.2.3 and reference [2he corresponding metric parameters are
listed in Table 14. The fit results obtained fatlb Pu phases are identical within the error
margins and very similar to those obtained for ‘Starting material”, PuO2(ncr,hyd) solid
phase as discussed previously (see section 3.aridlreference [1]). This observation
underlines ouiin-situ XRD and XANES results, confirming that the initiBuG(ncr,hyd)
starting material remains stable in the presend8Afand Ca(ll) in solution and it is the solid
phase controlling the solubility of Pu in given t&yms. It is also worth mentioning that the
results obtained by EXAFS indicate the presencggsfificant local disorder and deviations
from the ideal Pu@fluorite-type crystal structure, which are notibis in the XRD pattern.

Table 14. Data range and metric parameters extracted by legsiares fitting of EXAFS

data on selected retrieved solid phases as showigure 36.

k-range
[AY R AEq? o° r-factor
Sample ) shell N ,
fit-range [A] [eV] [A]] [%]
[A]
HQ 1.75-13.58 @) 6.2 2.28 -2.19 0.0086 3.1
0.92-4.11 Pu 4.6 3.78 0.0047
Sn(ll) 1.75-12.92 O 6.0 2.29 -1.90 0.0085 2.9
0.92-4.11 Pu 4.3 3.78 0.0039

$2= 1.0 fixed (slightly underestimating N in all fits
2global parameter for both shells
errors: Ry.00.01 A, Ry.p,0.02 A
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Figure 36.Pu L,—edge EXAFS fiting results for solid phases recedsdrom HQ- (blue) and
Sn(ll)-buffered (green) samples equilibrated wittiSA)y = 10° m, m(Ca); = 10 m in
solution at pk, = 12 (g = 150 days) — top row: FT magnitude (solid lin&), magnitude
(open circles), FT real part (thin solid line) arid real part (open triangles); bottom row:
Fourier-filtered data (solid line), raw data (thisolid line), back-transformed fit (open

circles).

3.1.3.4 Thermodynamic calculations

As discussed in Section 3.1.1.5, chemical react{®2} (35) and (38) are expected to control
the solubility of Pu within the experimental comaiits considered in this study. The
corresponding Equations (33, 34), (36, 37) and 489,have been used in combination with
stability constants and SIT ion interaction coediits summarized in Table A1 and Table A2
of the Appendix to calculate the solubility lines Figure 30, Figure 31, Figure 33:

PuQGy(am,hyd) in equilibrium with Pu(I\4} (black line, calculated using equilibrium conssant
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reported in NEA-TDB [9]); Pugfam,hyd) in equilibrium with Pu(I\g, and Pu(lll}q at (pe +
pHm) = 1.54 (grey line); and Pu(Okfam) in equilibrium with Pu(lllq (light blue line).

Under identical conditions with the presence of li@Aolution, besides the abovementioned
hydrolysis equilibria, chemical reactions (54) ¢(wy = 1 and x = 0 or 1) and (55) are
governing the speciation of Pu in solution. In theases, Equations (55), (62) (with y =1 and
x =0 or 1) and (61), (63) were used in combinatrath stability constants and SIT ion
interaction coefficients summarized in Table 18 dable 13, respectively, together with the
auxiliary thermodynamic data (Table A1 and Table @f2the Appendix) to calculate the
solubility lines in Figure 30, Figure 31, Figu82, Figure 33, Figure 37, Figure 38, Figure 39
PuQy(ncr,hyd) in equilibrium with Pu(IV)-OH-ISA speciéblue lines); Pug{ncr,hyd) in
equilibrium with Pu(IV)-OH-ISA and Pu(lll)-OH-ISApscies at (pe + pk) = 1.54 (green

lines).

l0g */°1,4+xy = 109 /' 1.44xy + l0G YPUV)(OH)4ydSA~O+D) + (4+X) logyi+ — 10g @i aq) —
-y logyisa- — (4+x) logay, (62)
log *£°1.21= " 121+ log YPu(i(OH),ISAGaq) + 2 10gyH+ — 109 @3*(ag) — 10gy1sa- —

— 2 logay (63)

3.1.3.4.1 Chemical and thermodynamic model of the system Cd{jPu(IV)-OH-ISA

Based on the analyses of the data set describ&kdtion 3.1.3.2 (log m(P) vs. pHm,
log m(Pu): vs. log m(ISA),: and log m(Pu); vs. log m(Ca)) and considering PuQncr,
hyd) as solid phase controlling the solubility ef(F) in all HQ systems with the presence of
ISA and Ca(ll), chemical reactions (13) and (14 proposed to control the solubility and
solution chemistry of Pu(lV) under alkaline to hygl&aline conditions.

Pu(IV)Ox(ncr,hyd) + ISA + C&*(aq) +2 BO(l) = Ca(II)Pu(IV)(OH)4ISA+ (64)
Pu(IV)Ox(ncr,hyd) + ISA + C&*(aq) + 3 HO(l) = Ca(ll)Pu(IV)(OH);ISAO(aq) +H (65)

The species Ca(ll)Pu(OHPBA™ is predominant in solutions with gH= 8 — 11, whereas
Ca(l)Pu(OH}ISA%(aq) forms at pH > 11. In the present case as well, the proposed
stoichiometries for the Ca(ll)-Pu(lV)-ISA complexessume highly hydrolyzed metal
centers (“Pu(OHJ and “Pu(OH}™) within the quaternary complex species where dhly
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carboxylic group is deprotonated on the ligand.view of Section 3.1.2.5, the DFT
calculation results for the stoichiometries of tRe(lll/IV)-ISA species, possibly the
formation of the newly identified, quaternary coey®s also involve the deprotonation of one
or several alcohol groups of ISA. As of now, nodifetical study has been conducted to
assess the stoichiometry of the Ca(ll)-Pu(IV)-OKISpecies. Hence, for the sake of
consistency with the study on the binary system nbmenclature assuming the retainment of
the stoichiometries of the existing, binary speevas adapted in the present section.

The limitations and assumptions of the proposednited model can be summarized as

follows:

1. The proposed chemical model is based on soluldata at piH < 12. Above this
value of pH, other phenomena not yet understood affect theibgiy
equilibrium, decreasing (or limiting) m(R&)in solution. The use of this chemical
model (and the accordingly derived thermodynamidehobeyond this pH value
seemingly overestimates experimental solubility adgaccording to so-far
available data), (thus proving to be conservativgenv estimating upper-limit
concentration levels).

2. Solubility experiments with varying m(ISg) and m(Ca): were only conducted
at pH, = 12, thus the stoichiometries Pu:ISA and Pu:Caattion (13) are based
on the assumption that the same stoichiometry efRh-ISA complex in the
absence of Ca(ll) is retained, and that only oné" Gan is attached to this
structure. The complexation of a second’Gan to the Ca(ll)Pu(IV)(OH)SA*
moiety appears to be unlikely for evident electitistreasons.

The data interpretation of the ternary system @aPii(IV)-OH-ISA was performed taking
into consideration the chemical and thermodynanata dor the system Pu(lV)-OH-ISA
derived in Section 3.1.2.6, applying stability camés and SIT ion interaction coefficients
summarized in Table 12 and Table 13, respectivebgether with the auxiliary
thermodynamic data (Table Al and Table A2 of thep&mlix) as well as for the system
Ca(I)-OH-ISA (see thermodynamic data providedable 1).

As discussed in the previous sections, to gairhéurconfidence on the proposed model,
different plausible “apparent” stoichiometries o&(Q)-Pu(lV)-OH-ISA complexes were

also evaluated in the fitting procedure of the expental data. General equilibrium constants
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of the newly forming quaternary species fA&1V)(OH).(ISA),**¥), chemical reaction
(66)) can be calculated according to Equation (67).

Pu*(aq) + y ISA+ (4+x) HO(l) + z C&*(aq) -
= CaPU(IV)(OHun(ISA), P + (4+x) H (66)
log "A°21.4+xy= l0g @ aPu(V)(OH)(1SA), 22X + (4+X) l0g &+ — 109 & +(aq)

—ylog gsa —z log a2 (67)

The total concentration of Pu in solution at | 2@M.m NaCl was calculated by PP-PQC
software packages using Equation (68), which besilde formation of the newly identified
Ca(I)-Pu(IV)-OH-ISA complexes also took into acebthe presence of the ternary Pu(IV)—
OH-ISA and Ca(ll)-Pu(IV)-OH complexes.

| 4
logm  (PU)otm=Y o K'le,(4—n)'(mH+)n) +
* * * _1
+ Ko [(Brar(Mg) * B rsa (M) (mg))] +
* 2 % _X . Z
+ Kvso[¥ -1 (B'zipaeiyi (m,#)75 -(mg )Y -(m 2%) )] +

+ *K'|VS,4,1,8(mH+)_4'(mCa2+)4 (68)

In the first step of the fitting exercise, the effef ionic strength for the newly forming
guaternary species was calculated considering trdyDebye—Huckel term within the SIT
formulism. At the second stage, once the definibentical model was set, a final fit,
considering estimated values for SIT ion interactamefficients of the quaternary Ca(ll)—
Pu(IV)-OH-ISA complexes was also performed.

Although the chemical model involving the formatiaf the complex species with
Ca(ll):Pu(IV):OH:ISA  ratios of 1:1:4:1 (CaPu(IV)(QHSA") and 1:1:5:1
(CaPu(IV)(OH)}ISA(aq)) was initially favored based on the slopwalgsis and chemical
reasoning discussed previously, several additist@thiometries: 1:1:6:1, 1:1:5:2, 2:1:5:1,
2:1:5:2 and 2:1:6:2 were also tested for the secontplex (see Table 15). Due to the limited
experimental data available under less alkalineditimms €.g. only data at m(ISA) =
constant and m(Cgy)= constant), the evaluation of different stoichetnes was disregarded
for the first species. In this respect, this specemains bound to the given assumptions. For
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all evaluated chemical models, the values of the tespective equilibrium constants (67)
were optimized to obtain the best fit of the sditypdata set.

Table 15 shows values of thé &d the objective functionof(* °2,1,4+xy, square root of the
averaged sum of squared residuals with regard ¢ontkasured and calculated m¢Ru)

resulting from the fitting procedures using theeatiént chemical models proposed above.

Table 15. Fitting results: values of the applied objectivendtions (square root of the
averaged sum of squared residuals) and the coeffiiciof determination (R-squared values
in percentage) provided by the evaluation of thailable solubility data on the Ca(ll)-Pu-
OH-ISA system at pkis12, executed via PHREEPLOT — PHREEQC softwaregugesk The
values are presented with regard to the appliedcktometries of the two, newly forming
Ca(l)-Pu(IV)-OH-ISA complexes.

Ca (z) : Pu(lV) : OH (4+x) : ISA (y) ratios

1% species 1:1:4:1 1:1:41 1:1:4:1 1:1:4:1 1:1:4:1 1:1:4:1

2”dspecies 1:1:5:1  1:1:6:11  1:1:5:2 2:1:5:1 2:1:5:2 2:1:6:2

R?[%] 73.14 73.26 39.46 69.35 39.46 39.46

fooi(*Boz1asx) 0.273 0273  0.410 0.293 0.410 0.410

Chemical models involving the formation of (1:1:4+1 1:1:5:1) or (1:1:4:1 + 1:1:6:1)
complexes gave an almost identical statistical aggmtation of the data set. Although
acknowledging that both models describe equally thel experimental data, the first option
is favored for the sake of simplicity and to retaincloser consistency with the chemical
model reported for the system Pu(IV)-OH-ISA (Takile.

It has to be mentioned also that the correlatioaffament related to the two optimized
equilibrium constants was sufficiently low in alhses. This indicates that the formation of
two species is required to describe the data sekt,naoreover, that the addition of further
species to the model would only be an overparametkrepresentation for the given system.
In the following step, equilibrium constants of elected two complexes (through chemical
reaction (66), defined in Equation (67), with y =71 and x = 0 and 1) were optimized to
obtain the lowest residuals between the calculaasdn Equation (68) and experimentally

measured total Pu total concentrations.
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SIT formalism through Equation (69) was used t@wale the effect of ionic strength on the
equilibrium constants of the related complex spe@aPu(lV)(OH)SA™ (with x = 0) and
CaPu(lV)(OH}ISA(aqg) (with x = 1), respectively. The SIT ion énaction parameter of the
complex CaPu(IV)(OH)SA" with CI” was estimated afCaPu(IV)(OH)ISA", CIN) = —(0.05
+0.10) molkg™, following the charge analogy described in theknafr Hummelet al.[149].
The ion interaction coefficient of the neutral cdexp CaPu(IV)(OH3ISA(aq) is zero as

defined within SIT formalism.

log *°1,1,44x,= 109 ' 1,1.44x,1+ 109 YCaPu(IV)(OH), +XISA(1-X) + (4+X) logyn+—

— logypittag) — 10gy1sa~ — 10gyctag) — (4+X) logaw (69)
The optimization of log f°1,1.41and log °11 5 1resulted in:

log *£°1 1.4 {CaPu(IV)(OH)}ISA") = —(1.66 + 0.10) (70)
log *£°1 1.5 {CaPu(IV)(OH}ISA(aqg)) = —(12.70 + 0.08) (71)

The solubility curves of Pu calculated, using Eaqrat68) for the system Ca(ll)-Pu(IV)—
OH-ISA using the chemical and thermodynamic modkesved in this work are shown
in Figure 37, Figure 38 and Figure 39, togethigh the corresponding experimental data for
HQ-buffered systems in the presence of Ca(ll) al agethe solubility calculated (described
in Section 3.1.2.4.1) for the binary system Pu(l0H—ISA.

156



1 = 1 L 1 v 1 = ) v 1 v T = T
= Pu(IV)-OH-ISA model, m(ISA).t = 1073 m, absence of Ca(ll) I =0.10 m NaCl
T W HQ,t,<102d,LSC, (SF-)ICP-MS (UF) mM(ISA)ot = 10 m 7]
Ca(ll)-Pu(lV)-OH-ISA model (pH,,, < 12.4) m(Ca)t = 102 m |
8} =
°
= il /-
=
a : | /
~ -9}o II -
E, LSC '
S =
9 )
g N o
-10 -
[ icP-Ms
“11E i
" 1 M 1 M 1 M 1 M 1 M 1 " 1 " 1
5 6 7 8 9 10 11 12 13
pH,,

Figure 37.Experimentally measured m(Ry)in equilibrium with Pu@(ncr,hyd) in HQ-
buffered systema) at pHn = 8 — 12.4 with m(ISA)} = 10° m and m(Ca) = 0.01 m.
Solubility line in orange is calculated with theethical and thermodynamic models derived
in this work for the system Ca(ll)-Pu(IV)-OH-ISAualines (solid and dashed) correspond
to the solubility of Pu(IV)g@am,hyd) at | = 0.10 m NaCl, in the presence ofSAfh; = 10°°

m calculated using the chemical and thermodynanodeis derived for the binary system
Pu(IV)-OH-ISA (listed iTable 12).
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Figure 38.Experimentally measured m(Ry)in equilibrium with Pu@(ncr,hyd) in HQ-
buffered systema) at pH, = 12 and m(Ca); = 0.01 m with 10° m < m(ISA); < 0.10 m.
Solubility line in orange is calculated with theethical and thermodynamic models derived
in this work for the system Ca(ll)-Pu(IV)-OH-ISAualines (solid and dashed) correspond
to the solubility of Pu(IV)g@am,hyd) at | = 0.10 m NaCl, in the presence ofSAjh; = 10°°
m calculated using the chemical and thermodynanodeis derived for the binary system

Pu(IV)-OH-ISA (listed ifable 12).
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Figure 39. Experimentally measured m(Ry)n equilibrium with Pu@(ncr,hyd) at constant
pHm = 12 and m(ISA); = 10° m with 310* m < m(Ca)y; < 2:10% m, in HQ-buffered i)
solutions. Solubility line in orange is calculateith the chemical and thermodynamic models
derived in this work for the system Ca(ll)-Pu(IVHOSA. Blue lines (solid and dashed)
correspond to the solubility of Pu(IV)@m,hyd) at | = 0.10 m NaCl, in the presence of
m(ISA): = 102 m calculated using the chemical and thermodynamudels derived for the
binary system Pu(IV)-OH-ISA (listedTable 12).

In all cases, the proposed chemical and thermodynaradel describes equally well most
experimental data collected within the given bougdanditions. However, relatively large
deviations are observed at high ISA concentrat(i§A).: > 0.01 m), where the model
overestimates the experimentally measured Pu dityuy ca. 0.5 log-units. Overestimations
with similar magnitude are also observed for expernital data at pki= 12.4 (with m(ISA)y

= 10° m and m(Ca); = 0.01 m conditions). Presumably this trend i® gsgressing above
this pH. Note that the data points collected witsystems at the latter pH value were
excluded from the fitting process as discussedeicti®n 3.1.3.2.1. These observations could
hint to an additional solubility phenomena not yee¢ntified, taking place under these

conditions €.g. precipitation of a new solid phase). In view oé tbo-far available data, the

159



proposed thermodynamic model overestimates theriexpetally measured solubility values
for pH > 12.4 and/or m(ISA)} > 0.01 m conditions, and thus provides consergatesults
with respect to the potential release of Pu frome tepository under these particular
conditions. Based upon this observation, within #wption study, separate solubility
experiments were additionally conducted where thaug$ was put on the validity of the
established thermodynamic model under porewateditons for the system Ca(ll)-Pu(IV)—
—OH-ISA (see Section 3.2.6.6.1 for results).

It has to be emphasized that the new thermodynanudel in systems with pH> 11
provides reasonable predictions for Pu solubilalues under strongly reducing conditions as
well, despite that the experimental points colldcte the Sn(ll)-buffered solubility series
were excluded from the input dataset.

3.1.3.5 Comparison of the new Ca(ll)-Pu(lV)-OH-ISA model with literature data

Table 16 summarizes the equilibrium constantsvddrin the present work for the formation
of Ca(ll)-Pu(lV)-ISA—OH complexes prevailing undexducing, alkaline to hyperalkaline
conditions. Table 17 lists SIT ion interaction ffméents estimated in the present work for the

newly defined species.

Table 16. Chemical equilibria and related equilibrium constar(at zero ionic strength)

derived in the present study describing Ca(ll)-RMOH-ISA system.

Chemical equilibria log¥° (I — 0)

f SA o) + C&*(aq) -
P SA T AROD . (aq)+ —(1.66 + 0.10)
= Ca(ll)Pu(IV)(OHRISA  + 4 H

4+ . | §+ -
Pu”(aq) + ISA + 5 HO(l) +0C (aq) + (12,70 + 0.08)
- Ca(l)Pu(IV)(OHXISA » (aq) + 5 H
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Table 17. SIT ion interaction coefficients used in the préstady.

species i species | &(i,j) [mol-kg™]
Ca(Il)Pu(IV)(OHWISA" cl —(0.05 + 0.106)
Ca(lPu(IV)(OH)ISA’(aq) Cl /Na 0.00”

Yestimated values based on the work of Humenel. [149]
b zero by definition within SIT formalism

The thermodynamic model established for the sysBail)-Pu(lV)-OH-ISA can only be
compared with the analogous data on the Th(IV)esystported in the works of Vercammen
et al. [100] and Titset al. [103, 105] (see Introduction, Section 1.3.3.5 fietailed
discussion). Figure 40 (a, b, c, d) shows the gredance diagrams of Pu(lV) (based upon
the results of the present study) and Th(IV) (agldftom Vercammeet al.[100] and Titset

al. [103, 105], later re-evaluated in [12]) for comaiiis: pH, = constant = 9 and 12, with <6
log m(ISA)t < —1 and —4< log m(Ca): < —1.5 applying thermodynamic calculations as
described in Section 3.1.3.4.

