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Abstract

Cement-based materials are widely used in nuclear waste management, for example for
the solidification of low and intermediate level wastes, as barrier materials in nuclear waste
repositories, or in certain waste containers. However, the barrier function of the applied
cementitious materials with respect to the migration of safety relevant radionuclides is not
completely understood. In general, the migration behavior of radionuclides in cementitious
materials is controlled by radionuclide solubility phenomena at high pH conditions, diffusion,
interface processes such as surface complexation, or incorporation of radionuclides into solid
phases, including the formation of solid solutions. Within this thesis, open issues regarding
the uptake of selected safety relevant long-lived fission and decay products such as '*I, ®Tc
and 2*Ra in cementitious systems are investigated, using advanced micro analytical and
spectroscopic tools. The objective of these investigations is to enhance the mechanistic
understanding of the radionuclide uptake and retention in cementitious materials and to
evaluate the relevance of cement alteration processes, such as carbonation, with regards to the
solid speciation of radionuclides in aged concrete. To unravel the contributions of individual
hydrate phases on the radionuclide retention behavior of complex multiphase cementitious
materials, a bottom-up approach is adopted here, studying the radionuclide interaction with
synthesized hydration phases (model phases) present in cementitious materials, such as
calcium silicate hydrates (C-S-H) with different Ca/Si ratios, monosulphate (AFm) and
ettringite (AFt) phases, in addition to hardened cement pastes of different composition
(e.g. CEM I and CEM V).

The model phases were synthesized under argon atmosphere, using well established
procedures. Uptake kinetic and distribution ratios (Rq4) of selected safety relevant long-lived
radionuclides (RN) such as '*I, Tc, Mo and ?*°Ra were studied in static batch experiments
under anoxic conditions. Uptake kinetics and retention mechanisms (anion/cation exchange,
electrostatic sorption and phase formation) that contribute to the retention of RN in complex
cement systems were identified and investigated. Here, a systematic study of the retention of
RN for all relevant cement hydration phases was performed, in particular for systems where
data are scarce or lacking to date. The results of this study enhance the understanding of the
uptake and retention mechanisms of safety relevant radionuclides in cementitious barriers and
materials and thus contribute to the scientific basis of the safety case for deep geological

disposal of nuclear wastes.






Kurzzusammenfassung

Zement-basierte Materialien werden vielféltig im Bereich der nuklearen Entsorgung und
der Endlagerung radioaktiver Abfdlle verwendet, wie zum Beispiel zur Verfestigung von
schwach- und mittelaktiven Abfallen oder als Abschirmung in Abfallbehéltern. Des Weiteren
finden Beton und Moértel als Konstruktionsmaterial in oberflichennahen und
tiefengeologischen Endlagern und als Verfiillstoff Verwendung und sind somit Bestandteil
der geotechnischen Barrieren in einem tiefengelogischen Endlager. Das Migrationsverhalten
von langzeitsicherheitsrelevanten Radionukliden, wie ', Tc, Mo und ?*°Ra (RN), ist
bisher nicht ausreichend untersucht und die Langzeitwirksamkeit der Barrierefunktion der
zementbasierten ~Materialien nicht vollstindig verstanden. Generell wird das
Migrationsverhalten von Radionukliden in zementgebunden Materialien durch deren
Loslichkeit unter hochalkalischen Bedingungen, sowie durch Diffusionsprozesse, Sorption,
Inkorporation in Hydrationsphasen oder auch durch Bildung von Mischkristallen beeinflusst.
In dieser Arbeit wurden Sorption und Einbau von langzeitsicherheitsrelevanten
Radionukliden, wie %I, ®°Tc, **Mo und ??Ra in Zementsystemen mit Hilfe mikoanalytischer
und spektroskopischer Methoden untersucht. Ziel dieser Arbeit war es ein besseres
Verstindnis fiir den Mechanismus der Aufnahme und Riickhaltung der Radionuklide in
Zementsystemen zu generieren. Weiterhin soll der Einfluss von Alterationsprozessen auf die
Riickhaltung der an den Feststoffen sorbierten Radionuklide untersucht werden. Um den
Einfluss der individuellen Zementhydratphasen in komplexen multi-phasigen
Zementsystemen auf das Retentionsverhalten der einzelnen Radionuklide zu bestimmen,
wurde ein bottom-up Ansatz verwendet, und die Interaktion der Radionuklide mit einzelnen
synthetisierten Zementhydratphasen (Zementmodellphasen), wie z. B. Calciumsilikathydrat
(C-S-H) mit unterschiedlichen Calcium zu Silizium Verhéltnis, Monosulfatphasen (AFm) und
Ettringit (AFt) sowie mit verschiedenen ausgehirteten Zementpasten (z. B. CEM 1 und
CEM V) untersucht.

Die verwendeten Zementmodellphasen wurden hierbei auf Basis von in der Literatur
beschriebenen Methoden unter Argonatmosphdre synthetisiert. Die Reaktionskinetik und
Gleichgewichtsverteilung (Rq) von ausgewéhlten langzeitsicherheitsrelevanten Radionukliden
in Systemen mit Zementmodellphasen und Zementstein wurden insbesondere in statischen
Batchexperimenten unter anoxischen Bedingungen (Inertgas Atmosphare) untersucht. Hierbei

wurde die Sorptionskinetik untersucht und die Mechanismen (An-/Kationenaustausch,



elektrostatische Sorption und Phasenbildung), die einen Beitrag zur Riickhaltung von RN in
Zementsystemen leisten, identifiziert. In dieser Arbeit wurde zum ersten Mal eine
systematische Untersuchung zur Riickhaltung der o.g. RN an allen relevanten

Zementhydratationsprodukten durchgefiihrt.

Die Ergebnisse dieser Arbeit tragen zu einem verbesserten Verstandnis der Aufnahme und
Retention von langzeitsicherheitsrelevanten = Radionukliden in  Zement-basierten
Barrieresystemen bei und liefern damit einen wissenschaftlichen Beitrag zur

Langzeitsicherheitsbetrachtungen fiir die Endlagerung radioaktiver Abfille.
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1. Introduction

The peaceful use of nuclear power during the last decades created an increasing amount of
nuclear waste. The majority of the nuclear waste is produced by commercial nuclear power
plants in operation and in particular during decommissioning. Moreover, civil research in
nuclear technology, nuclear medicine, reprocessing of nuclear waste and nuclear fuel
production contribute to the quantity of radioactive waste (WNA, 2018). From the many
disposal strategies that have been suggested over time, the disposal of radioactive waste in
deep geological repositories using a multi-barrier concept is the most favored, in particular for
intermediate-level (ILW) and high-level radioactive wastes (HLW) (Committee on
Radioactive Waste Management, 2006; European Union, 2011; Kommission Lagerung hoch
radioaktiver Abfallstoffe, 2016; NAGRA, 2006). At the technical and scientific level, it is
generally agreed that this concept represents the safest and most sustainable option for the
management of high-level radioactive waste and spent nuclear fuel. Research and
development work on disposal concepts for a save enclosure of the waste has been performed
for several decades. However, it remains a challenging task to demonstrate the long-term

safety of a deep geological repository for the required timescales of up to one million years.

In the last decades, significant progress has been made on the development of waste
management and disposal strategies in many countries and the siting process for geological
repositories. In the United Kingdom, the Nuclear Decommissioning Authority (NDA) became
operational in 2005 and is now responsible for the decommissioning of 17 nuclear sites.
Furthermore, the NDA is also responsible for the development of an underground Geological
disposal facility (NDA, 2017), although a site for a repository for higher activity waste has not
been selected yet. In 2015 the Environmental Agency accepted the low level waste (LLW)
Repository Ltd.’s proposal permitting the continued disposal of low level radioactive waste
repository (LLWR) in Cumbria, UK (Environment Agency, 2015). The German Konrad mine
site repository was granted in 2007 for low level and intermediate level waste, a former iron
ore mine, was licensed under nuclear law and permission for construction and operation as
final repository for radioactive waste with negligible heat generation (BfS, 2008). Konrad is
planned to be operational in 2027 (BGE, 2018). A German repository site for high level
radioactive, heat generating waste will be selected in a stepwise, science-based and
transparent process within the framework of the Repository Site Selection Act within the next

decades (StandAG, 2017).