Figure 40 a, b, ¢, d show significantly differequaous speciations for Pu(lV) and Th(IV) in
the presence of ISA and Ca. An interesting featdirdne predominance diagrams is the lack
of equilibrium line between the hydrolyzed Th(I\pexies and the quaternary Ca(ll)-Th(IV)—
OH-ISA species. The latter observation indicatest timder any experimental conditions
within the displayed window, the increase of ISAataconcentration always results in the
formation and predominance of the Th(IV)-OH-ISA @ps first, even when there is a
significant excess of Ca(ll) ions (compared to ligand) in solution. In view of the effect of
Ca(ll) on the Pu(lV)-OH-ISA system, this featurdnighly unexpected, as the overestimated
stability of the Th(IV)-OH—ISA species was also y@d by a number of independently
performed solubility studies [59, 107]. This poimtst that the thermodynamic data on the
Th(IV)-OH-ISA system based on the sorption studydemted by Vercammeet al. [100]
are strongly overestimating Th(IV) solubility limitin the presence of the ligand. The
predominance of complexes with the same 1:1 An(8A:ratio for both, Pu(lV) and Th(IV)

is again invalid and it was shown that in solutiomish m(ISA),: > 10° m, (within the
alkaline pH-range) the complex with 1:2 ratio (TRH)QISA),*) is dominating for the Th(IV)
case [107]. The former observation was also foumdéd consistent with literature data
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available for analogous An(IV)-OH-ISA systems (fiorther details see discussion in

Sections 1.3.3 and 3.1.2.7).

T T T

-1.5

(Vercammen et al., 2001) a) (Vercammen et al., 2001) b)
(Tits et al., 2002, 2005) (Tits et al., 2002, 2005)
20F i
_8 5 5]|Th(OH),(aq) i | | Th(OH),(aq)
S
£ CaTh(OH),(ISA),(aq) CaTh(OH),(ISA),(aq)
2 .30 Th(OH),ISA” ] Th(OH),ISA |
-3.5 . L
1=0.10 m (NaCl) 1=0.10 m (NaCl)
M(Th(IV)), = 10° m M(Th(IV)), = 10° m
pH, =9 pH, =12
-4.0 L L :
'1 .5 T T T T T T T T
(present work) C) (present work) d)
20+
Fioel CaPu(OH),ISA /" i CaPu(OH),ISA i (aq) |
fa 4.
e —/
£
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351 = . F= = .
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log m(ISA),, log m(ISA),,

Figure 40.Predominance diagrams of An(lV) in the presend&Saf(—6< log m(ISA}: <-1)
and Ca (—4< log m(Ca): <-1.5), at | = 0.10 m NacCl, calculated fon(I1V): m(Th(IV))o: =
10° m, at pH, = 9 (a,); 12 (b,) using thermodynamic data reported by Vercammeal.et
[100] for Th(IV)-OH-ISA system and Tits et al. [1AD5] for Ca(ll)-Th(IV)-OH-ISA system
recalculated in [12] and foPu(IV): m(Pu(IV))s = 10 m, at pH, = 9 (c,); 12 (d,) using

thermodynamic data derived in the present work.
Despite that the results of the present work contine role of Ca(ll) in stabilizing ternary

Pu(IV)-OH-ISA complexes, the “enhanced” stabilifytioe resulting quaternary complexes
does not match the predictions based on Th(IV).ddta clearly increased stability predicted
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for the Ca(Il)-Th(IV)-OH-ISA species compared te #u(lV) case is not considered to be
“thermodynamically real”, but rather caused by eliéinces between solubility and sorption
experiments. A definitive explanation for this majdiscrepancy is not yet found.
Nonetheless, the systematic, wide-range variati@xperimental parameters, coupled with a
combined thermodynamic fit on a collected datasehé key element in deriving a reliable
thermodynamic model for such a system. In this @spgke extensive study on the system
Ca(I)-Pu(lV)-OH-ISA together with the thermodynanmodel derived on the Pu(lll/IV)-
OH-ISA system accomplished in this work represdm® most comprehensive effort to
characterize quaternary Ca(l)-An(lll/IV)-OH-ISA roplexes. However, further
experimental studies (considering both solubilityd asorption experiments) following a
similar systematic and strategic approach applredhe present work on systems Ca(ll)—
Th(IV)-ISA, Ca(l)-U(IV)—-ISA and Ca(ll)-Np(IV)-ISAvould provide essential information
in understanding the role of Ca(ll) on the An(IV§A complexation under conditions

relevant for L/ILW disposal.
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3.2 Sorption study

Prior to the discussion of the obtained data optgsor experiments, characterization results
on the applied cement powder and porewater areepies in Section 3.2.1. Subsequently,

results on sorption investigations are providetbur main parts:

() Redox conditions prevailing in the investigatedteys (Section 3.2.2);

(i)  Obtained sorption data and evaluation on the syss&wCement (Section 3.2.3);

(i) Sorption data collected on the binary, Cement-Rtesy is presented (Section 3.2.4)

(iv) Experimental results and data evaluation on theatgr Cement-Pu-ISA system
(Sections 3.2.5 and 3.2.6).

3.2.1 Characterization of the cement powder and porewater

3.2.1.1 Initial cement powder

In view of the solid phase characterization resaitghe initial cement powder (provided in
the Appendix, Section 6.5), it can be stated that ¢themical composition of the cement
material has not been modified by the powderingc@dore and the main, hydrated solid
phases present in the generated OPC powder arantibegphous C-S-H phases and the
Portlandite. Based on the assumption that in tliessoof the hydration process all Ca-content
of the clinker-components is consumed by the fogrifortlandite and the C-S-H phases,
while the Si-content is taken up solely by the Et$hases, an estimate of 1.7 — 1.9 can be
calculated for Ca:Si atom-concentration ratio fog present C-S-H phases using the various
guantification results of ICP-OES/-MS, TG-DSC andBXtechniques. This value is found to
be in close agreement with the reported data ofrésilting from model calculations on OPC
pastes with similar chemical characteristics [19%]1

In this respect, the generated cement powder appked for the sorption experiments can be
taken as a representative material for the origagmhent specimens in terms of the main
chemical properties.

3.2.1.2 Chemical compositions of equilibrated cement pastemnd porewater solutions

Identically as in the case of the initial cementwgder, two equilibrated cement pastes were
also characterized after hydration stoppage byb#fere mentioned techniques. The solid
phases were retrieved from: 1. the batch sampl@ faseenerating the porewater (which was
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the solution applied for all sorption studies siatulg stage Il of the cement degradation
process) and from 2. a batch sample of the CenShtdorption experiment series (at
[ISAlt= 0.01 M and S:L ratio = 2[@mn”). Data on the sample 1 (named as “porewater
cement”) was collected after the preparation ofsaliption experiments (~1 year of contact
time), whilst on the ¥ sample (denoted as “ISA-cement”) all analysis weegformed after

an equilibration time of 14 days (final, bf Cement-ISA sorption investigations). In additio
to the solid phase characterization, equilibriureraltal compositions of the aqueous phases
were also assessed for the above listed two san#ple®re detailed discussion on the results
are provided in the Appendix (Section 6.6).

In summary, it can be concluded that the genenabeewater to be applied as the liquid phase
for later sorption experiments is a chemically esgntative solution of cement pore fluids
expected at stage Il of the cement degradatioregeoSolid phase characterization results on
the retrieved cement solid paste coincide withlétier observation. As for the ISA-cement
sample, the total ligand concentration of 0.01 Mhie supernatant with S:L ratio = Zgi>
was determined to bear with a negligible effecboth: the governing chemical parameters in
solution of interest (pkl [Ca}o) and also on the main chemical composition (presesf
Portlandite and C-S-H phases) of the HCP. It inaig, that a slightly enhanced calcification
was observed on the surface of the retrieved spgemObserved changes can be modelled
assuming Portlandite dissolution equilibria in comaition with Ca(ll)-OH-ISA complex
formation reactions in solution, which is in agresr with the observation of previous
studies [104].

Table 18 contains the concentrations of the majdrrainor elements in the liquid phases of
the abovementioned two samples: porewater cemempleaand the ISA-cement sample as
guantified by ICP-OES and ICP-MS measurements.

The initial composition of the porewater togethethvthe determined pH condition of pH
(12.55 + 0.08) (averaged value of multiple measem on the porewater) are in good
agreement with the calculated and the previougbpnted porewater conditions (with pH
12.50) representing stage Il of the cement deg@mdarocess [4, 198]. Slightly lower value
has been quantified for Na(l) concentration, whem@ncentration of K(I) was found to be in
good agreement with reference data, both indicatiegsuccessfulness of the pre-washing
step aimed to remove the alkali-content of theiahitement powder. Reference values for
Mg(Il) and Fe(lll) are not provided in the litera&) whilst the concentration of Si(lV) is
below the detection limit of the in-house quanétion by ICP-MS, in agreement with the low
level reported [198].
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Table 18. Compositions quantified by ICP-OES/-MS techniqueghe liquid phases in
contact with different cement pastes: “porewater&signates the solution generated by
equilibrating Milli-Q water with the pre-washed cent powder ¢ = 1 year), “ISA-cement
porewater” is the supernatant of the sample prepawsing the latter porewater, the initial
cement powder and the ISA-stock solution to re&8A]f,; = 0.01 M at S:L ratio = 2 gim®,
analyzed atds, = 14 days. Reference values are adapted fromalitge data on analogous
OPC porewater [4, 198].

Sample

e Cca(ll) Na(l) K@) Al SiIv) Mgy  Fe(ll)

[M] [M] [M] [M] [M] [M] M]

Porewater 0.02 710° 310 210° <D.L? 8107 310°

ISA-cement

porewater 0.02 0.02 810 2:-10° 7-10° 2-10° 510°

Referencl 0.02 310° 110* 210° 310° - —

a) below detection limit means a concentration &fx0° M for Si(IV)
b) reference values are taken from literature datanalogous systems [4, 198]

The measured pH value of the ISA-cement porewadenpte: pH= 12.60 + 0.03 was
observed to be within the uncertainty-range of vhkies collected in the absence of ISA
(calculated theoretical value under identical ctods is: pH= 12.57). The chemical
composition of the equilibrated porewater with [[$&= 0.01 M at S:L ratio of 2[dm> show
distinct changes in the depicted elemental conaBairs especially with regard to Na(l) ion
concentration. These discrepancies are originditorg the introduction of ISA-stock solution
to the system, which was later confirmed by therattarization of identical solutions
prepared in the absence of cement solid phasedl) @a( concentration was found to be
negligibly affected by the high ligand concentratioa solution, which is in agreement with
thermodynamic calculations, assuming that the aumagon of C&" is governed by the
dissolution of Portlandite and by its complex fotima reactions with ISA in solution (when
[ISA]it does not exceed ~0.1 Me. precipitation of Ca(ISAJs) does not occur). Accounting
for the latter chemical equilibria, the calculatdgboretical increase (without taking into

account the sorption of the ligand) in fJa; with the level of 2.7-1®M is located closely to
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the uncertainty-range (+ 3 £0Vl) associated to the quantification of fCJa; by ICP-OES

technique in analogous systems.

3.2.2 Redox conditions

The redox conditions in terms of averaged (pe ¢) pHlues collected in all HQ-, Sn(ll)- and
dithionite-buffered batch sorption experimentshe fbsence and in the presence of ISA are
summarized iMable 19.

A general trend in the collected piihd pe values as function of [ISA]Jn solution or the S:L
ratio applied was not found. Measured pH conditiornthe course of all sorption studies were
identical to the previously collected values in @yvorewater solutions, indicating the
retainment of Portlandite as the pH- (and [&&] controlling phase in the system.
Thermodynamic evaluations were used to derive #imally calculated pk(and [Ca}y)

values, accounting for the given [ISAkoncentration and Portlandite solubility equildri

Table 19. List of averaged pHvalues and redox conditions, (pe + $Hvalues (with
associated uncertainties) collected on all HQ-,IBné&nd dithionite-buffered batch sorption

experiments conducted in the present study.

Redox buffer

(2mM) PHc av. P&y, (pe + pH)av.
HQ (12.54 + 0.16) —(3.5 +1.0) (9.2 +0.8)

Sn(ll) (12.50+0.16)  —(11.6+1.1) (1.0 £ 0.7)

S,04% (1250 +0.17)  —(12.4 £1.3) —(0.3+0.6)

In agreement with the findings of previous stugesformed in the absence and presence of
ISA and Ca(ll) (see results of solubility study @t 3.1 and references [1, 2]), HQ in
solution imposed moderately reducing conditionstebied overall conditions with an
averaged (pe + pjHvalue of (9.2 £ 0.8) were in good agreement \thih previously assigned
value of (pe + pH) = (9 £ 1). The related Emeasurements show fast equilibration times.
Sorption of HQ on the cement can be excluded basedPOC data. The redox conditions in

HQ-buffered systems are within the stability fiedtl Pu(lV) for both, agueous species and
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solidcompounds. Hence, sorption data of these sampieserae as reference for evaluating
processes and interactions within the Cement—P#ISA) system.

The formerly reported redox conditions (pe +ptf (1.54 = 0.14) for the Sn(ll)-buffered
system were in moderate agreement with the newevafu(pe + pkE) = (1.0 £0.7). The
thermodynamic evaluation of Sn(ll) sorption datahe course of the present study did not
necessitate the acquired pe values to be inclugl@apat values in the thermodynamic model
(in the presence of ISA the predominance of CailitV)—OH—ISA species are expected in
the solution). In this respect,, zalues in the present case were not measuredefuntith
longer equilibration times. As the reliability of, alues acquired under short equilibration
times are sometimes questionable, newly obtainedt+(pH) values (still overlapping with
uncertainty field of the formerly detected rangsbpuld be taken as orientative values.
Sorption data collected in the presence of Sn(ijer strongly reducing conditions will be
used as the representative system expected forggsspgical repositories. In this study it is
used to evaluate the chemical interactions withhe Cement—Pu(lll/IV) and Cement—
Pu(lV)(-ISA) systems.

Similar but slightly more reducing redox conditiomgh (pe + pH) values of -0.3 = 0.6 were
obtained in the presence of dithionate in soluti@ata plotting below the lower
decomposition line of water are in close agreemettit previous literature data on analogous
systems [40]. Dithionate ions are unstable in meautral solutions. However, under highly
alkaline, anaerobic conditions at T = 22 + 2°C tlhezomposition process is known to be
kinetically hindered [199, 200]. This was confirmiedhe course of the present experiments,
as constant strongly reducing conditions were detem the investigated systems over the
entire time-frame of the study. In this aspect,dhbionate-buffered experiments are taken as
an analogous system to the Sn(ll)-buffered experimjerepresenting strongly reducing

agueous conditions but a chemically significaniffedent redox buffer.

3.2.3 Cement-ISA system

Prior to the investigations on the cement-ISA systblank samples in the absence of the
ligand were analyzed to account for the leachingrginic impurities from the OPC paste

and the consequent increase in the background-t&\WPOC within the porewater solutions

at various S:L ratios.

Figure 41 shows the background-corrected NPOC satirtained (after centrifugation) on

the supernatants of the porewater samples equéibnaith the initial cement powder at S:L

ratios of 0.2, 2, 4, 8, 15, 20 and 50 gim
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Figure 41.Background-corrected total NPOC values measured the centrifuged
supernatant solutions of blank samples without I8Asolution prepared by mixing the
porewater solution and the initial cement powderdach S:L ratios of 0.2, 2, 4, 8, 15, 20
and 50 gdrii. The dashed blue line depicts the linear fit perfied on the data set.

Organic impurities were found to be representingegligible amount: 1 — 3 ppm of the total
NPOC values in the S:L ratio-range of 0.2 — 50 ddAssuming a linear correlation between
the leached organic-content and the amount of cepmmder added to porewater, a fit was
performed on the data set and the resulting engpiggpression: Equation (72) was later
applied to correct NPOC values quantified at a ifipe8:L ratio in the cement-ISA system

under analogous conditions.
NPOGmpuriies (PPM) = 0.036- S:L ratio (gdfy + 1.22 (ppm) (72)
Figure 42 summarizes all results in terms of [IAds calculated using Equation (18) as

function of the equilibrium concentrations of ISAvith [ISA]leq determined from the

background-corrected NPOC values acquired in theeo&lISA experimentsFigure 43
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displays quantified [ISA},concentrations within the experimental series W8A] o = 10°

M as function of the S:L ratios.

1 g I g I & 1 5 I & I
-0.4 | Langmuir-isotherms (two-site models): -

Van Loon et al., pH, = 13.30
present work, pH_ = 12.50 - 12.57

log [ISAlsorbed [109(MOI-Kg o )]

-4.5 -4.0 -3.5 -3.0 -25 -2.0
log [ISAl,q

Figure 42.Sorption isotherm of ISA on the initial OPC powdmillected in porewater
solutions (pH = 12.50 — 12.57) with [ISA} = 10%, 10° 10% 10° M and S:L ratios of 0.2, 2,

4, 8, 15, 20 and 50 gdiat ttq= 7 (blue symbols) and 14 d (red symbols). Sahed
represent the calculated two-site Langmuir-isoth&erexpressed as in Equation (19) based
on: i. the model reported by Van Loon et al. [54] @&ith values from Equation (20): orange
line and ii. the results from the combined fittexgrcise performed in the present work on the

displayed data set with values from Equation (pairple line.

Despite the slightly enhanced sorption of ISA.gtt14 d, compared to the casefQft 7 d, a
definite chronological trend could not be identfigvithin the data set as the associated
uncertainties of the detected [IS4]concentrations were relatively high (=5 — 50 %,
depending on the absolute value). Considering tlab ISA-sorption is known to be a fast
process [57, 84, 87], taking place usually withid&/s of contact-time with cement pastes,

both data sets were evaluated and fitted.
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Figure 43.Concentrations of ISA in porewater solutions {pH 12.50 — 12.57) in
equilibrium with the initial OPC powder at [IS#]= 10° M (grey line) and S:L ratios of 2, 4,
8, 15, 20 and 50 gdfhat teq= 7 (blue symbols) and 14 d (red symbols). Satidd represent
the calculated concentrations using the two-sitexdrauir-isotherms from Equation (19),
based on: (i) the model reported by Van Loon ef5a, 84] with values from Equation (20):
orange line and (ii) the results from the combirigtihg exercise performed in the present

work on the displayed data set with values fromdfiqu (76): purple line.

Sorption data on the series with constant [1§4] 10° M, a significant decrease in [IS4]
was witnessed with increasing S:L ratiesg. in the sample with 51 gdfthe determined
equilibrium concentration of the ligand was founde 510° M. The latter value represents a
high retention for ISA by HCP with R= 403,i.e. a four times larger value than as expected
from the work of Pointeaet al. under the given conditions [87]. This demonstrated the
distribution ratios are dependent on the applied 1&tios and furthermore, the use of a
surface complexation model may not be applicablesigmificantly different conditions
(especially taking into account the variation o&idable specific surface areas of the applied
cement phases). The evaluation of the collectegtisordata was limited to the isotherm type
of representation, due to the lack of additionartiodynamic parameters related to the

conditions of the present study.
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The isotherm representation (Equation (19)) ofdh&a set, (calculation of [ISA}peq from
[ISA]eq Using g, ¢ and K, K, parameters as in Equation (20) from values refdrieVan
Loon and co-workers [84], orange linekigure 42) provides a good empirical prediction for
expected [ISA], values within a wide-range of [IS#§] concentrations. The expression
slightly overestimates [ISA] for all the evaluated of S:L ratiogigure 43). Also, the
expression (as in Equation (19)), owing to thergiroorrelation between the “q” and the “K”
parameters, fails to provide accurate predictionglSA]eq with regard to the variation of S:L
ratios at a constant total concentration of thardy Since the main aim of the study was to
assess the [ISA{ values in the function of S:L ratios, evaluatidntioe data set using the
Langmuir-isotherm model was executed with a slightdification. The parameter
optimization procedure was performed simultaneobsiythe minimization of two separate
objective functions expressed using Equation (#@sulting from the combination of
Equation (18) and (19)):

([ISA] 1ot — [ISAleq)- V- (porewater, drf)-m(cement, kgj =
= [ISA]sorbed= K1-Qr[ISAleq(1 + Ki[ISAleg™ + K202 [ISAleq (1 + K2 [ISAleg) ™ (73)

The expression above raises two possibilities e determination of 1. ¢ and K, K3
parameters: (1) correlating measured and calculd®Al sormeq Values from the Langmuir-
isotherm type of representation (using only the digm on the right hand side), just as
described before or (2) correlating measured atalleded [ISAL, concentrations expressed
from the combination of the two equations (usinghidbe right and the left expression within
Equation (73)). The first possibility is proven be more sensitive to the variation of the
theoretical sorption capacities of the two sitesilst option two is more prone to the
variation of the adsorption affinity constants.

In Option 1, [ISAl.medvalues were calculated using initial input valuesd;, ¢ and K, K»
parameters (values taken from Equation (20)), asiged by the original Langmuir-isotherm
and the objective function {F; expressed as in Equation (74) was minimizedrdeioto gain

the optimized values of the parameters (ginerumber of data points).
F1(CI1, G, Kl, KZ) = (Zni - 1(|Og [lSA]sorbed,caIc.— |Og [lSA]sorbed,mea}.2 '(n - 1)_1)0'5 (74)

Option 2 was based on Equation (73), where [kg¥dlues were calculated using initial input

values for g, ¢p and K, K, parameters in addition to the total volumes ofgaeples and the
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applied weights of the cement powder. In this cadgective function, expressed as in

Equation (75) was minimized to get the best-finesl for the given parameters:
n 2 110.5
Fa(01, &, K1, Ko) = (X - 1109 [ISA]eq,caic.— 109 [ISAleqmead™ (N — 1) ) (75)

The combined fit was executed by the simultaneomsmmzation of both objective functions
(F, and k) on all experimental data points. The optimizedpBon capacities and affinity
constants of the two sorption-sites are as follows:

b = (0.18 + 0.02) mekg™?, K1 = 2510 + 500 drfimol™* and
02 = (0.17 + 0.02) mekg™, K, = 12 + 2 dnimol™ (76)

Associated uncertainties were estimated upon thiatwen of the calculated and measured
[ISA] sommeaand [ISALq values. (Depicted values exceed the associatestist uncertainties.)
Model calculations using the best-fit values arevah in Figure 42 and~igure 43 as purple
solid lines. Predictions of the previously publidhmodel by Van Looret al. [84] are
displayed as orange solid lines for comparison.

The established Langmuir-isotherm provides goodliptiens in both representations with
small deviations from the data points, plotting hwt the uncertainty-range of NPOC
measurements. A one-site isotherm was also testachvthe fitting procedure, however, in
accordance with observation formerly made by théetB&n, the presented, two-site model
appeared to be more precise, especially for hi§hkbmed values. (The application of the
Freundlich-type isotherm has failed in the presase as well.)

Using the optimized parameters, the maximum uptakéhe ISA ligand by the cement
powder,i.e. the total sorption capacity, can be calculated.asc = 0.35 mokg™. The latter
value is in good agreement with the value of 0.21-kg™ derived from sorption studies [57,
84] and also with the estimate of 0.32 kgl provided in the work of Bradbury and Sarott
[85]. The slightly higher value obtained in the gept study can be caused by many factors
such as difference in specific surface area ohedhemical characteristics of the applied
HCP. Furthermore, as discussed before, ISA sorpsi@iso known to be highly influenced
by pH. conditions and the [Cg] concentration within the porewater. Pointedwal. formerly
showed [87] that the uptake of ISA by OPC pastashees a maximum at g ~12.5, thus,

in comparison with the model reported by Van Laral. [57, 84], the presently observed

enhanced sorption of the ligand is reasonable.
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In the subsequent sections, the newly establiseatkirt-ISA sorption model (in the form of
the two-site Langmuir isotherm with the best-firgraeters, as provided in Equation (76)) is
used as an empirical formula to account for ISAakptby the initial cement powder at a

specific S:L ratio and [ISAJ; concentration.

3.2.4 Cement-Pu system

Pu sorption data for the Cement-Pu system are qesbén two separate sections, according

to the experimental set-up given in Section 2.4.5:

1. Screening experiments: Section 3.2.4.1, HQ-bedfesystems, S:L ratio = ~0.2 gdm
4 gdm?®, at log [Pu}, ~ -6 or -9, and

2. Redox experiments: Section 3.2.4.2, HQ-, Sn(dithionate-buffered systems, S:L ratio =
~0.2 gdni® and 2 gdri, at log [Pu}, ~ -6 or -9).

3.2.4.1 Screening experiments

Figure 44 andrigure 45 show the total concentrations of Pu,[Rig.q in centrifuged, HQ-
buffered porewater solutions in contact with th&iah cement powder quantified after
ultrafiltration as function of applied S:L ratiog &vo total Pu initial concentrations:

log [Pu}, = -5.3 and -8.3, respectively.
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Figure 44.Aqueous total concentrations of Pu quantified aftaltrafiltration phase
separation method in HQ-buffered cement powderreyater systems ai;t= 7 d (red), 66 d
(dark blue) and 98 d (blue symbols) with S:L ratiés-2 gdrt and ~4 gdrii, at the applied
initial Pu concentration of log [Pw] = -5.3. Solid, black line corresponds to the sditpof
PuO,(am,hyd) in equilibrium with Pu(l\{q species calculated for porewater conditions (at
pH:. = 12.60) using thermodynamic data reported in NHAB[9] (related calculations are

adapted from a previous study [1]).

At a high initial total concentration of Pu (logyR = -5.3), the detected log [Ry}alues
were observed to show a significant decrease aftitys of equilibration time=(gure 45, red
symbols). Concentrations quantified aftgr=t 66 and 98 days (blue symbols) were found to
be constant and located close to the solubilityPafy(am,hyd), indicating the potential
separate precipitation of Pu solid phase from th&tesn. Taking into account the high
uncertainty associated to Pu(lV) solubility and itojgsis equilibria (+ ~1.1 log [Pw)), part

of the results measured a§+ 7 days with S:L ratio = ~4 and all results gt=t 66 and 98
days are collectively falling in the range of Pdatoconcentrations expected for solubility

controlled concentrations in the presence of Raif,hyd) solid phase in the system.
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Figure 45. Aqueous total concentrations of Pu quantified aftaltrafiltration phase
separation method in HQ-buffered cement powderreysater systems ai;t= 7 d (red), 66 d
(dark blue) and 98 d (blue symbols) with S:L ratids-0.2 gdriif — ~4 gdn, at the applied
initial Pu concentration of log [Pw] = -8.3. Solid, black line corresponds to the sditpof
PuG,(am,hyd) in equilibrium with Pu(l\{g species calculated for porewater conditions (at
pH:. = 12.60) using thermodynamic data reported in NHAB[9] (related calculations are

adapted from [1]).

Pu in the systems with the lower initial level afgl[Pu], = -8.3 showed steady values
throughout the entire sampling period, well beldw talculated solubility values expected
for the presence of Pu@am,hyd). As most Pu concentrations were but slighigher than
the detection limit of SF-ICP-MS (at log [Re}~ -12.8), associated analytical uncertainties
were rather large (usually with £ 0.5 — 1 log-uhits

All sorption results transformed from concentratioto distribution ratios (R values
calculated according to Equation (25), in “#gi* units) collected in the course of the

screening experiments are showirigure 46.
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Figure 46.Distribution ratios (R values, in drikg® units) of Pu quantified after
ultrafiltration in HQ-buffered cement powder — pa@er systems atqd= 7 d (red), 66 d
(dark blue) and 98 d (blue symbols) with S:L ratafs~0.2 gdiif — ~4 gdnit, at applied
initial Pu concentrations of log [Py] = -5.3 (opened symbols) and -8.3 (filled symbdlBhe
displayed error bars are originating only from thealytical uncertainties associated to the

quantification of Pu total concentrations by SF-KWS technique.)

At the S:L ratio of ~0.2 gdif) the determined logRvalues were generally larger by 1 — 1.5
log-units than those corresponding to the analogystems with higher S:L ratios present.
However, most results of the series at S:L rati?=and 4 gdii with log [Pu], = -5.3 at &=

7 days and all results obtained with log [Pg]-8.3 at the higher S:L ratios applied were
found to be consistent (all values are located iwithe blue shaded area Kigure 46),
showing an approximate averaged value of lggdRrkg™) = ~6.5.

The steep decrease in concentrations detectedstansy with log [Pw] = -5.3 after &= 7
days resulted in a significant shift (illustrategl the red arrows ifrigure 46) for calculated
log Ry values, reaching an averaged final level of Igg/R ~8.5 (located within the red
shaded area iRigure 46). As the [P} concentrations detected at these longer equildorat

times within the given systems were close to thvellef PuQ(am,hyd) solubility, the latter
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apparent increase in logyRalues might be caused by the precipitation ofélid phase from

the solution.

The higher log R values obtained at low S:L ratios and low iniffal-concentration are in
agreement with experimental findings of previousdss on the analogous Th(IV) system
[13]. As the absolute amount of the cement powti&:laratio ~0.2 gdni is relatively small,
distribution ratios are considered to be more s$eesto factors such as the non-negligible
sorption of Pu(lV) onto the walls of the samplelviar uncertainties in the homogeneity of
the weighed amount of cement powder. In this raspktermined log Rvalues related to
low S:L ratios generally feature rather high una@ties and may as a consequence also be

strongly overestimated.

3.2.4.2 Redox experiments

Figure 47 and-igure 48 show the total concentrations of Pu mirdeiged, HQ- Sn(ll)- and
dithionate-buffered porewater solutions in contath the initial cement powder at various
S:L ratios (~0.2 or ~2 gdf with log[Pu],= -5.8 and -8.5, respectively. Data were
quantified at 4y < 108 days using ultrafiltration (UF) and/or ultrat&ugation (UC) phase
separation methods.

The detected [Pw] concentrations in HQ-buffered systems were in @tzuce with the
analogous system (at log [RuF -5.3) of the screening experiments, indicating possible
presence of Pufam,hyd) solid phase and the solubility controlRedtotal concentrations in
solution. Regardless of the different redox-buffgragents used, all values are located at the
same concentration level. This suggests the predoroe of the Pu(l\{)solid phase even
under the strongly reducing conditions imposed bl and dithionate in solution. Pu total
concentrations of the latter samples are in extebgreement with those of the previous
solubility study (conducted in the absence of 194 peeFigure 7), where identical values
were determined under the redox control by Sn(lpld. = ~12.9 in NaCl media. This
however, does not exclude the potential formatibfPa(lll).q Species in the course of the
sorption experiments, since Pydedge XANES results indicated the presence of Bu(i

the solid phases retrieved from the undersaturatdubility experiments.
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Figure 47. Aqueous total concentrations of Pu quantified rafteltrafiltration or
ultracentrifugation phase separation methods in HQlue), Sn(ll)- (green) or dithionate-
buffered (purple symbols) cement powder — porevwststems with.4d < 108 d at S:L ratios of
~0.2 gdn and ~2 gdri and initial Pu concentration of log [Pi]= -5.8. Solid, black line
corresponds to the solubility of Pu@m,hyd) in equilibrium with Pu(I\{) species calculated
for porewater conditions (at pH= 12.60) using thermodynamic data reported in NH2B
[9] (related calculations are adapted from [1]). §€ error bars are originating from the
analytical uncertainties associated to the quacsifion of Pu total concentrations by SF-ICP-
MS).

To assess Pu precipitation and the Pu redox stagd® systems with high initial Pu total
concentration (log [Pw]= -5.3), equilibrated hydrated cement pastegqat 132 days were

retrieved from samples with S:L ratio = 0.2 gdrand characterizeéh-situ by means of

XANES analysis (for Sn(ll) and HQ-buffered systenasid in the form of dried powders
(without hydration stoppage) by XPS (for the HQfbtédd sample). Solid phase
characterization is summarized in Section 3.2.4.3.
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Figure 48. Aqueous total concentrations of Pu quantified rafteltrafiltration or
ultracentrifugation in HQ- (blue), Sn(ll)- (greermr dithionate-buffered (purple symbols)
cement powder — porewater systems witke 108 d at S:L ratios of ~0.2 gdhand ~2 gdrit
and initial Pu concentration of log [PW]= -8.5. Solid, black line corresponds to the
solubility of PuQ(am,hyd) in equilibrium with Pu(l\{ species calculated for porewater
conditions (at pd= 12.60) using thermodynamic data reported in NH2B[9] (related
calculations are adapted from [1]). (The displayedor bars are originating only from the
analytical uncertainties associated to the quacsifion of Pu total concentrations by SF-ICP-
MS).

All Pu total aqueous concentrations quantifiedyistems with log [Py] = -8.5 were showing
low values within the entire time-frame of the sding period (sedrigure 48), which is in
close agreement with the results of the analogd@sbtiffered system from the experimental
screening series (at least for the series with @ 3&:L ratio). Different results in the two

redox-buffered systems was again not observed,estigg either, that: (i) the sorption of
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Pu(lll)aq species onto the cement phase are indistinguistiedsh the case of Pu(l\) or (ii)
that the contribution of Pu(ll) species are negligible compared to total Pu cdra@on in
solution. As the Pu concentrations in the presastare close to the detection limit of SF-
ICP-MS (mostly below the solubility level of Pu(l\gxpected under porewater conditions,
see black line irFigure 48), associated uncertainties are signifieaud likely exceeding the
displayed analytical uncertainties as showfigure 48. In this respect, any of the two above
listed hypotheses can be neither denied nor coafirriithus, considering the sorption results
collected in the HQ-buffered systems, all datahw present series are treated equally to
represent the uptake of Pu(kypy the present HCP.

The sorption results obtained within the above dlesd redox experiments, transformed
from concentrations to distribution ratiosy(Yalues calculated according to Equation (25), in
dm’kg ™ units) are presented Figure 49.

The trends observed in the derived distributiomosatire consistent with the results of the
screening experiments. All experimental resultsvigl® Pu aqueous concentrations located
close to or below expected solubility limits witegard to Pugfam,hyd). At higher initial
concentration of Pu, precipitation of the solid & considered to be more probable, which
then determines aqueous Pu concentrations. In thtoskes with lower log [P] solution
concentrations for Pu lie significantly below thelubility line. Assuming that Pu surface
sorption dominates in the latter systems and tbha@uQ(am,hyd) forms, an estimate for the
distribution coefficient for Pu between aqueoususoh and HCP can be derived, as

expressed in Equation (77).
log Ryjn (dnPkg?) = (6.3 + 0.6) (77)

This value together with the high associated uag#@sgt accounting for the variation of the
determined R values collected at different S:L ratios, consiugrespecially [Pu},
concentrations detected on or close to the detedioit of SF-ICP-MS. Results of the
screening experiments at S:L ratio = 0.2 gdwmith the largest observed deviations were

omitted from the evaluation process.
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Figure 49. Distribution ratios (R values, in drikg® units) of Pu quantified after
ultrafiltration or ultracentrifugation in HQ- (blug Sn(ll)- (green) or dithionate-buffered
(purple symbols) withe4 < 108 d at S:L ratios of ~0.2 gdhand ~2 gdnf with initial Pu
concentration of log [Pu] = -5.8 (opened symbols) or -8.5 (filled symbo(3he displayed
error bars are originating solely from the analdic uncertainties associated to the
quantification of Pu total concentrations by SF-HWS).

The value of log Rin (dm’kg™) = (6.3 + 0.6) determined in this work is largéran the
average log Rcalculated from data reported in the literatuneAa(lV) (log Ry (dntkg™) =~

5, see Section 1.3.4.1 in the Introduction). Suskrdpancy may support the hypothesis that
the value of log Ri, (dm’kg™?) determined in the present work might be impachsd
solubility phenomena and thus (slightly) overesteda Nevertheless, a final conclusion
cannot be deduced at this point, since certainablailiterature data (Bastat al.[120] with

log Ry = ~6.1 — ~6.8) also provided experimentally simifalues for the case of Pu under

analogous conditions.
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3.2.4.3 Solid phase characterization in cement-Pu systems

Thein-situ Pu Lj,—edge XANES spectra collected for the hydrated c¢rpastes recovered
from HQ and Sn(ll)-buffered cement-Pu sorption eipents with S:L ratio = 0.2 gdrhand
log [Pu}, = -5.8 atteq= 132 days are shown HFigure 53 (Section 3.2.5.2). The figure also
includes Pu reference spectra reported by Brendebiaal. [140] for aqueous Pu(lll) and
Pu(lV) species acquired under acidic conditions &aheé spectra collected on the
PuQy(IV)(ncr,hyd) solid phase, as taken from a previsusly (provided in 3.1.1.1 or in [1]).
The position of the most intense energy-resonartaeevine (WL, listed inTable 20) of the
XANES spectra collected for the HQ-buffered cempaste sample (“HQ, no ISA”) is in
excellent agreement with the previously reportedNES spectrum for the Pu(IVYOhcer,hyd)
solid phase [1]. The spectral features (WL posjtipast-edge resonances) of the Pu(lV)
XANES reference spectrum reported by Brendebachcandorkers [140] were very close to
the newly obtained spectra, indicating the predamie of Pu(lV) in the potential precipitates
and/or sorbed species of Pu in the given systemsllSdeviations with regard to the
absorption edge energx(first inflection points) = 0.3 eV, can be causeddifferences in
speciation as well as by the lower signal to noég®s of the newly recorded spectra.

A notable shift in the WL position to lower ener@y1.0 eV) was observed for Pu present in
the Sn(ll)-buffered cement sample (“Sn(ll), no ISgdmple inFigure 53), which is found to
be beyond the typical energy calibration error nmatg 0.5 eV). This unambiguously shows
the presence of Pu(lll) in the system. Considetiveghigh initial concentration of Pu (with
log [Pu}, = -5.8) applied in the sample, and the detected.ffoncentrations matching the
level of analogous undersaturation Pu solubilityexkments, the presence of a B(&n,hyd)
solid phase with a similar Pu(lil)contribution of ~30% as formerly determined under
identical conditions (see Section 3.1.1.4) [1] se@wssible.

The X-ray photoelectron spectrum of the dried, Hffdred cement powder a,+ 132 days
(retrieved from batch sorption experiment with ®atio = 0.2 gdrit and log [Pu}, = -5.8) is
displayed with regard to the Pu 4f photoemissicakpe Figure 50.
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Figure 50.XPS narrow scan of the Pusdfelemental line of the dried cement powder sample
retrieved from cement-Pu sorption experiment.gtt132 days with S:L ratio = 0.2 gdrn
and log [Pu}, = -5.8.