Swedish, Swiss, French and Finnish projects on deep geological repositories are making
fast progress. The Finnish Government has granted the nuclear waste management
organization Posiva in 2015 (Mokka, 2015), as well as the Finnish Radiation and Nuclear
Safety Authority in 2016 (Heinonen and Isaksson, 2016) a construction license for a deep
geological disposal facility. In the Finnish disposal strategy, a deep geological repository for
high level nuclear waste in granite host rock, is located at Olkiluoto. Crystalline host rocks,
like granite, are one of three favored potential host rocks, beside clay and salt, for deep
geological repositories (IAEA, 2009). Granite has a very low intrinsic permeability, as long as
the repository is placed outside of fracture zones, a high heat resistance, but thermal
diffusivity and radionuclide retention capacity are mediocre. In the current French and Swiss
concepts, clay rocks are explored as host rock for a repository, due to their very low
permeability and the high retention potential for radionuclides. On the other hand, the lower
thermal resistance results in a larger footprint and needs to be considered in the siting
progress. Moreover, higher technical efforts are required for the stabilization of drifts and
disposal tunnels (e.g. by shotcreting), due to the lower geomechanical stability of clay rocks.
Salt, as an undisturbed host rock, is practically impermeable to water, and exhibits high heat
resistance and thermal diffusivity. Tunnels and shafts drilled in salt do not need to be
supported by secondary structures and due to the viscosity of salt small holes and gaps will be

closed with time (Deutsches Atomforum e.V., 2015; Geckeis et al., 2012).

Irrespective of the host rock, the general concept for the deep geological disposal involves
a multi barrier concept. In the multi barrier concept, various engineered barriers
(engineered barrier system EBS) in combination with the geological barrier are present to
isolate the waste from the biosphere (Ojovan and Lee, 2014). The barrier system consists of a
number of components. Design and materials of the barrier system used, depend on the host
rock and disposal concept itself, but they can generally be described by the waste matrix, the
waste container, the buffer or backfill material, repository walls or tunnel linings and the host
rock itself. The engineered barrier system acts to protect the primary waste container that is
initially containing the nuclear waste. In case of a container failure, the barriers should limit
and delay the release of long-lived radionuclides from the repository near-field into the host
rock and the biosphere. Materials considered for waste canisters comprise steel, copper, and
concrete materials of various compositions, whereas the selection of backfill materials like
bentonite clays, crushed salt, or cementitious materials (e.g. OPC based mortars, Nirex
Reference Vault Backfill or Sorel cement) depends on the host rock and disposal concept
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(ANDRA, 2008; Bamforth et al., 2012; Crossland and Vines, 2001; ONDRAF/NIRAS, 2001;
Schatz and Martikainen, 2012).

Cementitious materials are applied for various tasks in nuclear waste management and
disposal due to their radionuclide immobilization potential, including low solubility of many
metals at high pH (Ochs et al., 2016). Beside the use of cement for the solidification of liquid
wastes or bulk materials, concrete is used as shielding in double walled waste containers or as
a container material on its own (ANDRA, 2005; Kugel and Mbéller, 2017; Poyet, 2006).
Furthermore, cementitious materials are widely used in the construction of near surface and
deep geological repositories. Tunnels and shafts drilled into clay host rock need to be
supported by an engineered lining along the tracks, mostly steel supported shotcrete
structures, to avoid break down of material or collapse of engineered structures, providing an
additional barrier for the long-term safety of the final repository. Moreover, cementitious
backfill materials are intended to be used in the Swiss repository for low and intermediate
level waste in Opalinus clay (Figure 1) as well as the Belgian high-level waste repository in
Boom Clay (NAGRA, 2008; ONDRAF/NIRAS, 2001). In the latter concept, a HLW
container containing a concrete buffer, the so-called "Supercontainer" is used
(cf. Bel et al., 2006). In case of the Swedish and Finnish repositories in crystalline rocks,
cementitious materials will be used for sealing of fractures to control and limit groundwater

inflow.

Figure 1 Schematic view of Swiss LMA/SMA repository concept for geological disposal of low
and intermediate level wastes (NAGRA. 2008).1) Waste container; 2) Mortar, 3) Construction
concrete; 4) Shotcrete lining; 5) Clay host rock (Opalinus Clay). (Copyright Nagra, NTB 08-01,
Fig. 3.9)



Cement grouting of the rock was discovered to be the main tool in controlling water
ingress into the underground tunnels of the final repository and the applied cementitious
materials will also act as a barrier material in case of a canister failure (Kronl6f, 2003). Salt
concrete (i.e. concrete using OPC and fly ash as binder and crushed salt as aggregate) and
magnesia-based Sorel cements are used for drift and shaft seals and partly as backfill material
in repositories in salt rocks (Mauke and Herbert, 2015; Ranft et al., 2010). Due to this
widespread usage of cementitious materials in the repository near-field, an in-depth
understanding of the migration behavior of safety-relevant radionuclides, in particular mobile
fission and activation products (MoFAPS such as '33Cs, I, *Tc, Mo or Se) in

cementitious environments is important with respect to the long-term safety of the repository.

The migration behavior of radionuclides in cementitious materials is controlled by
radionuclide solubility phenomena at high pH conditions, diffusion, interface processes such
as surface complexation, or incorporation of radionuclides into solid phases, including the
formation of solid solutions. The phase composition and the physical properties like porosity
and strength of cementitious materials depend on various factors such as the type and
composition of the cement, the usage of cement additives amount of water used for the
hydration, hydration time, the cement composition and cement additives, the retention of
radionuclides can vary in terms of retention potential or even in terms of the mechanism itself.
Over the last decades, a large number of studies focused on the uptake and retention of
radionuclides by hardened cement pastes or concretes (cf. Atkins et al., 1994; Atkins and
Glasser, 1992; Atkins et al., 1991a; Berner, 1992; Evans, 2008; Glasser and Atkins, 1994;
Hinchliff, 2015; Holland and Lee, 1992; Jantzen et al.,, 2010; Kim et al., 2011;
Ochs et al, 2016; Wieland, 2014 and reviews by Evans, 2008; Glasser, 2011;
Glasser, 1997; Gougar et al., 1996; Jantzen et al., 2010). Within these studies, the retention
potential of various cement formulations and effects of the admixture of blast furnace slag or
fly ash etc. on the barrier function of cementitious materials were investigated (Allen et al.,
1997b; Atkins and Glasser, 1992; Smith and Walton, 1993; Sugiyama and Fujita, 1999).
Using batch uptake or diffusion experiments, radionuclide distribution coefficients and
diffusion coefficients were obtained in these studies for a variety of cementitious materials,
leading, inter alia, to the development of various sorption coefficient databases (e.g. Heath et
al., 2000; Ochs et al., 2016; Wang, 2013; Wieland, 2014; Wieland and Van Loon, 2002).
However, the mechanisms governing the immobilization of various safety relevant
radionuclides by cementitious materials on the molecular scale are still not completely
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understood and detailed data for safety relevant radionuclides (e.g. 2*°Ra, '*I, *Tc, **Mo,

Se) from scientific and applied perspective are scarce or lacking.



2. Cementitious materials and their application in nuclear waste

management

2.1. Composition and properties of cementitious materials

Concrete is a composite material composed of fine and coarse aggregates bonded together
with a fluid cement paste, often based on ordinary Portland cement (OPC), which hardens
over time. Hydraulic cements like Portland cement set and become adhesive due to a chemical
reaction between the dry ingredients (cement clinker) and water, which results in the

formation of various hydration phases.

For the production of OPC clinker sources of calcium oxide and silicon oxide are needed,
as well as small amounts of aluminum oxide and iron oxide. Since it is produced from natural
resources, the final composition of cement varies slightly, depending on the source of raw
materials (e.g.: limestone, clay or shale). For the production of Portland cement clinker
typically limestone and a clay or shale, providing CaO and SiO; respectively, are mixed and
ignited (Taylor, 1997). Reactions taking place during heating the material in a rotary kiln to
1450°C can be divided into three subgroups (Figure 2). The first step below 1300°C can be
described by the decomposition of calcite and clay minerals, where water and CO; are
removed from the system. In this stage the major product formed is a dicalcium silicate
(belite, CaSi04). At temperatures above 1300°C the belite is reacting with remaining lime to
form the tricalcium silicate alite (Ca3SiOs). Furthermore, a melt is formed consisting of
aluminate and ferrite. After cooling, the clinker material forms it final phase assembly. The
agglomerated clinker contains 45-80% tricalcium silicate (alite),
0-32% dicalcium silicate (belite), 4-14% calcium aluminoferrite, 7-15% tricalcium aluminate
and to some minor extend free CaO as well as MgO (Taylor, 1997
Verein Deutscher Zementwerke, 2002). After cooling, the clinker is ground into a fine
powder. During grinding, additives like polycarboxylether can be added to limit coating of the
mill and enhance workability. Gypsum is added during grinding to slow down setting of the

cement after the addition of water.
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Figure 2 Composition of cement clinker material in a rotary kiln as a function of heat transferred.
(Source: www.cementkilns.co.uk/ckr_therm.html: 28.08.2017, modified)

The properties of Portland cement based materials like setting time, flow workability, heat
production on hydration, mechanical strength etc. can be adjusted to fit the requirements for
the final concrete product by blending the Portland cement clinker with other materials.
DIN EN 197-1 defines five main types of cement (CEM I — CEM V) comprising 27 different
cement formulations with varying in the kind and amount of constituent
(volcanic ash glasses, calcined clays and shale). Pozzolans itself are used in cement chemistry
to reduce pH of cement pore water and add mechanical strength. BFS containing cements
develop strength more slowly than OPC, however, due to the reactivity of BFS, BFS cement
develops higher strength after 28 days compared to OPC. The addition of fly ash enhances the
workability of the cement paste and gives a lower porosity in the HPC. Furthermore, to

increase or decrease setting retardation or acceleration agents can be added.

Cement formulations are selected in most cases to address specific requirements regarding
mechanical properties, heat of hydration, and resistance or workability. However, also solute
transport and diffusion properties can be adjusted, e.g. by addition of silica fume or by

reducing/increasing the water to cement ratio. Even though cement properties are adjustable
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to fit the needs for most applications, in some cases special cement formulations are needed to
fulfill specialized tasks. Hence, several special cement formulations like low pH cement
(low in sodium, potassium and portlandite), sulfate resisting Portland cement SRPC
(low in alumina), and HTS cements (“haute teneur en silice” a cement rich in silica), non OPC
based cements like CAC (calcium aluminate cement), salt cement and Sorel cement
(also known magnesium oxychloride cement) are used for specific purposes. HTS cement can
be produced by addition of fumed silica to cement. This also effects, beside the acceleration
of the clinker hydration, the density of the final paste a higher mechanical strength as well as
lower permeability due to filling of small spaces by fine material used. In contrast to OPC,
CAC cement is made from limestone and bauxite or other materials low in SiOz. The educts
are complete reacted at temperatures between 1450°C and 1600°C to give various calcium
aluminates like CA (CaAl20s), Ci12A7 (Cai2Al114033) and CAg (CaAl12037) (Taylor, 1997).
Beside rapid strength formation, CAC cements are usually more resistant to sulfate and many
other chemical attacks. Sorel cement on the other hand differs quit strongly from the
previously described cement formulations. Sorel cement is a magnesia based binder obtained
by mixing magnesium oxide and magnesium chloride with water. The final hydration product
is a magnesium oxychloride. This cement is used for production of backfill material in the

Asse repository (The Federal Office for Radiation Protection, 2009).

2.2. Cement hydration

OPC is a complex mixture of alite, belite, calcium aluminoferrite, tricalcium aluminate,
free CaO and MgO (chapter 2.1). Its hydration behavior and chemistry and the hydration
products formed have been addressed in many studies (Atkins et al., 1991a;
Baquerizo et al.,, 2015; Bennett et al., 1992; Berner, 1988; Blanc et al., 2010a, b;
Breval, 1976; Damidot et al., 2011; Lothenbach and Wieland, 2006; Matschei et al., 2007;
Merlini et al., 2007; Scrivener et al., 2015; Tuerker et al., 2003; Wei and Yao, 2013).



Figure 3 SEM picture of OPC-based HCP hydrated for 3 days. Large crystals are portlandite (1),
needles are ettringite (AFt) (2), hexagonal sheet-like crystals are AFm phases (3), cloudy material
surrounding small grains are C-S-H phases (4).

Hardened cement pastes from OPC containing cements generally consist of a complex
heterogeneous mixture of various hydrated phases, mainly nanocrystalline calcium-silicate-
hydrates (C-S-H), portlandite (Ca(OH)2), and calcium aluminate/ferrate compounds
(AFm/AFt) (cf. Figure 3; Glasser, 2001; Taylor, 1997). The composition of a specific
cementitious material and its microstructure (e.g. pore size distribution and pore structure)
depend on the cement types and the mixing and curing processes (Taylor, 1997). In Table 1,

the calculated composition of different hardened cement pastes is given.

Hydration of cement starts when the grinded clinker material is mixed with water. This
mixture is called cement paste; the typical water to cement ratio is in the range of 0.3 L kg™! to
0.6 L kg'!' for concretes used for construction purposes. Higher water to cement ratios will
increase the porosity of the final HCP increasing its diffusivity and reducing mechanical
strength. From the four main clinker phases C3A is the most reactive. When water is added it
reacts quickly and exothermic into a alumina rich gel, which will react with dissolved sulfate
ions to give Cas(Al,Fe)2(OH)12SO4-xH20 (AFm). This reaction is the main reason for the very
rapid development of strength (Taylor, 1997). The speed of hydration strongly depends on the
initial water soluble sulfate concentration, typically increased by the addition of gypsum.
Without gypsum the cement paste would rapidly develop strength and workability is
decreased (Verein Deutscher Zementwerke, 2002).



Table 1 Calculated weight proportions of hydrated phases in OPC based hardened cement pastes.

CEM1 CEM I

opct opCH 535 NI 425 N NRVBH
Hydrate phase wt.-% wt.-% wt.-% wt.-% wt.-%
C-S-H 50 - 60 64.6 51 40 24.8
Calcium hydroxide 20-30 25.4 20 18 23.2
AFt 0-10 52 8.9 13.5 -
AFm 0-10 18.4 9.77 12.7 -
Hydrotalcite 2.9 1.6 2.9 -
Hydrogarnet 5.5 - - 10
Calcium carbonate - 1.1 1.1 42

[ Glasser (1997)
I Taylor (1997)
B Lothenbach and Wieland (2006)
“ Wilson et al. (2017)

The time between initial mixing and strength development should be between 45 and 75
minutes, according to DIN EN 197-1. The amount of gypsum admixed has to match the
stoichiometry of ettringite (Cas(Al,Fe)2(OH)12(SO4)3-26 H20; also termed AFt). At this
composition the C3A will react mainly towards hexagonal rod like ettringite crystals within
the period of early hydration. The concentration of ettringite will peak at approximately
24 to 48 hours of hydration and decrease afterwards. Release of sulfate from ettringite is
giving raise in AFm concentration which finally leads, together with ongoing C-S-H

formation, to strength development in the hydrated cement paste.

The hydration of the calcium silicate phases basically forms gel-like calcium silicate
hydrates (C-S-H). The hydration reaction of alite (C3S) and belite (B-C2S) differ in speed,
with the hydration reaction of alite being faster. Typically, 70% of this clinker phase is
reacted within the first 28 days of hydration and, more than 99% are reacted after 1 year.
Belite (B-Ca2S) is reacting slower and responsible for the later strength development. Within
the first 28 days of hydration, approximately 30% have reacted and 90% within 1 year
(Garbev, 2004). The products formed by the hydration of C3S and B-C.S are C-S-H and
portlandite (Ca(OH)2). Due to its stoichiometry, hydration of C3S produces more portlandite.

Figure 4 provides an overview of the time dependent hydrate phase development in OPC.
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Figure 4 Schematic view of time dependent hydrate phase development in OPC based
cementitious materials (Verein Deutscher Zementwerke (2008), modified).