The observed binding energy of the Pu4flemental line at about 425.4 eV is located
between the reference values 0b®4(424.7 eV) and the previously reported value .22
eV determined for the Py(cr,hyd) solid phase equilibrated under analogmrslitions in
the course of the former solubility study [1]. Téketected binding energy is also in moderate
agreement with other literature values ranging fré2%.0 eV to 426.7 eV for PuGolid
phases [170-172]. A weak-intensity satellite, cheastic for Pu@ is observed at
approximately 6.7 eV higher binding energy than e 4%, main line. This energy-
difference between the main line and the satelfitéound to be in agreement with data
previously reported for Pur) [170]. Relative intensity ratios for the twigisals however,
could not be determined, since the satellite agt@abe superimposed by the Ca 2s elemental
line. The lower binding energy for the Py,4Elemental line is possibly originating from the
presence of sorbed Pu(lV) species, neighboring &om awith lower Pauling’s
electronegativity (potentially Ca).

Combining all evidence, it can be clearly conclutieat the Pu concentrations in the sorption
experiments performed at high initial Pu concemira (log [Pu}, = -5.8) are solubility
controlled. The dominant presence of Pu(lV) spemethe retrieved solid phases confirms

the complete reduction of Pu(VI) to Pu(lV) in theucse of sample equilibration. Information
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obtained by solid phase characterization methodstiadally show that Pu(lV) is partly
bound to the surface of solid cement phases imtrestigated systems.

3.2.5 Cement-Pu-ISA system

Sorption results for the Cement-Pu-ISA system assented in three separate sections in
accordance with the experimental details:

1. 0.2 gdn? S:L seriegSection 3.2.5.1, HQ-, Sn(ll)- or dithionate-buée systems with
S:L ratio = ~0.2 gdii and [ISA}s = 10° or 10° M at log [Pu}, ~ -6 or -9)

2. 2 gdm® S:L series(Section 3.2.5.4, HQ- or dithionate-buffered systewith S:L
ratio = ~2 gdrt and [ISA]: = 10° or 10 M at log [Pu}, ~ -6 or -9)

3. 0.2 — 50 gdri S:L series(Section 3.2.5.5, HQ- or dithionate-buffered systemith
S:L ratio = ~0.2— 50 gdnT and [ISA}y = 10° or 10° M at log [Pu}, ~ -6).

3.2.5.1 Experiments at 0.2 gdn® S:L ratio

Figure 51 and-igure 52 show the total concentrations of Pu mirdeiged, HQ- Sn(ll)- and
dithionate-buffered porewater solutions in contaith the initial cement powder quantified at
teg < 109 days. Data are measured directly in the sapanh solution or after ultrafiltration
(UF) / ultracentrifugation (UC) as a function oBA]i: (10° and 10° M) at S:L ratio = 0.2
gdm® using two total Pu initial concentrations log [R&] -5.8 and -8.5, respectively. The
figures also include the solubility curve of Puxr,hyd) under the given porewater
conditions in the presence of ISA and Ca(ll) inusoh. Calculations were done as in the
course of the solubility study (see Section 3.1 aeférences [1, 2] for more details)
considering experimentally measured parameters £pi2.60, [Ca}:= 0.02 M, with SIT
formalism) and the C&-Pu'—PU'—OH—CI—ISA—H,O(l) thermodynamic data (listed
in Table 12,Table 13, Table 16 andable 17, together with the auxiliary thermodynanfata

in Table Al and Table A2 of the Appendix).

Regardless of the phase separation method applétdcted Pu concentrations in solutions
were in good agreement for each analyzed sampke given contact time. Furthermore,
concentrations measured in the supernatants weiehimg roughly the data quantified after
UF or UC methods, indicating the insignificant impaf “Pu(IV)-ISA” colloids under these
conditions. This observation is in line with prewsoexperimental findings of the solubility
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study conducted in the presence of Ca(ll) ionsaluteon (see Section 3.1.3.2 for further

details).
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Figure 51. Aqueous total concentrations of Pu in HQ- (blue)(I1}- (green) or dithionate-
buffered (purple symbols) cement powder — porewststems with.4< 109 d at S:L ratio of
0.2 gdn? and [ISA},: = 10° or 10 M with initial Pu concentration of log [Py]= -5.8.
Concentrations were quantified either without aimage separation method applied (directly
in the supernatant solutions, opened symbols) ter afltrafiltration / ultracentrifugation
methods (filled symbols). Values located within tilae shaded area correspond to
experiments prepared in the “(Pu + Cement) + ISAter, whilst the rest of the experiments
were conducted following the “(Pu + ISA) + Cememt'der. Solid, blue line corresponds to
the solubility of Pu@ncr,hyd) under porewater conditions in the pregentISA and Ca(ll)

calculated analogously as in Section 3.1 applyifigfSrmalism (see text for details).
In the sorption data with high initial concentratiof Pu, log [Pu} = -5.8, significant

deviations were identified with regard to the diiet sequence of addition in sample

preparation. The [Py values collected in experiments following the “(PUSA) + cement”
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experimental preparation order (meaning Pu andv®#£e put together in a first step and only
later contacted with cement) were found to be ktatlosely to the initially introduced
concentration values afteg,& 109 days (the latter data lie close to the readed area
of Figure 51), depicting a transient state with cot@ions higher than the predicted
solubility level for the related Ca(ll)-Pu(lV)-OF8A system. Nonetheless, a slightly
decreasing tendency in Pu concentration was olbdaseunction of allowed equilibration
time, indicating a potentially hindered slow format of a Pu(IV)Q(am,hyd) precipitate in
the system.

In selected samples with high initial Pu total camtcation: log [Pu]} = -5.3 equilibrated
hydrated cement pastes g 130 days were retrieved from samples with Stiora 0.2
gdm® with [ISAlwt= 10° M and characterizeéh-situ by means of Pu j-edge XANES
analysis (for Sn(ll) and HQ-buffered systems). &qglihase characterization results are
detailed in Section 3.2.5.2.

All Pu agqueous concentrations measured in the Riement) + ISA” batch experiments
were in moderate agreement with the expected dinjulbor the Ca(ll)-Pu(lV)-OH-ISA
system taking into account also the uncertaintiesthe model. The latter data set
demonstrates that at the high applied log[Pu}5.8, just as in the analogous binary cement-
Pu sorption investigations, the main chemical éigii@l controlling the total concentration of
Pu in the experiments is the solubility of the R{@,hyd) solid phase. Hence, under these
conditions the effect of sorption processes onjfagncentrations cannot be analyzed.
Results of the sorption studies conducted at lolegr[Pu], = -8.5 concentration (sdggure
52), show no dependence on the experimental prapauw@der and all [Pyj values are near
to the initially introduced Pu concentration levél. comparison with the concentrations
measured in the absence of ISA under analogousitmorsd (shown as solid black line
in Figure 52, calculated using logR= 6.3 at S:L = 0.2 gdff), the present data set shows a
significant sorption reduction effect for ISA.

In view of these experimental observations a sifigplisorption model was derived, in order
to model the effect of the ISA ligand on the uptakePu by HCP. The final aim was to
predict variations in [Pu} concentrations as the function of ISA total coniions and S:L
ratios, considering also the sorption of the I1Sgahd onto the cement paste. Details on the

model together with the list of the required asstioms are provided in Section 3.2.5.3.
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Figure 52. Aqueous total concentrations of Pu in HQ- (blue)(I$- (green) or dithionate-
buffered (purple symbols) cement powder — porevwststems with.4d < 109 d at S:L ratios of
0.2 gdn? and [ISA},:= 10° or 10° M with initial Pu concentration of log [Pw]= -8.5.
Concentrations were quantified either without aimage separation method applied (directly
in the supernatant solutions, opened symbols) tar afltrafiltration / ultracentrifugation
methods (filled symbols). (Displayed data related different experimental preparation
orders, i.e.: “(Pu + cement) + ISA” or “(Pu + ISA} cement” in the present case are
indistinguishable.) Solid, blue line corresponds th® solubility of Pu@ncr,hyd) under
porewater conditions in the presence of ISA andITeaélculated analogously as in Section
3.1 applying SIT formalism (see text for detail§polid black line indicates [Puj
concentrations calculated using logR= 6.3 at S:L = 0.2 gd (for the absence of ISA).
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3.2.5.2 Solid phase characterization in cement-Pu systems

Figure 53 shows thm-situ Pu L-edge XANES spectra of hydrated cement paste&vett
from HQ- and Sn(ll)-buffered batch sorption expesits equilibrated for 130 days in the
presence of ISA ([ISAk= 10° M) under porewater conditions. Analogous data on
experiments without ISA in solution are also in@ddn the figure together with the reference
spectra formerly reported by Brendebathal. [140] for aqueous Pu(lll) and Pu(lV) species
under acidic conditions and for the P(i®)(ncr,hyd) solid phase, taken from previous stud
[1].

The edge energies (listed Trable 20) of the XANES spectra collected for the -H{pd
Sn(I1)-buffered cement paste samples (“Pu-1+C, HQ? M ISA” and “Pu-C+l, Sn(ll), 1¢

M ISA) are in excellent agreement with the analagaata of the HQ-buffered system
equilibrated in the absence of ISA and also withgheviously reported [1] XANES spectrum
for the Pu(IV)Q(ncr,hyd).

Small energy differences with regard to the WL poss and first inflection points are
considered to be due to changes in speciationf¢sdastance the case of “sample H” from
the work of Rotheet al.[169] for data on amorphous Pu(QHbyecipitate) for example caused
by the possible presence of sorbed Pu(lV) spedigsvever, taking into account the
uncertainty in the energy calibration (£ 0.5 eVildhe low signal to noise ratios of the newly
recorded spectra, the observed deviations are giggliand unequivocally confirm the
presence of Pu(I\{}qspecies in the system.

The almost identical results obtained in systenepaned with different experimental order of
addition “(Pu + ISA) + cement” in HQ- and “(Pu +ngent) + ISA” in Sn(ll)-buffered
samples indicate the predominance of Puglylunder both, moderate and strongly reducing
conditions applied in course of the sorption stullyis observation is in excellent agreement
with the previous findings from undersaturationukdlity experiments with Pugncr,hyd)
conducted in the presence of ISA and Ca(ll) (Sec3id.2 and 3.1.3).
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Figure 53.In-situ Pu L, —edge XANES spectra of cement pastes recoveredHf@m(blue
lines) and Sn(ll)-buffered (green lines) cement-FBA) sorption experiments with S:L ratio
of 0.2 gdrit and log [Pu], = -5.8, equilibrated in solutions in the absenaw&lgresence of
[ISA]ot = 107 M for ~4 months. The “(Pu-C)+I” and the “(Pu-1)+C'designates the different
orders of preparation applied for the Cement-Pu-ISérption experiments, as “(Pu +
cement) + ISA” and “(Pu + ISA) + cement”, respeatly. Spectra of the references for the
aqueous species of Pu(lll) (purple line, positidrivéL = 18062.5 eV) and Pu(lV) (red line,
position of WL = 18067.6 eV) reported in Brendeba&thal. [140] and the spectra of the
formerly characterized Pu(IV){ncr,hyd) phase used for a previous solubility gtadapted

from [1] are shown for comparison reasons.
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Table 20. Pu Lj—edge inflection points and white-line positionstioé XANES spectra
in Figure 53: PuQ(ncr,hyd) solid phase used in former solubility ds&s [1], HCPs
recovered from cement-Pu(-ISA) sorption experimemith S:L ratio of 0.2 gdi at
log [Pu]in = -5.8 equilibrated for ~4 months in the absenawd gpresence of ISA (with
[ISA]w= 102 M) in HQ- or Sn(ll)-buffered porewater solutioriBhe “PuC+l” and the
“Pul+C” designates the different orders of prepai@t applied for the Cement-Pu-ISA
sorption experiments, following the “(Pu + cemett)SA” or the “(Pu + ISA) + cement”
order, respectively. Reference values for Pufjliand Pu(lV)y species[140] and for

Pu(OH)(am) are appended for comparison.

N _ . o .
Sample name First inflection point*t ~ White line (WL)

[eV] [eV]
Pu(IV)Ox(ncr,hyd) 18060.3 18068.3
HO, no ISA 18062.7 18068.3
HQ, [ISAJet = 10% M, Pul+C 18062.5 18068.4
sn(ll), no ISA 18061.2 18067.3
sn(ll), [ISAJee = 102 M, PuC+l 18062.1 18068.0
Pu(lll)aq (HCI, pH = 0) [140] 18059.9 18062.5
PU(IV)aq (HCI, pH = 3) [140] 18062.4 18067.6
[Pllé%\]/)(OH)“(am) (sample  H) 18060.5 18068.4

*Energy calibration relative to first infection puiof Zr K-edge XANES assigned to 17998 eV (E 1s).
Calibration error (due to DCM motor encoder step uaggy): + 0.5 eV.

INote that the position of the first inflection pbis affected also by the Pu aggregation sfate aqua ion
vs. colloidal oxy/hydroxide species or solid préteifes.
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3.2.5.3 Simplified sorption model for the Cement-Pu-ISA syem

Prior to setting up a simplified quantitative modeldescribe the sorption of Pu(lV) onto
hydrated cement phases in the presence of ISA,obitained experimental results are
discussed. Considering all experimental observati@rived in this study, the sorption model

is bound to the following list of assumptions:

Absence of ISA:
I.  The uptake of Pu(lV) by the OPC paste is a fastgss involving the sorption of the
Pu(OH)(aq) species. It can be represented by a genestalbdition ratio, provided in
Equation (77) (logRin) as derived from the results of the cement-Pu tgorp

experiments.
Presence of ISA:

[I.  Sorption of ISA onto the cement paste involveseddht sorption sites than those for
Pu (.e. non-competitive sorption of ISA and Pu). Total centration of ISA
remaining in solution can be properly quantifiethgghe two-site Langmuir-isotherm
established in the present study in the form of d&qu (19) with values from
Equation (76).

[ll.  The in-solution complexation reaction of Pu(lyyvith ISA (and Ca(ll) ions) and the
sorption process of Pu(lyyonto the hydrated cement phases are the only daimpe
reactions governing [Pyconcentrations in solution.

IV.  The aqueous complexes Pu(IV)-OH-ISA and Ca(ll)-P@H-ISA do not sorb on
cement.

V. The thermodynamic model on the Ca(ll)-Pu(lV)-OH-1SAstem derived in the
previous studies is applicable for the investiggiecewater conditions (pH: 12.60;
[Ca]t = 0.02 M; | ~ 0.06 M). Therefore, Pu(lV) speciati@alculations for the
presence of ISA and Ca(ll) are executed upon thperaxentally determined
conditions using the G&PU*—PU"—OH-CI-ISA—H,O(l) thermodynamic data
(listed in Table 12,Table 13,Table 16 andTable 17, together with the auxiliary
thermodynamic data in Table A1 and Table A2 ofAppendix).

The simplified sorption model, expressed in Equati@8) following the work of the PSI
research team [13, 100, 103, 104] (Equation (299imned to reproduce the reduction effect
of ISA on Pu(IV) sorption in a semi-empirical way applying logR in (Iog Ryin (dnkg™) =
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(6.3 £ 0.6) determined in the absence of ISA arel dbmplex formation constants for the

Ca(Il)-Pu(IV)-OH-ISA system as derived within theepious studies of the present work.

log Ry = log Ryjn—log (1 + B 142 [ISAT- (A [HT) ™" + *8 151 [ISAT- (A [HT) ™ +
+ %3 1141 [ISAT-[CE]- (A [HT) ™ + *F 115 [ISAT-[CET- (A [HT) ) (78)

The overall stability constantg™ 4,1, *#' 151 and ' 1141, *f 1,151 are corresponding to the
formation of the previously identified four (Ca¢lPu(IV)-OH-ISA species, whilst tha term
accounts for the hydrolysis equilibria of Pu(lV) #te ionic strength prevailing under

porewater conditions:
A=1+*,,[HT* (79)

where %14 is the overall stability constant related to tlmenfation of the Pu(OHjaq)
species under the given condition.

The free proton concentration in solution was daked from the experimentally determined
pH. = 12.60 value. The free concentrations of‘@ad ISA ions were obtained from Equation

(80) and (81), respectively.

[Caot = [C&] + [CaOHT + [CalSA] + [CalSA ] + [CaPu(OH)}*'] +
+ [CaPU(OH)ISA_y'] + [CaPu(OH)ISA 1] = 0.02 M (80)

[ISAleq = [ISAT] + [CalSAT] + [CalSA K] + [PU(OHXISA ] + [PU(OHYISA 27 1+
+ [CaPu(OH)ISA_ '] + [CaPu(OH)ISA o] (81)

The contributions of all Pu-bearing species to tb&l concentrations of the ions were
neglected. (Related thermodynamic constants on leongmtary systems: Ca(ll)-OH and
Ca(Il)-HISA-OH were adapted fronfable 1 in the present case as well.) The stability
constants were corrected for the ionic strengtisgarein porewater solutions as provided by
experimental quantifications, for= 0.06 M (NaCl) using SIT formalism with ion inéation
coefficients listed infable 17 andrable 13 and in the Appendix (Table A2). (Furthetads

on the calculations performed are provided in presisections.) In comparison to the Debye-
Huckel term, the contribution of the binary iondraction coefficients to the overall effect of

the ionic strength correction is negligible, thttse latter simplification (assumption of the
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presence of a pure NaCl media with identical i@tiength) has only been made for the sake
of consistency with the previous studies.

The [ISAlq concentrations were calculated from the initiafifroduced total concentrations
of the ligand: [ISA}: using the two-site Langmuir-isotherm, in the fooEquation (19),
based on the results from the combined fitting @serperformed in the present work with
parameters, as provided in Equation (76).

The application of Equation (78) in combinationiwquations (79 — 81), enables to evaluate
the effect of ISA on the logd3, value, accounting solely for the solution speomtand the
free concentration of the ligand, corresponding aocertain S:L ratio and [ISA]
concentration. The resulting, new log Rialue can be used to re-calculate [Ru]
concentrations for the cement-Pu(lV)-ISA system arnd wide-range of experimental
conditions, independently of the newly collectethdszet.

Figure 54 shows the predictions of the simplifieatpsion model transformed to [Ry]
concentrations in the function of [IS§]concentrations together with the analogous dédta se
obtained at log [Py]= -8.5 and the S:L ratio = 0.2 géfn

At [ISA]«r = 10° M, a relatively large deviation was observed betwéhe experimentally
determined values and the simplified model calootat for [Pu}, concentrations. For the
data collected in systems with [ISAE 10° M, the sorption model provides a reasonable
agreement between the derived and the obtaineceotrations. However it can be stated, as
the measured [Pyyjvalues were located close to the initially addatdltconcentration of Pu

in all cases, the simplified model predicts a los@rption reduction effect of ISA at the given
S:L ratio of 0.2 gdmi. This discrepancy can originate from differenttéas, such as: (i) the
overestimation of log R, (related to assumption 1.), (ii) from the incorrepieciation scheme
applied for the Ca(ll)-Pu(IV)-OH-ISA system (assump V.), or (iii) from an unidentified
effect of ISA on the sorption behavior of Pu andfe HCP (targeting assumption 11.).
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Figure 54. Agueous total concentrations of Pu in HQ- (blue)(I}- (green) or dithionate-
buffered (purple symbols) cement powder — porevwststems with.4d < 109 d at S:L ratios of
0.2 gdn? and [ISA},:= 10° or 10° M with initial Pu concentration of log [Pw]= -8.5.
Concentrations were quantified either without aimage separation method applied (directly
in the supernatant solutions, opened symbols) tar afltrafiltration / ultracentrifugation
methods (filled symbols). Solid lines corresponthtosolubility of Pu@ncr,hyd) (blue) and
to the simplified sorption model predictions (p@plising Equation (77) and (78) calculated
for porewater conditions in the presence of ISA @afll) applying SIT formalism (see text

for details). The dashed purple lines reflect theertainty of log Rin.