The hydration products obtained from cements containing blast furnace slags
(e.g. CEM III or CEM or CEM V) are very similar to OPC, although the higher content of
alumina and magnesia in BFS containing cement formulations increases the contents of
aluminate phases (AFm/AFt) and hydrotalcite (MgsAl2[(OH)16/CO3]-4H20) in the HCP. The
addition of fly ash also affects the kinetics of cement hydration. In the early stage of
hydration, fly ash slows down the hydration reaction of alite, whereas the additional
nucleation sites provided by fly ash accelerate the hydration reaction in later stages
(Taylor, 1997). Furthermore, the formation of aluminates and ferrites are also accelerated. In
early stages, the content of portlandite is higher compared to OPC, whereas in later stages of

hydration, portlandite is consumed due to the pozzolanic reaction.

Calcium aluminate cements (CAC) have similar hydration kinetics and strength
development compared to cementitious materials based on Portland cement. Due to the lack
of silicon, here the hydration products are mostly calcium aluminates. The actual hydration
products of CAC are depending on curing time and curing temperature. At low temperatures
and young ages, various calcium aluminates are formed, whereas the major hydration product
at curing temperatures above 30°C and at later ages are hydrogarnet type phases (C3AHg) and
aluminum hydroxides. Since, the retention of radionuclides is a function of the types and

amounts of phases formed during hydration, the differences in phase composition of HCP
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from various cement formulations are essential to predict the retention potential, based on a

component additive approach.

2.3. Major cement hydration phases

231 C-S-H

Calcium silicate hydrates (C-S-H), with the general formula xCaO-SiO;'yH>O, are the
main hydration phase in hardened OPC based cement paste. C-S-H is a nano crystalline
material with low long-range order, exhibiting only a few very diffuse structural reflexes in
X-ray diffraction analysis, that has been intensively studied in the last decades
(Atkins et al., 1992; Chen et al.,, 2004; Fuji and Kondo, 1981; Grutzeck et al., 1989;
Henocq et al., 2014; Lothenbach and Nonat, 2015; Roller and Ervin, 1940; Sugiyama, 2008;
Taylor, 1950). The structure of C-S-H is related to the mineral 14A tobermorite and can be
described by a defect tobermorite structure (Lothenbach and Nonat, 2015; Richardson, 2014;
Richardson, 2004). C-S-H phases are either formed by hydration of C,S and CsS or formed by
reaction of calcium hydroxide and silicon oxide, by the pozzolanic reaction. C-S-H gels are
characterized according to their calcium to silicon ratio. The two most clearly definable
phases were thought to be C-S-H I at low Ca/Si ratios and C-S-H II at high Ca/Si ratios,
which are structurally imperfect forms of their natural analogues, namely tobermorite and
jennite respectively (Richardson, 2004; Richardson, 2008; Taylor, 1997). However, more
recent studies indicate that the environment of Ca and Si is independent of the Ca/Si ratio
hence, the tobermorite like structure seems to be preserved (Lothenbach and Nonat, 2015;

Sezen et al., 2012).

In general, the C-S-H structure consists of a calcium oxide layer (octahedral layer) with
repeating chains of silica dreierketten attached on both sites, providing exchange sites for
sorption (Figure 5). With increasing calcium to silicon ratio in C-S-H phases the bridging
tetraeder of the silicon dreierketten is missing resulting in the imperfect tobermorite structure.
Based on the structural model of Bonaccorsi et al. (2005), all of the silica chains are
connected via a bridging tetraeder at Ca/Si ratio of 0.83; at Ca/Si = 1.4 the silica layer is

consisting of silicon tetraeder dimers only.
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Figure 5 Schematic representation of the C-S-H structure with octahedral CaO; layers (A) and the
interlayer (B) (Hamid (1981)).

Synthetic C-S-H produced by pozzolanic reaction of calcium hydroxide and silica fume in
a batch reaction is limited to a maximum Ca/Si ratio of 1.45 (Lothenbach and Nonat, 2015).
This limit can be described by the maximum activity of calcium ions fixed by the solubility of
portlandite. Excess calcium will precipitate as Ca(OH)a, if the initial concentration is higher.
For Ca/Si ratios below 0.7 the activity of silicon as silicic acid is limiting the lower end giving
a mixture with (amorphous) silica at lower Ca/Si ratios. Higher Ca/Si ratios in C-S-H obtained
from the hydration of ordinary Portland cement is due to the hydration of alite. On the
reaction of alite and water, the solution is supersaturated with respect to calcium, resulting in
a C-S-H with a Ca/Si ratio between 2.2 — 1.8 (Lothenbach and Nonat, 2015; Taylor, 1950). In

mature cement pastes the Ca/Si ratio is usually between 1.2 and 0.9 (Garbev, 2004).

Beside the dependency of the mean silica chain length and the water content of the C-S-H
gels on the Ca/Si ratio, also the equilibrium pH varies with respect to the calcium content in
the C-S-H gel (Lothenbach and Nonat, 2015). More precisely, a solution in equilibrium with
C-S-HO0.9 has a lower pH (pH = 11; c¢(Ca) =4 mmol L") than a solution in equilibrium with
C-S-H1.4 (pH=12.3; ¢(Ca) =21 mmol L"). Furthermore, due to the difference in surface
structure at the different calcium to silicon ratios, the zeta potential changes. The surface
charge is created by deprotonation of silanol groups by binding of alkalis and alkaline earths
(Na, K, Ca). Calcium can balance the negative charge and is also capable of over
compensating the surface charge in the form of =SiOCa’ surface species, resulting in a
positive charge at higher Ca/Si ratios (Labbez et al., 2007; Labbez et al., 2011). Therefore,
C-S-H1.45 has a positive and C-S-H 0.83 a negative surface charge. The point of zero charge
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is at Ca/Si = 1.2 (Ochs et al., 2016). This provides for an increasing anion sorption potential
for C-S-H high in calcium and a better cation sorption potential for C-S-H low in calcium.
Incorporation of bivalent cations into the C-S-H interlayer as an additional uptake mechanism
has been discussed previously by various authors (Komarneni et al., 1986; Komarneni and
Tsuji, 1989; Missana et al., 2017; Shrivastava and Glasser, 1986; Shrivastava and Komarneni,
1994; Tits et al., 2006a). Uptake of large cations like radium and barium by C-S-H is usually
attributed to cation exchange with calcium and potentially also by silanol-like sorption sites at
the C-S-H surface (Missana et al., 2017; Tits et al., 2006a), whereas the uptake of these ions
into the C-S-H interlayer has been debated. In general, it was concluded that cations smaller
than calcium (e.g. Ni, Co or Zn) as well as Sr can replace calcium in the C-S-H interlayer,
whereas the uptake of cations larger than calcium was limited to sorption at surface sites.
However, more recent investigations on the uptake of Np(VI/V) and U(VI) by C-S-H
suggested that also large cations can be incorporated into the C-S-H interlayer spacing

(Gaona et al., 2011; Gaona et al., 2012; Tits et al., 2014; Tits et al., 2011).

2.3.2.  AFm and AFt

The aluminate (and ferrite) sulfate phases in hydrated cement pastes are usually termed
AFm/AFt, based on their chemical composition. AFm refers to a Al2O3-Fe;O3-mono-(sulfate)
and AFt to a AlOs3-FexOs-tri-(sulfate) phase in cement chemistry terminology. The letter m/t
refers to mono or tri substitution of the phase by (monovalent) anions giving the general
formula Ca>Al(OH)s" X" for AFm phases and Ca3Al(OH)s" X3 for AFt (Taylor, 1997). Beside

the similarities in chemical composition, both phases comprise different structures (Figure 6).

In cementitious materials a variety of layered double hydroxides (LDH) phases can be
formed depending on the ions present in the hydrated cement paste. LDH in general have
received considerable attention in the last decade due to their high anion exchange capacity.
The AFm phases in HCP can be structurally described as CaAl-LDH. They are composed of
alternating positively charged brucite-type layers and negatively charged layers of anions
(interlayer), forming lamellar structured, hexagonal, or pseudohexagonal plates (Figure 6).
The hydroxide layers structurally related to brucite (or portlandite) are built from octahedrally
coordinated divalent metal cations, with one third of the divalent metal cations replaced by
trivalent cations (Matschei et al., 2006). Due to the abundance of calcium and aluminum, the

hydroxide layer is occupied by Ca’>* and AP*/Fe** like in AFm-SO4
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(CasAlx(OH)12S04-xH,0), whereas the anion interlayer can be composed of SO4>, OH'(AFm-
OH), or CO3%( AFm-CO3). Friedel’s salt (AFm-Cl;) can be formed due to the ingress of
chloride ions into cementitious materials. Furthermore, due to the magnesium contained in the
cement formulations, the formation of small amounts of hydrotalcite, a Mg?"-Al**/Fe*" LDH

containing carbonate ions in the interlayer, is often very likely (cf. Taylor, 1997).