As it was pointed out before, in many sorption ekpents with log [Pu}= -8.5, the
existence of a solubility control could not be duleut unequivocally. For clarification, see
e.g. Figure 15, where the quantified Pu total concelanat in the solubility experiments
(m(Pu)o: values at log m(ISA) = —6) considerably overlaghwPulq values detected in the
course of the latter sorption study ($&gure 48). Thus, the application of a lower intialue

for the distribution coefficient of Pu (for instanclog Rij, = 5 as the reasonable average
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value from literature data, see Section 1.3.4.1)ld/aignificantly change the predictions of
the simplified model, eventually resulting in ateetagreement with the collected data set. On
the other hand, deviations can also be causedéyriknown impact of ISA on the sorption
behavior of the system. The latter effect can bprelpended as a competitive sorption
process, imposing changes in the surface propestidse hydrated cement phases (as steric,
electrostatic or other effects). Indeed, differenresurface potential are undoubtly expected,
given the excessive surface-coverage of the cempleases caused by the sorption of the
ligand. As a consequence, the new, differing serfabarge can significantly alter the

properties of the HCP and could potentially prahittimit the uptake of Pu.

3.2.5.4 Experiments at 2 gdm?® S:L ratio

Figure 55 andrigure 56 show the total concentrations of Pu,[Rg.q in centrifuged, HQ-
and dithionate-buffered porewater solutions in aontwith the initial cement powder
quantified. Data are afqt< 112 days after ultrafiltration as function of [IRA (10° and 10°

M) at S:L ratio = 2 gdni with two total Pu initial concentrations of logyJR, = -5.8 and -8.5,
respectively. The figures also include the soltpiturve of Pu@ncr,hyd) under porewater
conditions in the presence of ISA and Ca(ll) inusoh (see Section 3.2.5.1 for more
details).Figure 56 also shows values for [Ruprovided by the simplified sorption model,
expressed in Equation (78) in the function of [IGAfoncentrations under the given
condition.

At log [Pu}, = -5.8, a significant difference was detected inddncentrations related to the
experimental preparation order. As in the datehefgreviously discussed series (see Section
3.2.5.1) measured Pu concentrations in the “(P®BA) I+ cement” samples were located
significantly higher than the data for the “(Puenment) + ISA” system. Although a definite
decrease was not observed in the data set withasirg equilibration times, the values were
found to be slightly lower than the initially intfaced Pu concentration level, indicating the
hindered formation of a Py(am,hyd) precipitate.

As in the case of 0.2 gdhfFig. 57) the data for the “(Pu + cement) + ISAs®m at 15 M
ISA show somewhat higher values as predicted bystilebility model which cannot be

sufficiently explained at the moment.
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Figure 55. Aqueous total concentrations of Pu quantified aftirafiltration method in HQ-
(blue) or dithionate-buffered (purple symbols) catr@owder — porewater systems with<t
112 d at S:L ratio of 2 gdthand [ISA}e = 10° or 10 M with initial Pu concentration of
log [Pu]in = -5.8. Values located within the blue shaded acearespond to experiments
prepared in the “(Pu + cement) + ISA” order, whilshe rest of the experiments were
conducted following the “(Pu + ISA) + cement” ordeBolid, blue line corresponds to the
solubility of PuQ(ncr,hyd) under porewater conditions in the preset ISA and Ca(ll)

calculated analogously as in Section 3.1 applymg$IT formalism (see text for details).

For log [Pu}, = -8.5, the trend in the data set with time agdiow an unexpectedly large
reduction effect of ISA on the uptake of Pu(IV)HZP. Combining observations froaigure

54 andFigure 56, it can be stated that the simplified elod general underestimates [Ru]
concentrations quantified in the experimental sesieboth S:L ratios 0.2 and 2 gdniResults
indicate that the cement-Pu(IV)-ISA system canreptecisely modelled by the combination
of the chemical and thermodynamic models set ugherindividual systems. As mentioned
before, such deviations could potentially be causethe overestimation of logRR or by the
competitive sorption process of the ligand onto HE® example, the use of a lower value

for log Ryin as an input would already result in a better d/gnadiction of the obtained

197



sorption data by the simplified model. Taking aisto account the excessive surface-
coverage of the ligand on HCP (about 50 % of theimam ISA loading is observed at 0

— 102 M ISA), the imposed changes in the surface prigmf the cement phase (steric,
electrostatic or others) could be significant. Heare as the discrepancies are larger at the
lower total ligand concentration of log [IS&]= -3, the influence of the ISA sorption cannot
be the single reason for the observed phenomena.

Considering the solubility of Py(ncr,hyd) in the presence of ISA at log [IS4F -3 under
porewater conditions (blue line), the initial contration of Pu (log [Py] = -8.5) is observed
to be located close to the saturation level. Timiglies that for the latter experiments as well,
the solubility control cannot be fully excluded.dgeding systems with log [ISA] = -2, the
theoretical Pu solubility level under analogous diban, however, exceeds the introduced
concentration of Pu by more than one order of madei Thus, [Pw}, concentrations
collected in these systems are not impacted byagneg Pu solubility equilibria. This is also
in accordance with the [Pylvalues quantified to be below the calculated sbtytimit.

The preparation order in experiments with log [Pa]-8.5 again has no impact as observed
for experiments with lower S:L ratio. A distinctffdrence was only observed at log [ISA¥

-2. For the “(Pu + cement) + ISA” system, all aqued®u concentrations in porewater
solutions for log [ISA}: = -2 fall within the predicted range of the modwinsidering also the
uncertainty-range related to the log;Rvalue (dashed purple lines are indicating theatiam

of the model calculations with regard to paramedsrin Equation (76)). For log [IS&]= -3,
the model underestimates the measured Pu conéensrdty about one order of magnitude.
However, it is important to highlight that the ugfdower log Ry ini (See discussion in Sections
1.3.4.1 and 3.2.5.3) would improve the agreementotiel and experimental data at log

[ISA] w0t = -3, whilst retaining the same agreement for{I8@\] 1o: = -2.
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Figure 56. Aqueous total concentrations of Pu in HQ- (blue)dahionate-buffered (purple

symbols) cement powder — porewater systems quahéfter ultrafiltration method with.4 <

112 d at S:L ratio of 2 gdrhand [ISA},: = 10° or 10° M and initial Pu concentration of
log [Puli, = -8.5. Solid lines correspond to the solubilit RuGyx(ncr,hyd) (blue) and to the
simplified sorption model predictions (purple) wgikquation (77) and (78) calculated for

porewater conditions in the presence of ISA andITapplying SIT formalism (see text for

details). The dashed purple lines reflect the utaiety of log R ..

3.2.5.5 Experiments at 0.2 — 50 gdi S:L ratios

Figure 57 shows aqueous total Pu concentrationsentrifuged, HQ-buffered porewater

solutions at [ISA}: =10% M in contact with the initial cement powder quéiet at tq< 112

days. Data after ultrafiltration as function of Satio = 0.2 — 50 gdiat the total Pu initial

concentration of log [Pw]= -5.8. For a better overview, data correspondmghe system

prepared with the “(Pu + ISA) + cement” experimém@tddition order are omitted from the

display as they are all located close to the ihjtismtroduced Pu concentration level. The
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figure also includes the solubility curve (blueiddine) of PuQ(ncr,hyd) under porewater
conditions in the presence of ISA and Ca(ll) inusoh including the new cement-ISA
sorption modelj.e. applying [ISALy concentrations (dashed green line) provided bytwioe
site Langmuir-isotherms from Equation (19), usiig tconstants from Equation (76) at
[ISA] 1ot = 10° M with S:L ratios = 0.2 — 50 gdrh

I L I : I
-6 - —— Ca(ll)-Pu(IV)-OH-ISA solubility model m 1o 11715
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Figure 57. Aqueous total concentrations of Pu quantified aftierafiltration in HQ-buffered
(blue symbols) cement powder — porewater systents taf < 112 d at [ISA| =
10% M in the function of the S:L ratios: 0.2 — 50 gdwith initial Pu concentration of
log [Pu]in = -5.8. All displayed data are collected in expeents prepared following the “(Pu
+ cement) + ISA” order. Solid, blue line correspad the solubility of Pugdncr,hyd) under
porewater conditions in the presence of ISA andITeaélculated analogously as in Section
3.1 applying the SIT formalism (see text for dejaaind using [ISA}, concentrations (dashed
green line) accounting the sorption of ligand oGP (by Equation (19) with values from

Equation (76)).

In agreement with the previous findings for somtiexperiments at log [PHE -5.8, the
obtained data related to the present system coedluict the “(Pu + cement) + ISA”

preparation order indicate [Ry]concentrations controlled by the solubility edunia of a
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PuQy(am,hyd) solid phase. Additionally, a decreasirendr with time was observed in the
data set, which has been successfully assignedhé¢o diecrease in the equilibrium
concentrations of the ligand caused by its sorptoto HCP. However, as the changes in
[ISA]eq is not significant at log [ISAd: = -2, the consequent effece. the decreasing ligand
concentration on the Ca(ll)-Pu(IV)-OH-ISA solubjlis not pronounced.

All data lie within the assigned uncertainty ramje¢he solubility model (~ + 1.0 log [P4),
indicating its extended validity-range comparedhi® originally set limits (with pH < 12.4).

3.2.5.6 Complementary experiments

The complementary experiments consisted of twostyjpeénvestigations:

i. “Undersaturation solubility coupled sorption expeems” (Section 3.2.5.6.1, where
undersaturation solubility experiments were perfanwith the previously prepared
PuG(ncr,hyd) solid phase equilibrated in HQ-bufferedrqwater solutions with
[ISA]it = 10° — 10° M. Then coupled with sorption experiments at Satias of ~0.2 —
50 gdm?® by using the separated supernatants of the EtfEriments), and

ii. Desorption experimentSection 3.2.5.6.2, HQ-buffered systems with Satior= ~0.2
or 2 gdm® and [ISAl,: = 10° or 10° M at log [Pu}, ~ -6 or -9 using the retrieved

equilibrated hydrated cement phases of the scrgexiperiments).

The first experimental series was dedicated todas&d the applicability of the previously
established Ca(ll)-Pu(IV)-OH-ISA solubility modehder the present porewater conditions
(tackling assumption IV. from Section 3.2.5.3) aedtest the sensitivity of the sorption
process at lower log [Pk]concentrations, provided by the solubility equikb of the
PuG(ncr,hyd) solid phase. In the course of these exyants, the potential oversaturation of
Pu in the system is directly excluded.

The desorption experiments were aimed to the ashesmeversibility of the system.ge. to
validate the reliability of former results corregpng to systems conducted by following the
“(Pu + cement) + ISA” experimental preparation erdénese experiments are addressing the
nature of the Pu(lV) uptake process by HCP, testhmey reproducibility of the detected
distribution factors (Rvs. Ky) and the effect of the potential incorporation Raf(IV)sorbed

species into the hosting cement phases (C-S-H phadh increasing allowed contact time.
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3.2.5.6.1 Undersaturation solubility coupled sorption experinments

Figure 58 shows the total Pu concentrations medsafter UF phase separation gt 54
days as function of log [ISA] in undersaturation solubility experiments perfodnvéath the
formerly used Pugbncr,hyd) solid phase. The figure also includes $bkubility curve of
PuQy(ncr,hyd) under porewater conditions in the presesiclSA and Ca(ll) in solution (see
Section 3.2.5.1 for more details).

Detected log [Py} values were in good agreement with the predictiohthe previously
established thermodynamic model for the Ca(ll)-POH-ISA system, indicating its wider
applicability than originally assigned (pH 12.4).

Despite the slightly overestimated Pu concentratipnovided by the model for certain
conditions, at log [ISA}i= -3, where results of 7 independent batch exparim are
displayed together, a large dispersion can be isethre collected data points. As no definite
chronological trend was detected within these daia,indicates the high uncertainty for the
prevailing solubility equilibrium. Deviations obsed at log [ISAL:= -4 and -5 (located
close to or on the detection limit of ICP-MS in theesent case) can be explained by the
uncertainty of the solubility equilibria under tgazen condition. In the experiment with the
lowest ligand concentration applied (log [ISfF -5), Pu total concentrations afteg+ 14
days were quantified at or slightly below log [Bu} -11, showing an unusually large
deviation from the solubility model.

Differences between the model calculations and uareds [Pu}: concentrations at
log [ISA]wt = -2 were already identified in the course of filvener undersaturation solubility
experiments and are clearly confirmed in the presamdy. A definite explanation for the
phenomenon cannot be given without further expeartaieevidences.
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Figure 58.Total concentrations of Pu quantified after ultttion in HQ-buffered (blue)
porewater solutions withd < 54 d at [ISA}x = 10° — 10° M in equilibrium with the formerly
used Pu@(ncr,hyd) solid phase (without HCP). Solid, blugelicorresponds to the solubility
of PuQ(ncr,hyd) under porewater conditions in the presené ISA and Ca(ll) calculated

analogously as in Section 3.1 applying SIT fornmal{see text for details).

As described before (Section 2.4.7), supernataate wuantified for [Py} concentrations up
to teq= 54 days, afterwards volumes of 5%were separated from the Pafficr,hyd) phase
and used for the coupled sorption experiments.

[Pulaq concentrations atd< 31 d after UF phase separation correspondingetadv sorption
experiments with [ISA}; = constant = 1& M and S:L ratio = 0.2 — 50 gdi(coupled with
the undersaturation solubility study) are showrFigure 59. The figure also includes the
solubility curve of a Pugincr,hyd) solid phase in the presence of ISA andlXdans ([Pu]ot,
blue solid line). The simplified sorption model gigions, [Pu}q values under porewater
conditions in the absence of ISA are displayed biaek solid line, whilst for the presence of
ISA, it is indicated by a purple solid line. Alllcalations were performed accounting for the
sorption of ISA onto HCP by applying [IS&]concentrations (shown separately as dashed
green line) from the two-site Langmuir-isothermjragquation (19) using the constants from
Equation (76) at [ISA}; = 10° M with S:L ratios = 0.2 — 50 gdth
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Figure 59. Aqueous total concentrations of Pu quantified aftigrafiltration in HQ-buffered
(blue symbols) cement powder — porewater systemstyyi< 31 d at [ISAl = 10° M as
function of the applied S:L ratios: 0.2 — 50 gdlat initial Pu concentration of log [Pu]= (-

8.5 £0.5), as given by the results on the undensdion solubility experiments. Solid lines
correspond to: the solubility of Py(cr,hyd) under porewater conditions in the present
ISA and Ca(ll) (blue) and to the simplified sorptionodel predictions for porewater
conditions in the absence (black) and presenceS# (purple line). Calculations were
executed by applying the SIT formalism as describe®ections 3.1 and 3.2.5.3 (see text for
details) by using [ISA}], concentrations (dashed blue line) accounting thgptson of ligand
onto HCP (with Equation (19) with values from Eqoat(76)).

In the coupled sorption experiments, 21 days dfterintroduction of the cement phases, all
measured concentrations showed consistent valubsthvea Ca(ll)-Pu(lV)-OH-ISA solubility
model predictions calculated from [IS4Jconcentrations after ISA sorption onto HCP. This
observation suggests that even at the low Pu ctratiems a similar effect occurs as seen in
the results of the sorption experiments performedog [Pu], = -5.8, where the [P

concentrations did not decrease significantly eafter 112 days of equilibration time. As
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described before, this effect may be explainedibgtic processes or changes of the cement
surface properties when ISA is sorbed. Pu migHesuain in-solution stabilization, which will
result in a further prolonged sorption processhm ¢ase of the latter “(Pu + ISA) + cement”
experiments. Nevertheless, the data set in thepregries at S:L ratio = 50 gdhalready
depict a slight concentration decrease by ~ 1Rag.§ unit from t4= 21 d to 31 d, implying
that at higher S:L ratios the increased availgbiht the sorption sites on the surface of the
sorbing phases (with regard to [ISAJconcentrations) are overcompensating the latter in

solution stabilization effect.

3.2.5.6.2 Pu desorption experiments

Prior to the initialization of the desorption exipeents, the selected samples (6 batches) taken
from the screening experiments with S:L ratios & 9 2.5 gdnif and log [Pu} = -6 or -9,
were quantified atef = 167 d for [Puly directly in the supernatant solutions and after UF
phase separation to ensure steady-state conditioie systemsFigure 60 shows sorption
results of the latter samples at+ 167 days expressed in the form of lag(@&kg™) values
together with the log &, value and its associated uncertainty derived & ¢bment-Pu

experiments within the present work (Equation (77))
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Figure 60. Distribution ratios (R values, in drikg" units) of Pu quantified at¢= 167 d
directly in the supernatant solutions (red) or aftétrafiltration phase separation method
(blue symbols) in HQ-buffered cement powder — patewsystems with S:L ratios of ~0.2
gdm? — ~2 gdri¥, at applied initial Pu concentrations of log [Ruk -5.3 (opened) and -8.3
(filled symbols). The displayed error bars of daaints are originating only from the
analytical uncertainties associated to the quacdifion of Pu total concentrations after
ultrafiltration phase separation method: UF or ditly in the supernatants of the solutions:
sn. by SF-ICP-MS technique. Black, solid and daskees are corresponding to the
log Ryin = (6.3 £0.6) value and its uncertainties deriviedthe present study for the Cement-

Pu system.

In systems with log [Pu]= -8.3, all newly determined logsRvalues using the [Puyj

concentrations quantified after UF phase separati@thod were in agreement with the
log Ryin Value of (6.3 = 0.6), confirming the validity dfe initially assigned value for longer
equilibration times. Data related to S:L ratio =2 §dm*® were found to be slightly

underestimated as expected (for explanation satedetliscussion in Section 3.2.4.2). These
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data points still fall close to the upper limit thfe predicted uncertainty-range. Distribution
ratios related to [Py] concentrations determined in the supernatantsesfet experiments are
also showing a relatively good agreement with tb@netes, indicating the lack of a large
contribution of colloidal Pu(lV) species to theabPu concentration in the solution.

In systems with log [Pw]= -5.3 and S:L ratio = 2 gdh detected [Py} concentrations after
ultrafiltration were located in the range of théubdity level for the Pu@@am,hyd) phase, in
agreement with the previous experimental findirggdlie system.

As detailed in the related experimental Sectiod.{, the hydrated cement solid phases of
the latter samples were separated via centrifugadind the supernatants were replaced by
identical but ISA-containing porewater solutionghwjlSA]i: = 10° and 10* M. Figure 61
shows [Pu]y concentrations detected after UF phase separatidhe time-frame of o<
112 days after starting the desorption experimavite log [Pu], = -5.3 and S:L ratio =

2 gdm?® as function of [ISA}; concentration. The figure also includes the sdilybiurve of
PuG(ncr,hyd) under porewater conditions in the preseniclSA and Ca(ll) in solution (see
Section 3.2.5.1 for more details).