AFt, which is structurally related to ettringite (CasAl2(OH)12(SO4)3-26 H20) on the other
hand has a rod and channel like structure whereas the rods contain the tri- and divalent metal
cations (Ca?"-Al**/Fe*"). The anions are located in the channels formed in between the rods.
Due to this structure, the anion substituted ettringite-structured end members with AsO4>",

B(OH)s, COs*, CrO4*, OH, Se04>, SO3*, VO4* can be synthesized (Baur et al., 2004).

Figure 6 Schematic view of the column like crystal structure of ettringite (left) and the lamellar
structure of AFm-SOy (right).
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2.3.3.  Hydrogarnet

In the cement literature hydrogarnet is usually defined as the silicon-free composition
Ca3zAl(OH)12 (Figure 7). However, in real cement pastes hydrogarnet often includes Si
(Taylor and Newbury, 1984) similar to the mineral
katoite (Ca3zAlx(Si04)3-x(OH)ax, x = 1.5 to 3).

Hydrogarnet is the thermodynamic stable phase in the CaO-AlO3-H2O system
(Brisi et al., 1986; Pommersheim and Chang, 1986). Hydrogarnet is formed by the reaction of
CsA with water. It has been shown that the direct products of this hydration reaction are
C2AHs and Cs4AHp9, which are subsequently converted into C3AHs (Hydrogarnet)
(Taylor, 1997). At elevated temperatures (>40°C) it is observed that the hydration gives
C3AHg directly (Verein Deutscher Zementwerke, 2002). Uptake of RN by hydrogarnet is
rarely investigated. Sorption on hydrogarnet may be through ion substitution, e.g. Cr(IIl) may
replace Al in hydrogarnet (Glasser, 2002; Ochs et al., 2016).
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Figure 7 Structure of hydrogarnet (C3AHs). Light blue: calcium, grey: aluminium, red: oxygen.
(Lager et al., 1987)
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2.4. Cement alteration

The alteration of cementitious materials like concrete in aqueous environments with time
is a complex phenomenon, depending on initial phase assemblage and the type of water in
contact with the material. Cementitious materials are generally not in equilibrium with their
environment. Hence, phase composition, pore water composition, as well as micro structure
and transport properties are changing with proceeding aging or alteration of the cementitious
materials. The alteration of the material can be linked to different phenomena. Either,
essential elements (e.g. Na, K, Ca) are leached and removed by out-diffusion or advective
transport, resulting in decreasing pH and depletion of buffer phases (cf. section 2), resulting in
a weaker structure and higher porosity. This process referred to as leaching and has been
subject to a large number of studies regarding the long-term behavior of cementitious systems
for a range of scenarios (e.g. Baur et al., 2001; Borkel et al., 2014; Brodda and Xu, 1989;
Harris et al., 2002; Mattigod et al., 2001; Trigardh and Lagerblad, 1998; Yang et al., 1995).

On the other hand, addition or in-diffusion of elements and molecules capable of
chemically reacting with the phases present in the cementitious matrix can result in alteration
processes leading to deleterious effects, like expansion or cracking, or loss of mechanical
strength. As previously mentioned, sulfate is a common cement additive used for retardation
of cement hardening. If the hardening material reaches an internal temperature of more than
60°C, delayed ettringite formation can occur, if certain other factors are satisfied as well
(e.g. alkali- and MgO content) (Taylor, 1997). Due to the large molar volume of ettringite, the
hardened cement paste develops cracks resulting in a higher porosity and weaker structure. In
contrast, an external attack of sulfate ions will occur, if hardened cement pastes come into
contact with sulfate containing ground water. Here, the chemical reaction between the ground
water and the HCP will also result in cracking of the cement, due to formation of expansive
phases, with an inwards moving reaction front. The products of the chemical reaction are
often a mixture of gypsum and ettringite (Taylor, 1997). If sulfate and carbonate anions are
present at the same time, thaumasite (Ca3Si(OH)s(CO3)(SOs)-12H20) can be formed
(Taylor, 1997). Moreover, microstructural changes can also occur due to the ingress of
chloride or carbonate ions or gaseous COa, respectively. The reaction of aluminate phases like
AFm with chloride is known as chloride attack (Taylor, 1997). The product of this reaction is
Friedel's salt, an AFm type phase (Ca2Al(OH)s(Cl) -2H20).
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A more complex alteration mechanism is observed by reactions with carbonate, derived
either from gaseous carbon dioxide or due to high concentrations of dissolved carbonate
anions, i.e. carbonation. The solubility of CO; is higher at high pH, consequential CO; has a
higher affinity to be dissolved in high pH cement pore water. Carbonation is a common
alteration process of cementitious materials (Taylor, 1997; Triagardh and Lagerblad, 1998)
leading to changes in the phase assemblage due to formation of calcite, in particular at the
expense of portlandite, decalcification of C-S-H and subsequent calcite formation, and
formation of amorphous silica gels, accompanied by decreasing alkalinity and pH of the pore
solution. Moreover, carbonate ions are also capable of substituting for sulfate ions in AFm

phases to form AFm-COs as alteration product.

C-S-H acts as a buffer material maintaining a high pH (pH > 11) whereas the actual pH is
depending on the Ca/Si-ratio of the C-S-H itself. The incongruent dissolution of C-S-H
maintains the equilibrium pH and consumes calcium ions, either directly from C-S-H phases
or from cement pore water, resulting in continuously decreasing Ca/Si-ratios (Harris et al.,
2002). This is obtained by the continuously exchange of pore water or simple leaching of
dissolved elements. Within the exchange, mobile or soluble components are removed as
described in IAEA (2013) (Figure 8). These components, namely sodium, potassium and
calcium, are in equilibrium with the different minerals phases in HCP. These solids buffer the
concentration according to their solubility limit until they are entirely dissolved. Alkalis (Na,
K), responsible for the high pH (pH>13) in young cements, are very mobile. In a first phase
(Stage 1), if pore water is exchanged continuously, a drop in pH of approximately 13.5 to
about 12.5 is observed, which can be understood as a complete removal of sodium and
potassium from the leached cement paste (Ochs et al., 2016). In a second phase, portlandite is
buffering the pH around 12.5, providing for a Ca-concentration of approximately 20 mmol L!
in the pore solution. Large amounts of portlandite in OPC are responsible for the constant pH
over the prolonged time of stage II. In the third phase, the pH and chemistry of the pore
solution is controlled by the (incongruent) dissolution of C-S-H, whose initial Ca/Si ratio
depends on the type of cement used. As a consequence of the incongruent dissolution of the
C-S-H with preferential calcium leaching, the pH of the pore solution decreases continuously
with ongoing alteration, until the calcium ions in the C-S-H phases are depleted below
Ca/Si = 0.83. At this point the further leaching will lead to congruent dissolution of C-S-H
(Harris et al., 2002). In the second part of Stage III, the pH is buffered by the individual
hydration phases of the cement pastes giving different pH. A similar result is obtained by
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cement leaching with slightly carbonated ground water (Jacques et al., 2008; Ochs et al.,
2016).

The duration of these different stages of pore-water evolution in cementitious materials in
the disposal environment are depending on different factors (e.g. hydraulic conductivity of the
host rock, composition and porosity of the cementitious material, and ground water
composition) and it is generally expected to take tens of thousands of years to decrease the pH
in the cementitious material to approx. pH 10. Simulations regarding cementitious repository
materials in clay host rock, which is expected to maximize the durability, performed for the
Belgian super container concept, show that a pH above 12.5 will last for 80,000 years
(Wang, 2009). For the Swiss L/ILW repository these high pH values are calculated to last for
hundred thousand to million years in Opalinus clay, due to the large amounts of cement used
in the Swiss concept and the low permeability of the clay host rock (Wersin et al., 2003).
Calculations made for the UK cementitious repository concept indicate that a pH above 12.5
will be maintained over 100,000 years and a pH above 10.5 for over a million years

(Kursten et al., 2004).
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Figure 8 Schematic view of cement evolution under simple leaching conditions in disposal
environment (IAEA, 2013).
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2.5. Cementitious materials in Nuclear Waste Management

Geological disposal facilities are designed to fulfill the safety functions in different ways
over different timescales to ensure that the contained radionuclides are isolated from the
biosphere by using a multi-barrier system. A barrier is a physical entity like the waste package
and the backfill or the host rock acting as geological barrier. The different barriers can be
divided into two groups, the near field and the far field (Ojovan and Lee, 2014). In contrast to
the repository far field, strong chemical and thermodynamic gradients are expected in the
repository near field, in particular at the interfaces between different barrier materials. The
barrier function of cementitious materials, with respect to the retention and mobility of
radionuclides, strongly depends on its mechanical, physical and chemical properties. These
properties correlate with the cement formulation, including the additives used, and hydration
conditions of the hardened cement paste. Changes in phase composition of the applied

cementitious barriers are also observed in correlation with aging and alteration effects.

Nuclear waste management is taking profit from the easy and universal applicability of
cementitious materials for a large variety of tasks, e.g. solidification of low and intermediate
level waste, radiation shielding by cement or as barrier materials. By the solidification of
nuclear waste raw material, either a liquid or bulk material is converted into a solid and stable
waste form by the admixing of cement (Figure 9). Beside the use in stabilizing waste, cement
is applied in container claddings as shielding material. An example is the cladded concrete
shielded container (UBA) by GRS. This cask is produced for storage and transport purposes
of a maximum load of 1500 kg dry solid waste or up to 400 liter of waste, approved for
disposal in the Konrad repository beside a variety of conventional containers are produced
where either the container is entirely made out of concrete or concrete is used as shielding
(Kugel and Mbller, 2017). The "Supercontainer", a concept designed by the Belgian Agency
for Radioactive Waste and Enriched Fissile Materials (NIRAS/ONDRAF), is designed as a
package for spent nuclear fuel and vitrified high-level radioactive waste. It is a multiple
barrier system constructed of a 6 mm stainless steel envelope, a concrete buffer and carbon
steel over pack of 30 mm. The dimensions of the container are 420 cm in height and 193 cm
in width giving an ordinary Portland cement based buffer of approximately 70 cm to each side

(Poyet, 2006).
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Figure 9 Drum containing encapsulated cladding waste (Fairhall and Palmer, 1997; Copyright ©
by WM Symposia. All Rights Reserved. Reprinted with permission).

Furthermore, cementitious materials and concrete are foreseen for the construction,
stabilization and closure of most repositories for radioactive wastes. During construction of a
repository in clay host rocks, concrete and/or shotcrete are used as gallery liners and supports
of tunnels and shafts (ANDRA, 2005; Geckeis et al., 2012; Wacquier, 2012). In crystalline
host rocks, cementitious materials are used for stabilization of the rocks in fracture zones as
well as for grouting of fractures and cracks as an additional barrier against water ingress
(Kronlof, 2003). Furthermore, during repository closure cementitious materials will be used
as confinement for backfilling in particular in L/ILW repositories and for sealing of shafts and
drifts using cement plugs (ANDRA, 2005). Moreover, a cementitious backfill is also intended
to be used in the Belgian high-level waste repository, for compatibility with the cement-based

buffer in the "Supercontainer" (Bel et al., 2006).

Also the Belgium near surface repository concept for short lived low activity wastes
involves a wide range of cement and cementitious materials to be used in construction. Main
components are cementitious engineered barrier, the immobilization mortar, fiber-reinforced
concrete, lightly reinforced concrete, and the backfill material (Wacquier, 2012). The
auxiliary structures in a final repository require large amounts (several hundred tons) of
cementitious materials (Barcena and Garcia-Sineriz, 2008). The recent Belgium concept
includes prefabricated, wedge shaped blocks of concrete applied as gallery lining
(Van Cotthem et al., 2012). During improvements of German Konrad mine to fulfill the

requirements of a final repository for low and intermediate level waste, cementitious materials
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and concrete, mainly shotcrete, are used to stabilize tunnels and shafts and to grant safe
construction and operation. The applied consolidation layer consist of a 3 cm thick reinforced
layer of shotcrete and an outer lining thickness of 20 cm slotted shotcrete lining supported by

the use of 2 m bolts each square meter (Groll et al., 2015).

2.6. Chemical conditions in a cementitious near field

The chemical conditions in the near-field of cemented wastes or cementitious repository
materials (e.g. structural material or backfill) will be determined by the dissolution of soluble
constituents in the hydrated cement and the non-equilibration conditions between the
groundwater and the altering cementitious material (cf. chapter 2.4). Soluble components of
the cement like sodium and potassium hydroxide will dissolve and dominate the near-field
chemistry giving rise to a so called alkali plume having a high pH (De Windt et al., 2004;
Martin et al., 2016). The near field pH will be controlled by the cementitious material and its
state of alteration. A pH >13 will be maintained initially due to the leaching of very mobile
alkalis. Subsequently, the pH in the near-field will be buffered at a pH >12 by the excess of
portlandite present in cementitious material, whose initial amount depends on the cement
formulation used. In some cases a reduction in alkalinity is foreseen to reduce the alkaline
plume, which is affecting the host rock material. The low pH cement formulations will
maintain equilibrium pH according to their composition for the majority of the time
(Bach et al., 2013; Garcia Calvo et al., 2010; Lothenbach et al., 2012). In the longer term,
after depletion of portlandite, the pH will be controlled by the incongruent dissolution of
C-S-H, resulting in a continuous decrease in pH, until the pH of the surrounding groundwater

will be reached.

The redox potential in the repository near field is controlled by the corrosion of steel and
iron present in the repository (e.g. in the waste, as container material, or rebar in construction
concrete). After closure of a repository, the redox conditions are oxidizing due to the
remaining contents of oxygen in the repository. This oxygen will be consumed by corrosion
of steel and microbial processes until reducing conditions are reached. At this point reducing
conditions are maintained by the anoxic corrosion of the large quantities of iron contained.
The lowest redox potentials are obtained as long as uncorroded iron and steel is present.
Based on thermodynamic considerations, the redox potentials under post-closure conditions in

cementitious repository systems are thought to be in the range from -30 to -800 mV
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(Hummel et al., 2002; Wang, 2013). Anyhow, the corrosion rate of steel embedded in

cementitious material will be rather slow under anoxic conditions at high pH.

2.7. Mechanisms of radionuclide uptake in cementitious materials

In this work the uptake of radionuclides by different cementitious materials and model
phases is studied. The underlying mechanisms for the radionuclide uptake are based on
sorption and structural incorporation. Sorption refers to the accumulation of a sorbate at the
surface or in a sorbent. In general sorption is divided into three phenomena namely
absorption, adsorption and ion exchange. Absorption describes the incorporation of a gaseous
or liquid adsorbate into a liquid or solid, respectively. The absorption of carbonate by calcium
hydroxide followed by calcite precipitation and the absorption of water by cement are
processes that include a chemical reaction of the sorbate with the sorbent. In absorption a
chemical process takes place, whereas in adsorption the physical adherence to the surface of
the adsorbent is caused by electrostatic interactions, polarization interactions, and
hydrophobic expulsion (Stumm, 1992). Adsorption is the accumulation of atoms or molecules
at the surface of a solid from either a liquid or gaseous phase, without the formation of a
three-dimensional arrangement. Absorption may occur after adsorption, due to
recrystallization or diffusion, if the incorporation of previously sorbed molecule or atom will
result in a thermodynamic favorable homogenous crystal or solid solution. Ion exchange
describes the phenomena where ions are exchanged between two electrolytes, an electrolyte
and a complex or the exchange of cations on surfaces or in clay interlayers or anion exchange
in the interlayer between two positively charged oxide layers. Adherence of a molecule or
atom onto a surface by sorption can be distinguished into inner- and outer-sphere complexes,
surface precipitation, and solid solution formation. Whereas in an outer-sphere complex one
or more water atoms are between the solute cation and the Lewis base at the surface, in inner-
sphere complexes surface functional groups act as 6-donor ligand to form chemical bonds. By
this direct contact to the surface the electron density of the coordinated cation increases and
therefore chemical properties, like redox potential changes. Furthermore, reactivity of the

surface is also affected by inner-sphere complexes (Stumm, 1992).
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Electrostatic Adsorption

Precipitation Solid Solution

Figure 10 Sketch of ab-/adsorption, solid solution formation and precipitation.