Similarly as in the Cement-Pu-ISA investigationsSat. ratios of 0.2 and 2 gdfwith
log [Pu}, = -5.3, the analogous desorption experiments adeduin the presence of ISA
resulted in the “reproduction” of Ca(ll)-Pu(IV)-OIBA solubility experiments. This is shown
by the good agreement between the model calcutatma the measured values for [Bu]
concentrations in the system. A notably larger redisancy was observed between the
predictions and the data collected at log [l&A¥ -3, but still falling in the assigned
uncertainty-range of the model (~+ 1.0 log [B)]
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Figure 61. Aqueous total concentrations of Pu obtained in dasan experiments in HQ-
buffered cement powder — porewater systems withr&ia of 2 gdri? and the initial Pu
concentration of log [Puj = -5.3 quantified after ultrafiltration phase sajpdion at t=167

d (in the absence of ISA in solution, red symbaris) at t,< 112 d with [ISA}; = 10° or 107

M (blue symbols). Solid, blue line corresponds le solubility of Pu@ncr,hyd) under
porewater conditions in the presence of ISA andITeaélculated analogously as in Section

3.1 applying the SIT formalism (see text for dejail

Figure 62 andrigure 63 show the results in terms of lagvRlues related to the desorption
experiments with log [Pw]= -8.3 as function of ISA total concentrationsSak ratio = 0.2
and 2 gdrit, respectively. The [Pey concentrations collected in the presence of ISAewe
determined in ultrafiltrated solutions @+ 112. The figures also shows log falues (and
associated uncertainties with regard to Equatiaf)) (predicted by the simplified sorption
model, expressed in Equation (78) as function ®A[l,: concentrations for given conditions.

Further details on the performed calculations ao®iged in previous sections..3.2.5.3).
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Figure 62. Distribution ratios in desorption experimentsq(Ralues, in drfkg® units) of Pu
guantified after ultrafiltration phase separation HQ-buffered cement powder — porewater
systems ate= 167 d in the absence of ISA (blue) andegtl12 d in the presence of ISA
(purple symbols) at S:L ratio = ~0.2 gdfhand with the applied initial Pu total concentratio
of log [Pul]in = -8.3. (The displayed error bars are reflectinglypthe analytical uncertainties
associated to the quantification of Pu aqueousltotacentrations by SF-ICP-MS). Solid,
and dashed purple lines correspond to IggvRlues predicted by the simplified sorption
model and its associated uncertainty through theiatian of the log Ri, parameter.
Calculations were executed by applying the SIT &ism as described in Section 3.2.5.3 (see
text for details) by using [ISA] concentrations accounting for the sorption of IS4 ligand
onto HCP.
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Figure 63.Distribution ratios in desorption experimentsq(Ralues, in drfkg® units) of Pu
quantified after ultrafiltration phase separationethod in HQ-buffered cement powder —
porewater systems agqt= 167 d in the absence of ISA (blue) and &t<t112d in the
presence of ISA (purple symbols) at S:L ratio =geli® and with the applied initial Pu total
concentration of log [Pu] = -8.3. (The displayed error bars are reflectinglypthe analytical
uncertainties associated to the quantification af&jueous total concentrations by SF-ICP-
MS). Solid, and dashed purple lines correspondtpRy values predicted by the simplified
sorption model and its associated uncertainty tigtothe variation of the log4z parameter.
Calculations were done by applying the SIT forrmaliss described in Section 3.2.5.3 (see
text for details) by using [ISA] concentrations accounting the sorption of the li§and onto

HCP.

One important observation was that the desorptaa dollected at.4= 5 d time already
showed steady-state conditions in terms of JRudncentrations and the derived logwRlues
compared well to the previously obtained data Pu‘+ cement) + ISA” experiments. The

latter observation, especially at log [ISAF -2, indicates the high reversibility of Pu(lV)
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sorption onto the HCP, suggesting that the prosessther a surface reaction (reactions with
incorporation into crystal structures are mosthyngdicantly slower),.e. can be apprehended
as an adsorption process taking place on the sudfahe hosting phase (Rs.Ky).

In the course of the present experiments, the giegblsorption model for both S:L ratios at
0.2 and 2 @m* provided only a moderate accuracy in simulatirgydetected log Rvalues.

A controversial aspect in both cases is that te&idution ratios show an increase in the data
set from [ISA],: = 10°% to 10° M, i.e. the aqueous concentrations of Pu were quantifidubt
lower in systems with the higher ISA total concatitm of log [ISA] = -2. This contradiction
points out the possibility of different prevailirdpemical equilibria within the two systems.
As discussed before, in experiments with log [ISA]3, the initially introduced level of Pu
concentration is close to the expected solubilgyel of Pu@(am,hyd). A different
perspective for the occurring problem is visualizekden sorption and solubility data are
shown together in concentration units (log [Rwk. log [ISA}y). Figure 64 a and b display
the desorption data together with previously shaarption results (taken from Sections
3.2.6.1 and 3.2.6.4) obtained at 0.2 andd?g S:L ratios and with the undersaturation
solubility data (taken from Section 3.2.5.6.1) eoted under analogous conditions.

Figure 64 demonstrates for both cases with 0.22agdm™ S:L ratios that two phenomena
might occur at the two different log [IS#] concentrationsThe substantial overlap between
the [Pu}q concentrations collected at log [ISAF -3 in the course the solubility and sorption
experiments show that under this condition a Pulsliy control in the investigated systems
cannot be excluded. This effect originates fromftigh initial Pu total concentration, located
close to the expected solubility limit of Py@cr,hyd). Conversely at log [IS®] = -2,
solubility data are located above all sorption dats well as above the introduced
concentration level of Pu in the system, underinthat under this conditions a sorption

reaction is most likely responsible for the obsdri?& solution concentrations.
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Figure 64. Aqueous total concentrations of Pu in HQ-bufferechent powder — porewater
systems withed < 112 d at S:L ratios of ~0.2 (a) and 2 gdrtb) without ISA (only for
desorption experimentsqt= 167 d) or at [ISAlx= 10° or 10° M with initial Pu
concentration of log [Pu}] = -8.3 (desorption experiments) and -8.5 (sorptxperiments as
adapted from Sections 3.2.5.1 and 3.2.5.4. Datéectald within sorption experiments are
displayed with regard to the experimental prepavatorders, i.e.: “(Pu + cement) + ISA”
(closed symbols) or “(Pu + ISA) + cement” (opengunbols).
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3.2.6 Sorption reduction factors in the presence of ISA

In order to the determine sorption reduction factior the uptake of Pu(lV) by HCP in the
presence of ISA at different total concentratiovels of the ligand, selected [Rytlata were
combined. Results of the sorption experiments cordLiwith S:L ratios = ~2 — 4dm* at
various [ISA].; concentrations (I0— 10% M) with log [Pu], = -8.3 (or lower) were serving
as the basis for the calculation. Considering tlimér observations and discussions on trends
of collected data points, the data selection wasdban the following criteria:

- Experiments at log [PW]= —5.5 were disregarded in this interpretatioralise
they are largely oversaturated with respect to ar® hyd). All data obtained
for systems with log [Pw]= —(8.4 £ 0.6) were taken into account to derhe t
respective kq values, although, as discussed in previous segti®n agueous
concentrations in some of these systems mighttescontrolled by solubility
equilibria.

- Narrowing the data set of log [Ruf —9 systems, experiments only with S:L
2 — 4 dgdm® were considered to be selected faggFealculation. The
argumentation is based on the fact that the oldaiesults in systems with S:L
= 0.2 gdm* may be affected by systematic errors due to thed@amount of
cement introduced.

- Previous sections have shown that the order oftiaddhas an impact on
sorption (especially in systems with log [ISAF —2). Consequently, two log
Freqa have been calculated corresponding to (i) “(Pement) + ISA”, and (ii)
“(Pu + ISA) + cement”. The present working hypoikes that (i) likely
represents equilibrium and (i) might be kinetigdtindered, but both log.&
are made available for the interpretation of thpast of ISA on Pu(lV) uptake
by HCP.

Selected data were transformed to sorption redudaotors (kg of ISA, as expressed in
Equation (27) using experimentally determined patans and the logds (dnrEg?) =

(6.3 £ 0.6) value. The calculated factors are digpdl inFigure 65 together with the single
experimental data point provided by Baston and odkers [120] and with model
calculations reported previously by Bradbury ando&d85] applying the chemical model

provided in the works of Moreton and Greenfieldal. [91-93]. The figure also includes the
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calculated Fkq values predicted by the simplified model (with ieypented ISA-sorption).
Further details on the calculations related topttesent work are provided in Section 3.2.5.3.
It is important to be noted that the plotted dat&igure 65 are originating from the Zigi®

S:L series, from the 0.2 — 5@gi® S:L series as well as from the complementary
experimental series (undersaturation solubility pded sorption and separate desorption
experiments). The averaged values for the sorpteduction factors (and associated
uncertainties) with regard to the experimental prappon order and [ISA} concentrations
are provided inTable 21. The data in Table 22 correspond to dataired for the selected

experimental conditions.e. log [Pu], = —(8.4 £ 0.6).

Table 21. Averaged values and associated uncertainties (boidbers, taken as three times
the standard deviation of the depicted values ateetain [ISA}e in Figure 65) for the
sorption reduction factors (&) of ISA on the uptake of Pu(lV) by hydrated OP&t@ainder
generated porewater conditions (pH 12.60, [Ca}e = 0.02 M) with [ISAly = 10° and 10

M, log [Pu]i» = —(8.4 +0.6) and at S:L ratios of ~2 — 4dgi°. Equilibrium concentration of
the ligand was calculated upon the sorption modwl the cement-ISA system under
analogous conditions at S:L ratio = 2di°. Data of the present work are distinguished with
regard to the applied experimental preparation ardestimates of the present study are
calculated upon the simplified sorption model (Sstion 3.2.5.3 for details). Reference
values (considered to be valid under analogous tmm$ to the p.w.) are adapted from

elsewhere as indicated.

log Fred.avx 3-stand.dev. (p.w.) logdg (ref.)
0g [ISAlx  log [ISAJeq Y ﬁé’iﬂne”t) ¥ “(P(‘je:n'esn’?? * I Thay) Puav)
-2 -2.01 3.0 £ 0.4(2.7%) 4.4+0.7 Vs 6°
-3 -3.12 3.3+ 0.4(1.6%) 46 +0.6 20 433
-4 -4.25 (0.6%) - 0*P 2.7
-5 -5.28 (0.1%) - 0*P 1.3

* estimated values provided by the simplified smmptmodel derived in the present work
a, adapted from Octet al.[122]

b, adapted from Wielanet al.[13]

¢, calculated values as provided by Bradbury andtS@5]

d, suggested by the review work of Wastaal.[109]
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Figure 65. Sorption reduction factors (&) of ISA on the uptake of Pu(lV) by hydrated OPC
paste under porewater conditions (& 12.60, [Ca}. = 0.02 M). Displayed values related
to the present study (blue symbols) are derivedEgaation (27) using logd, (dntkg™) =
(6.3 +0.6) from the results obtained in system$ &L ratios of ~2 — 4 Gm*> at [ISAe: =
102 or 10% M, where log [Pu}, = -(8.4 +0.6). The opened and closed symbolsdamroting
the preparation order of the experiments: “(Pu +AlS+ cement” and “(Pu + cement) +
ISA”, respectively. Literature values are takennfrahe work of Baston et al. [120] (green
symbol) and from model calculations provided elsawh85] (orange solid line). Solid
purple line corresponds to &g values calculated using the simplified sorptiordeidhrough
Equation (77) and (78) for porewater conditionstlire presence of ISA and Ca(ll) applying

the SIT formalism (see text for further details).

As discussed before, an important parameter afigdhie values for [y at a certain [ISA):
concentration (for S:L ratio = 2@m™) was found to be the applied preparation ordehef

experiments. In systems where Pu was first pubmtact with ISA within the porewater and
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the cement phase was introduced later, fPodncentrations were close to the initially

introduced Pu concentration level, indicating aditohal in-solution stabilization (sorption

hindering) and a consequent potential kinetic ¢ftet the system. As a resultefvalues

related to the latter experiments might be highltgrestimatedi.e. not representative of the

prevailing adsorption equilibria of Pu(lyg)species onto HCP in the presence of ISA.

In view of the available & values as function of log [ISA], the following discussion arises:

Freq Values derived for [ISA}s = 10° M:

The only available experimentakivalue in the literature (for [ISA} = 2-10°

M, obtained at pH ~ 12.4, using OPC based, hydratettrete and mortar
powders with a S:L ratio of 20@m™®) is reported by Bastoet al.in [120].

The latter value is found to be in good agreemattt thie results of the “(Pu +
ISA) + cement” experiments. The closer inspectidntreir experimental
details reveals that their investigations were @ttleonducted in a similar way
as in the course of the “(Pu + ISA) + cement” systaf the present study.
Consequently, the relatively high.fvalue reported could be considered to be
caused by the kinetic effect of ISA and it is ineliwith the observation made
in the present work as well.

The observed differences between the simplified ehazhlculations and
determined fgq values at [ISA}; = 10° M can be attributed superposition of
three separate phenomena: (i) the potential contbl Pu aqueous
concentrations by solubility phenomena (Ségure 64 for interpretation), (ii)
changes in the physiochemical properties of therdtgd cement surface
imposed by the excessive surface-coverage of HCRhéyigand and (iii)

kinetical, in-solution stabilization effect of ISén Pu aqueous species.

Freq vValues derived for [ISA}e = 10% M:
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The "most representative” log.f values for the impact of ISA might be
obtained experimentally at log [IS§]= —2 in the present work, as calculated
from sorption and desorption experiments.

As the Ca(ll)-Pu(IV)-OH-ISA solubility of Pu(lV) isigher than [Py], the
potential precipitation of PuQam, hyd) controling Pu(I\4) is more unlikely



and hence, sorption related processes can be matjusesponsible for the
decrease in [Py] concentrations in solution.

- The experimental value corresponding to the “(Pcefnent) + ISA” system
was found to agree well with the logefvalue (2.7) calculated using the
simplified model described in Section 3.2.5.3.

- Quantified g values in the “(Pu + ISA) + cement” system showgda
deviations from the results of the “(Pu + cementbA” system and with the
present model calculations as well. At the curstage of the investigation, the
nature of the effect is not clearfvalues in the “(Pu + ISA) + cement”
system are nevertheless reported as a potentaanable situation.

- Reference values available in the literature fay Begq of An(IV) in the
presence of log [ISA} = —2 (log Feq = 4 in [122]; log Fq = 6 in [85]) are
clearly higher than the proposed data obtaineterptesent work.

- The predictions provided by Bradbury and Sarotheir review work [85] for
Freq Values valid under analogous conditions (cementtienvironment, pH
~12.5, Stage Il of the cement degradation procass)calculated using the
previously reported chemical model by Moreton amotworkers [93].
However, the deviation of ~+1.5 log-units from thew experimental [k
values observed at log [IS#]= -2 reported in this work might at least partly
be the result of incorrect assumptions relateth¢écetjueous Pu speciation.

- On the basis of chemical analogy and a more extengsool of available
experimental work, previous review studies [13,]12®posed the general use
of the ISA sorption reduction factors for Th(lV) tescribe cement-An(IV)-
ISA systems (listed imable 21). The use of Th(IV) as analogue for Pu(lV)
results in significant errors regarding the praditiof solubility / speciation of
Pu(lV) as it was demonstrated in this work. Since(IV) and Pu(lV)
complexes with ISA show differing stoichiometriesdastability, exploiting

this analogy may lead to significant errors inititerpretation of sorption data.

Results of the present work provide important insigto the multiple parameter-dependence
of the system. A better understanding on the com@ement-Pu-ISA system has been
achieved through the more precise chemical knowdeatyd accurate control of prevailing

redox conditions, the correct assessment of soluigmeciation as well as by accounting for

the sorption processes prevailing in the individbalary systems.
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4 Summary and conclusions

Within this PhD thesis four fundamental issues difgy the behavior of plutonium in the
context of low- and intermediate-level radioactiveaste disposal were successfully

addressed:

i. Redox behavior of Pu in alkaline, reducing aqusystems,
ii. Solubility, redox behavior and complexation of Btesence of ISAabsenceof Ca,
ii.  Solubility, redox behavior and complexation of Btesence of ISApresenceof Ca,

iv. Impact of ISA on the sorption of Pu onto cementisianaterials.

These four processes have been comprehensivelstigaed in experiments under different
well-controlled redox conditions, using a systematariation of pH, ISA and Ca(ll)
concentrations, and in sorption experiments, cansig key parameters such as S:L ratio or
the order of addition of the components. The resate quantified within the concepts of
equilibrium thermodynamics of aqueous systems, @oglide key input for the quantitative
interpretation of the uptake of Pu by cement in gnesence of ISA. This significantly
contributes to improved safety analysis for relatadlear waste disposal scenarios. The main

achievements of this study can be summarized ksl

1. Redox behavior of Pu in alkaline, reducing aquat systems

The solubility of the Pu(lIV)@ncr,hyd) phase used in this study under alkahmederately
reducing conditions (imposed by HQ) is very low@t m) and pHrindependent. This is
in good agreement with the solubility of Pu(lV) @akated using thermodynamic data
currently selected in the NEA-TDB, and with thewmnlity product calculated for the same
solid phase using solubility data obtained undediaconditions. In the very reducing
conditions defined by Sn(ll) and pH 9, the solubility of Pu remains low (<1bm) and
pHy-independentin-situ XRD, XAFS and XPS indicate that Pu(IV)@cr,hyd) is the
solid phase controlling the solubility of Pu in H@stem. On the other hand, XANES
confirms a significant contribution of Pu(lll) (~305 n%) in the solid phases controlling
the solubility of Pu in Sn(ll) systems. This obssfon can be explained with the formation
of substoichiometric PuQ(ncr,hyd) or by the transient coexistence of {u€r,hyd) and
Pu(OH)(am) solid phases. The redox and solubility dat@iabd in this first part of the

PhD thesis add important input to the discussioa clirrent “hot-topic” in fundamental
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plutonium chemistry and also provides a sound basdbr the subsequent quantitative
experimental evaluation of the impact of ISA on $aubility under analogous chemical

conditions.

2. Solubility, redox behavior and complexation of B: presence of ISAabsenceof Ca
The solubility of Pu in the presence of ISA showsyatematic increase compared to the
ligand-free case discussed above, thus suppotimdormation of ternary complexes Pu—
OH-ISA. Long-term experiments on the chemical $tgbof ISA were conducted in
alkaline reducing systems in the absence of Pufjrogng that the ISA ligand remains
stable within the time-frame of the solubility stesl Solid phase characterization confirms
that, in the presence of ISA, Px(@cr,hyd) is the solid phase controlling the sditjpin
HQ and Sn(ll) systems. This reflects the potentigdact of ISA on the redox chemistry of
Pu under alkaline reducing conditions.
Based on slope analysis and statistical evaluatidhe solubility data, three Pu—OH-ISA
complexes were determined to be present under dimglitions of interest, namely:
Pu(IV)(OHXISA_ i, Pu(IV)(OH)ISA 7~ and Pu(lll)(OH)ISAK(aq). Stoichiometries and
structures of these complexes were optimized vantyum chemical calculations. In mildly
reducing environment (HQ-systems), Pu(IV)-OH-ISAmexes dominate the aqueous
speciation of Pu. On the other hand, in strongthuceng solutions (Sn(ll)-systems) at pH
< 11.5, solubility is controlled by the reductivéssblution of Pu(lV)Q(ncr,hyd) and
consequent formation of the complex Pu(lll)(OH)Ig@q). Above this pH, the
Pu(IV)(OHXISA 4%~ complex becomes predominant as in HQ-systems.dBasethe
experimental and theoretical information, a compnsive and robust thermodynamic
model for the system Pu(lll/IV)-OH-ISA was estabksl using the SIT formalism. The
new thermodynamic model derived in this work isidvdbr a wide-range of pk pe and
M(ISA): conditions.
Further experimental observations detected gragluatireasing fractions of colloidal
Pu(lV) species with increasing m(IS4)in solution (for both redox-buffered cases),
indicating that “Pu—ISA colloids” importantly comiute to the total Pu concentration in
Ca-free solution at high pH values (pH 12). The formation of such colloids was not
parametrized in the thermodynamic model derivedHtersystem Pu(lll/IV)-OH-ISA, but
their contribution must be accounted for to providalistic upper limit concentrations of

Pu in the presence of ISA and absence of Ca(ll).
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3. Solubility, redox behavior and complexation of B: presence of ISApresenceof Ca
Analogous Pu solubility investigations performed thre presence of Ca(ll) and ISA
unequivocally confirm the formation of quaternara(ll)-Pu(IV)-OH-ISA species in
addition to the ternary complexes identified undesence of Ca. No direct evidence on
the formation of analogous Pu(lll) quaternary coempk was observed. Slope analysis of
solubility data in combination with solid phase @werization indicate the formation of
the complexes Ca(ll)Pu(IV)(OHPBA " and Ca(ll)Pu(IV)(OH)ISA »2(aq), which
prevail below and above pHr 11, respectively. Chemical and thermodynamic nedel
derived for the system &aPu*—OH—CI—ISA—H,O(l) describe the experimental results
obtained within this study, although relatively dardeviations were observed for the
highest pH, and ISA concentration. Under these conditions, ftvenation of a yet
undefined quaternary solubility controlling phassI0—Pu(IV)—-OH-ISA(S) is suspected.