A further relevant aspect in this context that needs to be discussed is the surface charge of
solids that has a very important factor regarding sorption. The charge, whether positive or
negative, determines the possible attraction and accumulation of ions onto the surface. The
surface charge itself strongly depends on the pH of the surrounding media, may arise from a
chemical reaction, or is a permanent charge like on the surface of clay minerals or the
hydroxide layer of LDH-type phases. For instance, the surface charge of a solid containing
OH groups (e.g. Fe- or Al-hydroxides) depends on the proton transfer to a functional group
and consequently on the pH of the medium. Therefore, a positive surface charge is dominant
at low pH (-OH»"), negative at high pH (-OH) and neutral in-between, whereas the actual
point of zero charge depends on the nature of the solid and describes the pH, at which the net
electrical charge at the surface is zero. In addition, a deprotonation reaction of hydroxyl
groups by reaction with divalent metal cations can also lead to a positive surface charge. The
electric charge of a hydrous oxide is dependent on the acid base behavior of its solid surface.
Furthermore, the surface charge of a solid can also be caused by replacement of ions in the
bulk solid. Since the substitution of an atomic with different valence in the lattice of a solid
can create a charged framework. As an example, related to cement hydration phases, due to
the substitution of the divalent calcium atoms in the hydroxide layer like in LDH-type AFm
phases by trivalent aluminum atoms, the hydroxide layer exhibits an excess of positive
charges. Therefore the layer is positively charged and anions are located in between two

hydroxide layers.

Sorption isotherms are often used to describe the dependency of the concentration, more

precise the activity of the adsorbate, on the absorbed amount at equilibrium state for of a
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specific substance at constant temperature. A variety of models are available to fit the
observations, differing in assumptions about sorption processes and materials properties. At
low solution concentrations, a simple linear sorption isotherm (termed Kq or Rq) can often by
applied. A BET-isotherm, developed by Stephen Brunauer, Paul Emmett and Edward Teller,
is often used for the determination of surface area by adsorption of a gas on the surface of a
solid. The sorption at the solid/liquid interface is often described in terms of Langmuir- or
Freundlich-isotherms. The exponential Freundlich-isotherm refers to the decreasing sorption
with increasing loading of the surface, although a saturation of the surface by the sorbent is
not accounted for. In Langmuir-isotherms it is assumed that all places on the surface are equal
and that a maximum loading of the surface can be achieved by a monomolecular layer.
Although the sorption isotherms can describe the experimental findings, the application of
isotherms provides no insight into the uptake mechanism and does not clarify between

uptake/sorption and structural incorporation.

2.8. Retention of radionuclides by cementitious materials

The uptake and binding of radionuclides to cementitious materials have been investigated
in a large number of studies over the last decades (e.g., see reviews by Evans, 2008;
Gougar et al.,, 1996; Glasser, 1997; Glasser, 2011; Jantzen et al., 2010). However, the
behavior of a number of safety relevant radionuclides in cementitious environments, the
mechanisms of their uptake by various hydration phases or the effects of long-term alteration

processes on radionuclide migration behavior are not completely understood so far.

In the context of direct disposal of spent nuclear fuel, but also with respect to the disposal
of other uranium rich waste streams (e.g. depleted uranium), the uranium daughter nuclide
radium is relevant to the long-term safety of a repository. Recent assessments show that 22°Ra
can emerge as one of the main contributors to the biosphere dose in the long-term
(i.e. after more than 100,000 years) in some scenarios (cf. NAGRA, 2002;
ONDRAF/NIRAS, 2001; SKB, 2011). Since most of the backfill materials used in engineered
barriers (e.g. Bentonite and hydrated cements consisting mainly of C-S-H) have negatively
charged surfaces, they are unlikely to retard radionuclides in anionic forms, such as
I', MoO4* and TcO4, which are generally deemed to be rather mobile in the repository near

and far field, and emerge often as relevant contributors to the radiological risks in post closure
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safety assessments. Thus in this work, the interaction of >*°Ra as well as 17103, MoO4> and

TcO4 with cementitious materials was investigated in detail.

2.8.1.  Radium

226Ra is a daughter nuclide of 23U, the most abundant uranium isotope. Therefore, with
respect to the direct disposal of spent nuclear fuels, 2*Ra can be a main contributor to dose in
the long-term (i.e. after more than 100,000 years) due to the high concentrations of uranium

present within the waste inventories (SKB, 2010).

However, up to now detailed investigations on the uptake of radium by cementitious
materials have been rather scarce, and are limited to uptake/sorption of radium by HCP and
C-S-H-phases (Bayliss et al., 1989; Holland and Lee, 1992; Tits et al., 2006a). For example,
the uptake of radium by hardened cement paste was investigated by Bayliss et al. (1989) in
cement equilibrated water. Experimental results indicated that the concentration of radium
remained constant after adding sulfate to the cement-equilibrated solution in contrast to the
thermodynamically predicted solubility limit calculated for RaSO4. This phenomenon was
explained by the lack of sufficient nucleation sites. In the same work Bayliss et al. (1989) also
studied the uptake of radium by a sulfate resistant Portland cement (SRPC) and an ordinary
Portland cement (OPC) blended with blast furnace slag (BFS), indicating higher uptake of
radium by OPC/BFS. Higher sorption by OPC/BFS was explained by formation of RaSOs.
Holland and Lee (1992) investigated the sorption of radium to SRPC/BFS, SRPC/PFA, high
alumina cement (HAC), OPC, SRPC and tobermorite as a C-S-H surrogate. Distribution
ratios or partition coefficients (Rq) obtained in these sorption experiments were highest for
HAC and lowest for SRPC. Although these results show that the addition of BFS to SRPC
increased the retention of Ra, PFA caused even greater enhancement onto SRPC. Sorption of
radium onto tobermorite was studied in simulated pore water (pH 13.1), saturated lime
solution (pH 12.6) and SRPC equilibrated water (pH 12.4). The highest distribution ratio was
obtained in saturated lime solutions. Tits et al. (2006a) investigated the interaction of radium
with C-S-H and hydrated cement pastes (HCP). In this study, calcium silicate hydrates with
different calcium to silicon ratios were synthesized to represent the composition of the C-S-H
phases expected at different stages of the evolution of cement pastes. It was demonstrated that
the uptake of radium by C-S-H is fast and reaches completion within one week of

continuously shaking. The uptake kinetics showed no differences regarding the calcium to
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silicon ratio, but the distribution ratios decreased with increasing calcium content of the C-S-
H phases, indicating competitive interactions between calcium and radium. Studies on the
liquid to solid ratio used in the batch experiments showed that almost no influence on the
distribution of radium was observed by varying the liquid to solid ratio. Tits et al. (2006a)
also investigated desorption of radium from the above mentioned phases and observed that
radium sorption onto C-S-H phases is linear and reversible. Based on results obtained for the
sorption of Sr** to C-S-H phases, it was stated that the sorption of radium can be described in
terms of a cation exchange model (Tits et al., 2006a; Tits et al., 2006b; Wieland et al., 2008).
Furthermore, it was found that, in the case of HCP, the sorption of radium is much slower

with fresh HCP compared to the very fast uptake of degraded HCP.