It is also of high importance, that the formerlgmdified fractions of “Pu—ISA colloids” in
the supernatants of Ca-free systems at, pHL2 are clearly absent in the studies where
Ca(ll) ions are present in solution. Although thead mechanism leading to this
phenomenon is not resolved, it points out the ingdrrole of Ca(ll) in the destabilization

of colloids as previously described for clay syssem

4. Impact of ISA on the sorption of Pu onto cemerntious materials
Plutonium is sorbing strongly on cement under redyconditions and absence of ISA.
Log Ry values determined in the present work are in gapdement with data available in
the literature for An(lV) analogs. Sorption expeemts conducted under comparable
chemical conditions but absence of Pu indicate tBAtsorbs significantly on cement in
the degradation stage Il. A two-site Langmuir-igoth was used to fit the experimental
data of ISA sorption obtained in this work. Thistleerm provides an empirical tool to
evaluate the concentration of ISA remaining in Botuafter sorption.
Solubility experiments conducted with Piffxr,hyd) using the porewater in equilibrium
with the investigated cement have been conductediifferent ISA concentrations. The
results obtained provide upper concentration lifittsPu in contact with cement.
All sorption experiments conducted in the presesfdSA with log [Pu}, = -5.5 are likely
to be solubility controlled and have therefore beksregarded for the interpretation of
sorption phenomena. Accordingly, the main conchsiof this chapter are derived from
sorption experiments with log [RuE —8.5. Although some systems at this [Puofight be

as well solubility controlled (especially at logsA] = —3), such concentration is realistic
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value for potential L/ILW repositories. An importareature observed under these
conditions is that the order of addition of the gaments (Pu / ISA / cement) appears to
have a relevant impact on Pu sorption, especialli{5d]:: = 10 M. In the latter systems,
the sequence “(Pu + cement) + ISA” shows IqgvRlues~ 1.5 log-units greater (or log
Freq Values 1.5 log-units lower) than the sequence ¥P8A) + cement”.

A simplified, quantitative model has been derived aompared to experimental sorption
data obtained in this PhD thesis. The model comsideg R, as determined
experimentally in this work for Pu sorption in thlesence of ISA, and assumes a decreased
sorption caused only by formation of dissolved QaRu(IV)-OH-ISA complexes.
Thermodynamic data derived in this PhD thesis aszluo calculate the concentrations of
the complexes Ca(ll)-Pu(IV)—OH-ISA forming in sadurt.

The outcome of sorption experiments conducted agh[Pu}, = —8.5 in the presence of

ISA defines two different cases:

- Case | showing the strongest Pu sorption. This case e observed only in
desorption experiments and sorption experimentevimhg the sequence “(Cement +
Pu) + ISA”. Data in Case | can be explained appnately by the simplified model,
especially at log [ISA}: = -2.

- Case Il. This case corresponds to some sorption expergnparformed following the
order “(Pu + ISA) + Cement”. Results in Case Il whioigher Pu concentrations in
solution, and accordingly lowersRnd higher B4 The hypothesis proposed to explain
these results refers to a strong kinetic stabibpabf agueous Pu species in solution
and/or the substantial coverage of the cement carfy ISA, which significantly
affects the properties of this surface and accgigiimpacts Pu sorption at least

temporarily.

The conclusions summarized above highlight thatlstly phenomena likely play a role
in controlling the concentration of Pu for seveddl the investigated systems in the
presence of cement. Further experiments with lolerconcentrations (possibly using
shorter-lived?®®Pu or®®%u isotopes) could help in providing a more indighhechanistic
view on the sorption phenomena controlling Pu r&den/ mobility in cementitious

systems.

221



This extensive experimental work reflects the higimplexity of the ternary system Pu—
ISA—cement and clearly demonstrates the key impat¢SA on Pu retention on cement
under reducing conditions. The results and conghssisummarized here represent a
reasonable empirical basis to quantitatively asgessmpact of ISA on the sorption of Pu,

but so far cannot provide a final mechanistic ihsign the uptake process itself.
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6 Appendix

6.1 Auxiliary thermodynamic data on Pu aqueous speciesnd solid

compounds

Table Al. Thermodynamic data, used for the equilibrium daltons of Pu.

Reaction log K® Reference
Redox processes

PU* o Pt +¢€ —(17.69 +0.04) [5, 9]
PU* + 2 HO(l) « PuQ(am,hyd)+ 4 H + € —(15.36 + 0.52) [5, 9]
PU"*+2HO() - PuQ" +4H +¢€ —(17.45 + 0.69) [5, 9]
PUQ" o PuQ®'+ e —(15.82 + 0.09) [5, 9]
PuQy(am,hyd)—PuQ," + € —(19.78 £ 0.09) [5, 9]
Solubility and hydrolysis of Pu(lll)

Pu(OH}(am)« PU* + 3 OH —(26.2 +1.5Y [9]
PU** + OH « Pu(OHY* (7.1 +0.3Y [5, 9]
PU* + 2 OH < Pu(OH)" (12.9 +0.79 [5, 9]
PU** + 3 OH « Pu(OHY’(aq) (15.8 + 0.5y [5, 9]
Solubility and hydrolysis of Pu(1V)

PuQy(am, hyd)— PU"* + 4 OH —(58.33 £0.52) [5, 9]
PuQy(cry) <« PU™* + 4 OH —(64.03 +0.51) [5, 9]
Pu"* + OH < Pu(OH}" (14.6 £ 0.2) [5, 9]
PU"* + 2 OH < Pu(OH)** (28.6 £ 0.3) [5, 9]
PU"* + 3 OH « Pu(OH)" (39.7 £ 0.4) [5, 9]
PU" + 4 OH « Pu(OH)’(aq) (47.5 £ 0.5) [5, 9]
Solubility and hydrolysis of Pu(V)

PuQOH(am)— PuQ" + OH —(9.0 £ 0.5) [5, 9]
PuQ (s,hyd)«— PuQ" + OH —(14.0 £0.5) [5, 9]
PuG" + OH «— PuGOH’(aq) (2.7 £0.79 [5, 9]
PuQ’ + 2 OH < PuQ(OH),- (4.4 +0.59 [5, 9]

Table continues on next page
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Solubility and hydrolysis of Pu(VI)

PUQy(OH),H,0(s) > PuG**+ 2 OH+ H,0(l)

PuQ®" + OH < PuUQ(OH)"

PuG?* + 2 OH « PuQ(OH),’(aq)
PuG?* + 3 OH < PuQ(OH)s

2 PuQ® + 2 OH & (PuQ),(OH),**

—(22.5+1.0) [5, 9]
(8.5 +0.5) [5, 9]

(14.8 + 1.5) [5, 9]
(21.7 £ 0.4) [5, 9]
(20.5 + 1.0) [5, 9]

¥ value is originally reported in [30], but with assigned uncertainty of + 0.8 in log-units

®in analogy with Am(lll)
9in analogy with Np(V)

Table A2. SIT ion interaction coefficients for Pu aqueouscsp®in NaCl solutions.
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species i species j &ij [molkg™] Reference
H* CI (0.12 + 0.01) [9]
Na' CI (0.03 £ 0.01) [9]
Na' OH (0.04 +0.01) [9]
PU* CIr (0.23 £ 0.02) [174]
Pu(OHY* CI —(0.04 +0.07) [174]
Pu(OH)" CIr —(0.06 + 0.08) [174]
Pu(OHX’(aq) cl- 0.00%

Pu(OH)Y’(aq) Na' —(0.17 £ 0.10) [174]
Pu** cl- (0.4 +£0.1) [173]
PuOH"* cl- (0.2 £0.1) [173]
Pu(OHY** cl- (0.1 £0.1) [173]
Pu(OHY" CI (0.05+0.1) [173]
Pu(OH)’(aq) Na'/CI” 0.00%

PuG cl- -(0.09 + 0.05Y [9]
PuGOH(aq) Na'/CI” 0.00%

PUQy(OH),” Na’ —(0.01 +0.07%Y [9]
PuG? cl- (0.21 + 0.0 [9]
PuQOH" CI (0.05 + 0.19 [149]
PuGy(OHy(ag)  Na'/CI” 0.00%

PUuQy(OH)s~ Na' —(0.09 + 0.05Y [175]
(PuQ),(OH),>*  CI” (0.69 + 0.07Y [9]

3 py definition in SIT formalism
®in analogy with Np(V)

9in analogy with U(VI)

Din analogy with Np(VI)



6.2 Synthesis, characterization and stability of NalSAg)

The Na-salt of ISA was synthesized from commer€@a(lSA)(s) using a cation exchange
resin (Chelex® 100, Na-form). The complete desmipbf the method is reported elsewhere
[11, 86, 107, 201]. Briefly, 2 g of commercial Cafl),(s) were suspended in 500 mL of
Milli-Q water in the presence of 25 g of resin. Tim&ture was agitated with a magnetic
stirrer for approximately 1 hour, and then filtengih filter paper (Whatman blue ribbon, < 2
um). The filtrate was evaporated on a heating @afeé = 60 °C until a brown viscous liquid
was obtained. The remaining water-content was reghasing water-free diethyl-ether. The
combination of repeated addition/evaporation otidieether with a cooling step (9 °C, in
laboratory fridge) resulted in a pale yellow NalSAéolid phase. The yield of the synthetis
ranged between 50 and 90 n% (average yield = 68 B#h commercial Ca(ISA(s) and
synthesized NalSA(s) salts were thoroughly charae® using several technique$i and
3C nuclear magnetic resonance spectroscopy (NMRkeBrAvance Il 400 spectrometer,
operating at 400.18 MHz foH and 100.63 MHz fof*C), X-ray powder diffraction (XRD,
D8 Advance diffractometer, Bruker AXS), quantitativand semi-quantitative chemical
analysis (by inductively coupled plasma—optical &sin spectroscopy: ICP—-OES, Optima
8300 DV, Perkin EImer or standard inductively cagbplasma—mass spectroscopy: ICP-MS,
X-Series Il, Thermo Scientific), total organic amdrganic carbon measurements (TOC and
TIC, respectively, Shimadzu TOC5000) and ion chromg@phy (IC, 1ICS-3000 equipped
with an AS9HC column, Thermo Scientific).

Figure Al and Figure A2 show tHel and'*C NMR spectra, respectively of commercial
Ca(ISA)(s) and NalSA(s) synthesized in the present wads@ved in RO). All main peaks
observed in both, thtH and the’*C NMR spectra can be unequivocally assigned to+the
and C- atoms in the ISA molecule [202]. XRD patteatiected for commercial Ca(ISA})
were found to be in good agreement with data presijoreported by Rai and co-workers [68]
and furthermore by the comparison with the refegepatterns [203] of lactose hydrate and
calcite, presence of these phases were excludee ahe detection limit (DL, ~10 w%) of the
technique (see Figure A3). IC results (not showearty disregarded the presence (above the
DL, ~10% — 10° M of the technique) of chloride, bromide, fluorjdgtrate, phosphate and
sulfate in the analyzed commercial Ca(lg8) and synthetic NalSA(s). The combination of
guantitative chemical analyses, TIC and TOC measenés showed an excess of Na and Ca
with respect to ISA, which was associated to adangpurity of carbonate. With the aim of
obtaining a carbonate-free NalSA stock solutior slynthetic NalSA(s) was dissolved in

Milli-Q water and acidified to pH= 3 with 1 M HCI. The solution was then heated te 80
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°C (in order to avoid the potential decompositidntiee ligand [78]) for 3 hours with a
continuous purge of Ar gas to facilitate the {if) degassing. The resulting solution was
transferred to Ar atmosphere whilst still hot. T8teck was allowed to cool down, and was
titrated slowly with 1 M carbonate-free NaOH sabutito obtain a weakly alkaline solution
(PHm = 9). The final stock solution was characterized(%6 + 0.02) M NalSA with pH =
8.9. Because of the titration steps required toongrcarbonate impurities, the stock solution
contained an excess of Nia the form of 0.18 M NacCl. Total carbonate comterthe NalSA
stock solution was quantified as 46 M (DL of TIC considering the dilution factors ihe
measurements). Subsequiidtand*C NMR analysis confirmed the presence of only I18A i
the system. The well-characterized NalSA stock tsmluwas stored in a sealed glass
container under Ar atmosphere and used in the pgpa of all samples involving the use of
ISA.

HSalb HGa/b

H H H HSalb H3a/b

4 Salb, \5alb

HO O

NalSA

Ca(ISA),
‘_____A_.UJUM hUl

T T T T T T
4.0 35 3.0 25 2.0 1.5 1.0

Chemical shift [ppm]
Figure Al. 'H NMR spectra of commercial Ca(ISApottom, red spectrum) and NalSA

synthesized in the present work (black spectrup), &8 m(ISA): = 0.01 m in DO.
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Figure A2. Proton-decoupled®C direct excitation NMR spectra of commercial CA)S
(bottom, red spectrum) and NalSA synthesized irptesent work (black spectrum, top), at
M(ISA): = 0.01 m in BO.
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Figure A3. XRD patterns collected in the present work for cwrcial Ca(ISAXS).
Reference data reported for Ca(I$®&) [68], calcite (PDF 86-0174) and lactose hydrate
(PDF 27-1947) are appended for comparison.
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6.3 Stability of ISA under reducing, alkaline conditions

The stability of ISA under alkaline reducing comalits was also investigated in a series of
batch experiments in the absence of Pu. A cons&ttotal concentration of 0.01 M was
maintined at | = 0.10 M (NaCl). Reducing conditiomere fixed with 2 mM or 10 mM HQ,
Sn(ll) or SO, at pHy = 9 (buffered by CHES) or 12. Two additional saesplvere prepared
with the same matrix compositions (pH [ISA]:w:) but in the absence of reducing chemicals.
Although not used as reducing agent in the solyb#lkperiments with Pu, N&O, was also
included in this series of experiments to evaluthie possible impact of Sn(ll) on the
speciation and chemical behavior of ISA. The redg@apacity of Sn(ll) (pe + pkE 1 — 2)
and NaS;0, (pe + pH, = 0 — 1) are observed to be similar. In the coufs® months, phR
and E values of the solutions were monitored, and alisjod supernatants were taken folr
and®*C NMR measurements.

Within the investigated time-frame, all NMR spectrat shown) remained identical (as the
original ones collected for the stock solution)ughsupporting the stability of ISA under
alkaline and reducing conditions. To assess thsilpitisy of long-term degradation processes,
the experiments are still on-going. Neverthelefiger appr. 2 years of allowed equilibration
time, results confirm the prominent stability ofAIl%even well-beyond the timeframe of the
solubility experiments with Pu).

The same set of samples were also serving as sslieassess the role of Sn(ll)-ISA
complexation. Visible features, such as chemicitsshintensities ofH and**C NMR signals
(associated to ISA) in the spectra were obtainefetovirtually the same for the cases of
absence and presence of Sn(ll). This observati@s dot disregard the presence of Sn(ll)—
ISA complexes (if yes, only minor), but it cleadgnfirms that ISA exists predominantly in
the free ligand form within the conditions of thelubility study consucted in the present

work.
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6.4 Pu(VI) stock solution

The UV-VIS-NIR spectra of the synthetized Pu(VPQat solution at 1 day after the complete
dissolution of the original NRwO;.H,O(am) solid phase (before the initiation of sorptio
experiments) and at 14 months (after the finalwatf all sorption experiments) are shown
in Figure 66. Since the most intensive absorptiondim@esponding to Pu(\4) species &t =
~832 nm (with a molar extinction coefficient o= 555 dmmol*cm®) [204] is not fully
depicted, the display-range of the spectral wintha® been re-adjusted for a better overview.
All features of the initially collected spectra femtly match the absorption spectra of the
PuG?*(aq) ion in HCIQ solution reported by Cohest al.[204], indicating the predominance
of Pu(VI) in the stock solution. Applying the Lamb&eer law on the detected absorption
value atA = ~953 nm by using = 24 dnimol‘cm™ [204], the calculated concentration of
Pu(Vl)aq with a value of [Pu(Vly = 0.011 M is found to be in good agreement wihk t
guantified total Pu concentration of [Ru¥ (0.0116 £ 0.0001) by SF-/ICP-MS techniques.
The spectra recorded on the same stock soluticer dffte finalization of all sorption
experiments (14 months) clearly indicates the preseof Pu(IV)q ions besides Pu(Vi)
Accounting for the presence of Pu(ky)on on the subtracted spectra (red curvEigure 66)
using the absorption value &t 665 nm and the = 31 dnimol*cm™ [204], a Pu(IV) total
concentration of [Pu(I\y)] = 2-10° M can be determined, which, in combination witle th
quantifiable Pu(VRcontent (ath = 953 nm withe = 24 dnimolcm™) results in a total
concentration of Pu identical to the initial valjleu}o: = (0.0116 + 0.0001) M. These results
show the slow reduction of Pu(within the time-frame, resulting in 20 mol% cobtrtion

of Pu(lV)yq in the stock solution after 14 months. PugyI$ expected to be quickly reduced
to Pu(lll/IV)4q in the presence of reducing agents such as HQ) $n(ithionate within the
supernatant solution after the introduction togiistem. The UV-Vis-NIR absorption spectra
(not shown) of the stock solution collected durangl directly after the preparation of all Pu
sorption batch experiments, showed the only presefi®u(VI)}q in solution, indicating the
constant, well-defined composition of the stockuioh during the preparation procedure.
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Figure 66. Background-corrected UV-VIS-NIR spectra of thetlsstized Pu(VI) stock
solution (quantified by SF-/ICP-MS techniques asg]{f?= (0.0116 £0.0001) M at pH = 0.8
in 0.075 M NaCl media) collected 1 day (blue curaey 14 months (green curve) after
preparation. The red curve depicts the subtractiesult of the latter two spectra normalized
to the concentration of the Pu(\{)on within the two sample, using the absorptiotuga at

4 = 953 nm withe = 24 dnimolcmi* [204].
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6.5 Characterization of the initial cement powder

Figure 67 shows the background-subtracted XRD matté the initial cement powder,
together with the identified major and minor phaassadapted from JCPDS database [136].
The collected diffractogram on the powdered maltendicates the presence of two major
phases: C-S-H phases with highly amorphous chardcgising an intensity-increase in
baseline level) and the crystalline Portlandite FP®-0733). Calcite was found to be not
highly abundant in the sample, however its presevite minor contribution (~10 %) can be
unequivocally underlined. The lack of reflectionssaciated to non-hydrated clinker
components (such as Alite PDF 85-1378 and Belite B®0351) indicates the fully hydrated
state of the solid specimen (and the generated @owad well). As certain low-intensity
reflections may also indicate the presence of othi@or phases, such as Ettringite (AFt) or
calcium-aluminoferrite (Brownmillerite), an unambays identification of the phases was not
possible due to low data quality (even within théeaded data acquisition time of > 40
hours).

TG-DSC curves collected on the initial cement pawdee displayed irFigure 68. The
weight-loss of the material within the temperattaege 0 — 300 °C can be partly attributed to
the loss of surface-bound water, dehydration reastiof C-S-H phases and also the
dehydration and dehydroxylation processes of Kjien [205]. The relatively small
endothermic peak at 392 °C possibly correspondkeavater-loss of a hydrated kg solid
solution, originally forming through the hydratigmmocess of calcium-aluminoferrite [206].
The second major peak observed at ~494 °C candignas to the dehydroxylation reaction
of Ca(OH)(cr). Given that the decomposition reaction of Rodite is a well-defined,
distinct chemical reaction, the weight of the evaped water can be used to calculate the
amount of Ca(OHyjcr) present in the sample. As the total weighslastil 600 °C (-26.55
w/w%) provides the anhydrous weight of the cemewqer, the —5.75 w/w% weight-loss
determined for the dehydroxylation reaction givesatue of 32.2 w/w% Portlandite with
regard to the anhydrous weight of the original make This value is obviously highly
overestimated since it is referred to the “dry” giaiof the powder, nevertheless, it can be

used as a standardized value for comparison pwpose
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Figure 67.XRD pattern collected for the initial cement powdgmerated in the present
work. Reference data reported for Portlandite: CHhi{g{cr) (PDF 04-0733), calcite:
CaCGQ;(cr) (PDF 86-0174), Ettringite (syn.): GAlx(SQy)3(0OH)12.26H0 (PDF 37-1476) and
calcium-aluminoferrite (Brownmillerite): GéAl,Fe)Os (PDF 30-0226) are appended for

comparison.

As the weight-loss observed at a higher temperatamge (700 — 720 °C) is strictly related to
the decarbonation reaction of the calcite presettie material, the mass of Cag€) can be
determined via the measured generation of(GO With regard to the anhydrous weight of
the cement powder, calcite was found to be preséht ~3 w/w% of the initial material,
indicating a slightly lower contribution to the hnatled cement phase than shown by XRD. It
is of note as well, that these values have ratlgdr bincertainties (~5 — 10 w/w%), generally
associated to the heterogeneity, the small totabusuin of the analyte and also the
deconvolution procedure of TGA curves.

The last clearly distinguishable feature (exothermsaction) in the TGA curve at around
810 °C corresponds to the decomposition (dehydedioyl) of C-S-H phases to wollastonite
(CaSiQ) [205].
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Figure 68.TG-DSC data recorded on the initial cement powdeifferential scanning
calorimetry (DSC) signal (blue curve) as specifEatflow (mWng?) and loss of sample

mass (green curve) in normalized weight-percentadé) unit.

The calculated chemical composition of the cememtder (with regard to the oxide-contents
normalized to the anhydrous weight of the matenatpined after the digestion of the sample
by quantitative analysis and as measured by XP®edry powder are summarizedTiable

22 along with the original data provided by the ofacturer.
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Table 22. Chemical composition of the cement specimens asda by the manufacturer
and the transformed data on the generated cement@oobtained from the results of the
guantitative elemental analysis by ICP-OES and M®-after the digestion of the sample and
calculated values from the elemental atomic comeéinhs measured by XPS on the solid
material. Values derived within the present studgrevnormalized with regard to the

anhydrous weight of the cement powder provided@®PDBEC measurements.

Analysis CaO SIOZ A|203 Fe, O3 MgO Na,O K>0 SO;

method W% wio w%  w%h  w%h  w¥%h  w% w%
Original mat. 64.00 2220 3.60 440 094 0.0/ 0.72.20
ICP-OES/-MS  60.6  20.0 3.6 3.6 0.9 0.1 - 1.7

XPS 61.3 24.3 6.7 2.8 24 - - 14

The quantitative analysis of the chemically digdsteaterial provides more of a bulk
information, i.e. representative values for the overall chemical mosition of the material,
whilst XPS is a surface-specific technique. This, elatively good agreement between the
latter two results attests the obtained high homeig within the generated powder. As
discussed before, the digestion of the sample coatdprovide any information on the K-
content of the material and as for the XPS both,Nh- and the K-atom concentrations were
found to be below the detection limit of the teciug. The grinding and sieving procedures
affected the Ca-content of the material only tinatéd extent as a deviation of —3 w/w% is
witnessed between the manufacturer informationthadesult of digestive quantification by
ICP-OES (but it is beyond associated uncertaintiBisis however, indicates the slight loss of
Ca in the course of the powdering process. Atormicentrations determined by XPS are also
found to be in good agreement with the latter \v&l@xcept for the minimal increase for Si,
Al and Mg. Since the uncertainties associated &dhantification results by XPS method
exceed the magnitude of these deviations, furtloerclasion cannot be drawn from the
observations. Despite the good agreement betweeaxide composition of the original and
the powdered material, additional, minor alterateffects caused by the exposure to air and
by the mechanical heat generated during the milimg) sieving process cannot be excluded.
Figure 69 shows an exemplary narrow scan of C 1S Xectrum collected for the freshly

grinded and sieved cement powder. The displayedeciiir accounts for the contribution of
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the carbonate, potentially present as calcite: G&2Yand of the ‘C-O’ and the adventitious,

‘CxHy’ (hydrocarbon) functional groups related to orgaimpurities.
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Figure 69.C 1s XPS spectrum collected for the freshly grinded sieved cement powder,
together with the fit performed accounting for tbentribution of carbonate-, potentially
present as calcite: CaGq®r) and of ‘C-O’ and the adventitious, x8," (hydrocarbon)

functional groups (corresponding to organic impie$).

The distribution of the chemical groups relatedht® C 1s elemental line in combination with
the atomic concentration of carbon provided bygterey scan indicates the presence of 7.0
w/w% CaCQ(cr) on the surface of the generated powder (timeeed value with regard to
the anhydrous weight of the cement powder is ~9W%. This slight carbonation on the
surface of the sample may originate from the powmdeprocedure as well as from the sample
preparation procedure undertaken before XPS déitection.

BET-N, measurements provided a high specific surfacewitaa value of 79.2 fig™ for the
well-homogenized, initial cement powder. Since thaority of the expected hydrated solid
phases present in OPC have relatively low spesifitace areas (1 — 10°gT), except for C-
S-H phases (148 #ty at Ca:Si ratio of ~1.7, provided by Tis al. [49]), the determined
value unambiguously indicates the presence ofatterlphases.

In summary, combining all solid phase characteiepatesults for the cement material it can
be stated that the chemical composition of the moad material has not been modified by
the preparation procedure and the main, hydratkd gloases present in the OPC powder are
the amorphous C-S-H phases and Portlandite. Caigidthe plausible assumption that in
the course of the hydration process all Ca-cormétihe material are either consumed by the

247



forming Portlandite or the C-S-H phases, and al$icontent will be solely taken up by the
C-S-H phases, an estimate of 1.7 — 1.9 can belatddufor Ca:Si atom-concentration ratio
for the present C-S-H phases based on the ICP-OISAG-DSC and XPS results. This
value is in close agreement with the reported data8 resulting from model calculations on
OPC pastes with similar chemical characteristi®@5{197]. The cement powder used in the
sorption experiments can be taken as a represemtataterial for the original cement
specimens. Small deviations such as surface caiban@3 — 10 w/w%) and the potential
dehydration of minor phases originating from thevgering process and from the storage of

the sample is considered to have negligible effedhe sorption properties of the material.
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6.6 Chemical compositions of equilibrated cement pastesnd porewater solutions

Figure 70 shows the background-subtracted XRD mpett@f equilibrated cement paste
samples (treated with propan-2-ol) retrieved fr¢h):the solid phase in equilibrium with the
generated porewater (used for all sorption studimsulating Stage Il of the cement
degradation process) and from (2) a batch sampkheoiCement-ISA sorption experiment
series (at [ISAl;= 0.01 M and S:L ratio = 2 gdfip Data on the Sample 1 (named as
“porewater cement”) was collected after the prefpamaof all sorption experiments (~1 year
of contact time), whilst the diffractogram on th¥ 8ample (denoted as “ISA-cement”) was
recorded after an equilibration time of 14 daysndfi &; of Cement-ISA sorption
investigations). XRD patterns are shown togethéh wie identified major and minor phases
as adapted from JCPDS database [136].

Both raw XRD patterns originally depicted a higihgreased baseline-level, confirming the
predominance of amorphous C-S-H phases in theevetti pastes. The collected
diffractogram on porewater cement indicates thegaree of crystalline Portlandite (PDF 04-
0733) in the paste, however the decreased intessstiow that the phase has been partly
washed out through the procedure. The liquid phesel for the preparation of all sorption
experiments is saturated with regard to Portlanddkibility equilibrium. More intensive
reflections for Ca(OHjcr) were detected in the sample equilibrated \phewater solution
with [ISA]wt = 0.01 M, demonstrating that the dissolution & ffhase was not substantial at
the highest total concentration of the ligand. As the initial cement material, calcite was
found to be present in both of the analyzed sampiés a minor contribution above the
detection limit of the technique (~10 w/w%). Thetda identification is however purely
gualitative, as certain XRD reflections of Ca(Qd)) are highly sensitive to preferred

orientation effects. Furhter, minor hydrated phagee not possible to be detected.
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Figure 70.XRD patterns collected in the present work for ca@mgastes: “porewater

cement” indicates the retrieved cement paste.gt tl year used for the generation of the
porewater for sorption investigations, “ISA-cememt’a cement solid phase equilibrated in
porewater with [ISAL; = 0.01 M at S:L ratio = 2 gdi for 14 days. Hydration stoppage on
the samples was achieved by the use of propanfRebkrence data reported for Portlandite:
Ca(OH)(cr) (PDF 04-0733), Calcite: CaC#xr) (PDF 86-0174) are appended for

comparison.

TG-DSC curves collected on the above describedcemoent samples are displayed-igure
71. All identified features are matching the TG-D8@ta recorded for the initial cement
powder. The concurring weight-losses of the twocspens in the temperature-range of 0 —
300 °C (porewater cement: —15.35 w/w%, ISA-cemefit6.51 w/w%) and the almost
identical anhydrous weight (calculated from thaltateight-loss till 600 °C) are indicating
the reliability of the applied hydration stoppagethod. Using the anhydrous weight of the
sample and the weight-losses attributed to the dtelylation reaction of Ca(Oklcr) phase
provide values of 26.91 w/w% and 25.19 w/w% for twomtributions of Portlandite in the
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porewater cement and ISA-cement samples. Comparétetanalogous value of the initial
cement material, both values depict a small loggh(velative values of 5.3 w/w% and 7

w/w%, respectively) of Portlandite from the samples

1 6 ! I y I b I ' I
—_— - pore water cement, t,, =1y
[ —— ISA-cement, [ISA],,; = 0.01 M, S:L ratio = 2 gdm™, t,, = 14 d 4 100
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Figure 71. TG-DSC data recorded on equilibrated cement pastpsrewater cement”
indicates the cement paste, at% 1 y, used for the generation of the porewatersiorption
investigations (blue and green curves), “ISA-cerhenta cement solid phase equilibrated in
porewater with [ISA}; = 0.01 M at S:L ratio = 2 gdi for 14 days (red and orange curves).
Hydration stoppage on the samples was achievedhéyuse of propan-2-ol. Differential
scanning calorimetry (DSC) signal (continuous ciri® displayed as specific heat-flow

(mMWm@") and loss of sample mass (dashed curve) is inhivpiercentage (w/w%) unit.

Accounting for the presence of calcite, using theight-loss observed at the temperature-
range of 700 — 720 °C, relative weight-percentajg3aCQ(cr) with regard to the anhydrous
weight of the cement powder was calculated to e +v/w% for the porewater cement and
~12.34 w/w% for the ISA-cement sample, indicatinigigher contribution than for the initial
material. These values are in good agreement Wglgualitative experimental findings of the
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XRD method as well. The relative differences betwte values of the equilibrated samples
and of the initial material show only a negligildarbonation effect, which is considered to
have almost no influence on the chemical compasitibthe porewater or on the sorption
properties of the material under the given condgio

Table 23 shows the calculated chemical charadterisf the cement powder (with regard to
the oxide compositions normalized to the anhydwagght of the material) as measured by
XPS method on the equilibrated cement phases 8escabove and on the initial cement

powder as well.

Table 23. Chemical characteristics of the cement specimenth wegard to oxide
compositions determined by XPS on the initial cenpanwder, the “porewater cement”
sample (indicating the cement paste,cgttl y, used for the generation of the porewater fo
sorption investigations) and on the “ISA-cement’eficting a cement solid phase
equilibrated in porewater with [ISA}= 0.01 M at S:L ratio= 2 gdm for 14 days).
Hydration stoppage on the samples was achieveddyse of propan-2-ol. All values are
normalized with regard to the anhydrous weighthef tement powder provided by TG-DSC

measurements.
Analysis CaO SIOZ Al 203 Fe, O3 MgO Na,O KO SO;
method w% w% w% w% w% w% w% w%
Original mat. 61.3 24.3 6.7 2.8 2.4 - - 1.4
Porewater 52.2 24.8 8.0 0.9 1.3 - - 7.6
cement
ISA-cement 47.9 19.8 6.8 4.9 0.7 - - 1.5

Compared to the initial material, the chemical cosifions of both retrieved specimen show
a pronounced decrease in Ca-content, indicatindoe of Portlandite from the system, in
accordance with the findings of TG-DSC analysis.

Accounting for the carbonate-group contributiomirthe deconvolution results on the narrow
scan of C 1s XPS spectrum collected for the “potemveement” Figure 72) in combination
with the atomic concentration of carbon providedtlyy survey scan on the sample indicates
the presence of 11.8 w/w% Cag€) on the surface (calculated using the hydrateidjht of
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the cement powder). This slightly enhanced caloitetent, compared to the analogous data
on the initial material is in agreement with thesetvations made by TG-DSC measurements.
Figure 73 shows the exemplary narrow scan by C PS Xpectrum collected for the
ISA-cement sample. For the purpose of quantificetionding energies of the elemental lines
were charge referenced to Si 2p3/2 at 101.5 eVthadbinding energy of Si 2p3/2 was
determined by charge referencing to the C 1s elahéne of adventitious hydrocarbon at
284.8 eV using the XP spectra of an analogouslpgresl sample without ISA in solution
(not shown).

800 CxHy
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295 290 285 280
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Figure 72.C 1s XPS spectrum collected for the “porewater ggimsample (indicating the
cement paste, ated= 1 y, used for the generation of the porewater &wrption
investigations), together with the fit performeat@anting for the contribution of carbonate-,
potentially present as calcite: CaG@r) and the adventitious, CxHy (hydrocarbon)

functional groups.
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Figure 73.C 1s XPS spectrum collected for “ISA-cement” (dépgca cement solid phase
equilibrated in porewater with [ISA} = 0.01 M at S:L ratio = 2 gd for 14 days), together
with the fit performed accounting for the contrilout of carbonate-, potentially present as

calcite: CaCQ(cr), adventitious, CxHy (hydrocarbon) and ISA-tethfunctional groups.

The presence of ISA on the cement surface is glearnfirmed upon the displayed curve fit
as the contributions of the carbonate-, the ‘C-@ ¢he adventitious, ‘E,’ (hydrocarbon)
functional groups alone cannot represent all tagufes of the given elemental line.

Based upon the stoichiometric contributions ofdiféerent carbon functional groups present
in the ISA molecule together with the latter twgrsls and the atomic concentration of
carbon provided by XPS indicates the presence di ®8w% CaCQ@(cr) and 12.3 w/w%
“HISA” on the surface of the retrieved cement ph@si¢h regard to original weight analyzed
by XPS method). Calculated values depict an extensarbonation on the surface, compared
to the results provided by TG-DSC measurements. évew due to the loss of Ca-content
from the analyzed material these contributions aaly be compared in relative terms, since
they are normalized to the elemental compositionthen surface of the hydrated sample.
Hence, considering the surface-sensitivity of #hehhique and the preparation procedure of
the sample for measurement, carbonate-contentsrederby XPS method are highly
overestimated with regard to the real bulk inforioraiprovided by TG-DSC method. Yet, it
can be stated, that a formation of calcite on thréase is definitely occurring. The performed
hydration stoppage did not remove ISA bound topbgential sorbing sites on the cement
phase and hence, it was detectable and quantdidxzk tpresent with 1:3 molar ratio to the

surface concentration of carbonate ion on the serfd the analyzed sample.
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Table 18 (provided in Section 3.2.1.2) summaribesdoncentrations of the major and minor
elements in the equilibrium solutions of the abogationed two samples: (i) porewater
cement sample and (2) the ISA-cement sample astifjednby ICP-OES and ICP-MS
measurements.

The initial composition of the porewater togethathwhe determined ptE (12.55 £ 0.08)
(averaged value of multiple measurements on thewstter) are in good agreement with the
calculated and the previously reported porewataditions (pH = 12.50) representing Stage
Il of the cement degradation process [4, 198].ighsly lower value has been quantified for
the Na concentration, whereas concentration of I§ feand to be in good agreement with
reference data, both indicating the successfum@ghing step aiming to remove the alkali-
content of the initial cement powder. Referenceigslfor Mg and Fe) are not provided in the
literature, whilst the concentration of Si is beltve detection limit of ICP-MS, in agreement
with the low level reported.

The measured pH value of the ISA-cement porewaaenpie (pH= 12.60 + 0.03) was
observed to be within the uncertainty-range ofuvthleies collected in the absence of ISA (the
calculated theoretical value under identical coodg is pH= 12.57). The chemical
composition of the equilibrated porewater with [[$A= 0.01 M at S:L ratio of 2 gdrhshow
distinct changes in the depicted elemental conaBohs especially with regard to Na ion
concentration. These discrepancies are origindtorg the introduction of ISA-stock solution
to the system, which was later confirmed by therattarization of identical solutions
prepared in the absence of cement solid phasesorCaoncentration was found to be
negligibly affected by the high ligand concentratioa solution, which is in agreement with
thermodynamic calculations, assuming that the aunagon of C&" is governed by the
dissolution of Portlandite and by its complex fotima reactions with ISA in solution (when
[ISA]i: does not exceed ~0.1 hMe. precipitation of Ca(ISA)s) does not occur). Accounting
for the latter chemical equilibria, the calculatdgboretical increase (without taking into
account the sorption of the ligand) in [Galvith the level of 2.7-1& M is close to absolute
value of the uncertainty-range (+ 31M) associated to the quantification of [Gaby the
applied ICP-OES technique.

In summary, it can be clearly stated that the geredrporewater to be used as the liquid
phase in the later Pu sorption experiments is antdaly representative solution of cement
pore fluids expected at the second stage of theesemegradation process. Solid phase
characterization results on the retrieved cemerid sphase coincide with the latter

observation. Moreover, the ISA concentration oftOM in the supernatant with S:L ratio = 2
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gdm®was neither affecting the main chemical parametéisterest (pH, [Cale) in solution
and nor the main chemical composition (presencBartlandite and C-S-H phases) of the
HCP. The main changes determined can be modelledsbyming Portlandite dissolution
equilibria in combination with Ca(Il)-OH-ISA compldormation reactions in solution, which

is in agreement with the observation of previouslists [104].
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