2.8.2.  Technetium

PTc is a long-lived fission product with a half-life of 211.100 years with a high fission
yield that is produced by the decay of primary fission products in a reactor. Therefore, it is
typically present in nuclear waste such as ion-exchange resins, contaminated liquid, filters and
sluges (Ochs et al., 2016). Tc can occur in environmental systems as Tc(IV) and Tc(VID).
Since technetium is very redox sensitive, the redox potential and pH will have a major
influence on its mobility (Figure 11). The speciation calculations show that the solubility of
technetium will be controlled by hydrous TcO: in presence of corroding iron
(Eh approx. -800mV) at concentration levels of about 107 to 10 mol L' in the pH range
relevant for cementitious conditions, while the anionic form TcO4 will be dominant in
cementitious systems with less reducing conditions. Generally, irrespective of the redox state,
dissolved Tc in cementitious environments will be present predominantly in anionic form
(i.e. either as Tc"VO(OH)s™ or as Tc¥"Os). In previous studies, it was observed that the
pertechnetate anion is mobile in young and mature cementitious environments due to the
negatively charged surfaces of C-S-H (Brodda and Xu, 1989; Corkhill et al., 2012; Evans et
al., 2008; Mattigod et al., 2004; Mattigod et al., 2001; Smith and Walton, 1993; Tallent et al.,
1987). The major mechanism of retention of technetium in cementitious systems was found to
be the reduction to less mobile Tc(IV) or Tc(0) by reducing agents present in cementitious

materials (Allen et al., 1997a; Allen et al., 1997b).
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Figure 11 Eh — pH diagram of technetium for c(Tc) = 10° M with solid phases supressed on the
right (Database: PSI/NAGRA 12/07, Thoenen et al., 2014).

Tallent et al. (1987) studied the influence of grout composition on the leachability of
technetium containing cementitious matrices. They demonstrated that leachability decreases
with increasing mix ratio, grout fluid density and blast furnace slag content. Later, Gilliam et
al. (1990) showed that the effective technetium diffusivity of cement based waste forms
decreases by five orders of magnitude on the addition of BFS.
A further decrease of the leach coefficient in water and brine was achieved by addition of
sodium sulfide, as reported by Brodda and Xu (1989) who concluded that technetium seemed
to be chemically fixed. Thermodynamic calculations carried out by Smith and Walton (1993)
suggested that the leachability of the highly mobile anionic pertechnetate species decreased as
a result of reaction with sulfur present in BFS and reductive formation of TcaSs.
Allen et al. (1997b) conducted extended X-ray absorption fine structure (EXAFS) studies on
the effect of sodium and iron sulfides on technetium speciation in cementitious environments.
In contrast to the thermodynamic predictions of Smith and Walton (1993), the study of Allen
et al. (1997b) demonstrated that the addition of BFS to a cement formulation leads to an in
situ partial reduction of pertechnetate anions, whereas the addition of NaxS or FeS results in

complete reduction to the less mobile Tc(IV). Furthermore, Allen et al. (1997b) measured

-28 -



Tc-S and Te-Tce distances in the presence of NaxS or FeS, observing bond distances in
agreement with an oligomeric structure similar to that found in TcS» and concluded that
sulfide containing species are the active reducing agents in BFS. These findings were in
agreement with previous work done by Gilliam et al. (1990) and the reduction of Tc(VII) by
FeS and Fe,O3 found by Yalcintas et al. (2016).

Layered double hydroxides (LDHs) have also been suggested as potential host phases for
technetium in its anionic form. Berner (1999) suggested that binding and/or incorporation of
TcOys into the alumina ferric mono/tri-sulfate (AFm/AFt) phases of cement systems could be
also expected, by analogy to other oxo-anions such as SO4* or MoO4> (and possibly also
Se0s”), although experimental and quantitative evidence confirming this hypothesis is

lacking to date (Ochs et al., 2016).

2.8.3.  Molybdenum

%Mo is a neutron activation product of *>Mo, a stable naturally occurring Mo isotope, and
forms as an activation product in irradiated components in nuclear installation
(Lidman et al., 2017). *Mo has a half-life of about 4,000 years. The aqueous speciation of
molybdenum is dominated by the molybdate anion (MoO4>") (Grivé and Olmeda, 2015). In
strongly reducing conditions and under high pH conditions, reduction to Mo(+IV) can be
observed although the solubility-controlling phase under cementitious conditions is powellite
(CaMo004) (Kindness et al., 1994). The solubility of powellite is sensitive to the calcium
concentration in solution and thus be higher in cement degradation stage I (pH 13.5) than in

the portlandite buffered stage II (pH 12.5) as well as in stage III (Table 2).

The interaction of molybdenum with cementitious materials has received little attention so
far. The immobilization of molybdenum in ordinary Portland cement and single model phases
was studied, conducting experiments on the uptake of Mo onto OPC, slag cements, C3S and
AFt (Kato et al., 2002; Kindness et al., 1994; Minocha and Goyal, 2013; Minocha et al.,
2004). The results of the batch experiments of Kindness et al. (1994) suggested that,
disregarding cement formulation, the uptake of molybdenum appeared to be controlled by a

precipitation mechanism (Kindness et al., 1994).
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Table 2 Solubility of molybdate in cementitious pore water for the different cement alteration
stages (Grivé and Olmeda, 2015).

c(MoO4%)
Stage mol kg
I 3-10*
I 5.5-10°
111 8.5-10°

The precipitation of powellite as process for immobilization of molybdate in OPC was
confirmed by EXAFS measurements conducted by Minocha and Goyal (2013). Further
investigations on synthesized Mo-bearing cement phases demonstrated that two solubility
limiting phases could be identified; CaMoOy isostructural with powellite and a Mo-AFm
phase (Kindness et al., 1994). Zhang (2000) studied the incorporation of molybdate by
hydrocalumite and ettringite. It was demonstrated that a solid solution of molybdate and
hydrocalumite could be synthesized and that molybdate formed a solid solution with AFm-
OH (Zhang, 2000). Furthermore, Marty et al. (2018) demonstrated that molybdate binds to
AFm by replacing chloride ions in the interlayer mid-plane. The mechanisms of
Mo incorporation by AFm phases were studied by EXAFS and found to be concentration
dependent. At low Mo concentrations (10" M) edge site complexes were observed/formed. At
intermediate concentrations (10° M) anion exchanges at the interlayer occurred and CaMoOs4

precipitation was observed with increasing Mo concentration in solution (Ma et al., 2017).

2.8.4. lodine

Various iodine isotopes are produced by thermal fission of 2*U in nuclear reactors;
however, besides stable '*’I only '* exhibits a half live (1.57 107 y) that is relevant for the
long-term safety of repositories for nuclear wastes. The speciation of iodine in cementitious
systems is rather simple. Iodide (I") is the most stable form under repository relevant
conditions whereas iodate (I037) becomes only dominant under highly oxidizing conditions
(Figure 12). Thus in literature, it is generally agreed that the majority of iodine in the
repository environment will be present in the form of iodide (Aimoz et al., 2012a; Atkins and
Glasser, 1990; Bonhoure et al., 2002; Curtius and Kattilparampil, 2005; Mattigod et al., 2001,
Shirai et al., 2011; Toyohara et al., 2002). However, in the case of iodine containing wastes
originating from reprocessing and off gas treatment, larger amounts of iodate (I03°) will be

solidified in cementitious materials. Off gas treatment in a reprocessing plant utilizes silver
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nitrate (AgNO3) filters to adsorb '?°I in the chemical form of silver iodide (Agl) or silver
iodate (AglOs), exhibiting approximately 6% (w/w) (Tanabe et al., 2010). According to
thermodynamic considerations, the oxidized form of iodine will be reduced under the premise
that sufficient reducing agents are present, while the timeframe needed for this reduction is
unclear. A number of studies have been carried out investigating the immobilization of I in
cementitious materials using a range of experimental approaches: (i) through-diffusion
(Atkinson and Nickerson, 1984; Sarott et al., 1992; Chida and Sugiyama, 2008;
Felipe-Sotelo et al., 2014) and (ii) out-diffusion (Mattigod et al., 2001).
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Figure 12 Eh-pH diagram of iodine for c¢(I) = 10° M. (Database: PSI/NAGRA 12/07, Thoenen et
al., 2014).

The diffusion of I in cementitious materials correlates strongly with the water to cement
ratio of the cement paste. An increase in the w/c ratio from 0.2 to 0.7 can lead to an increase
of the diffusion coefficient by 3 orders of magnitude, which may be attributable to the
increased porosity (Atkinson and Nickerson, 1984). Whilst changes in porosity of the cements
at high w/c ratios may account for some of the impact on diffusivity, the authors suggested
that other parameters, such as changes in constrictivity could also contribute to the observed
differences (Atkinson and Nickerson, 1984). Uptake and retention mechanisms of iodine by

various cement formulations and different cement model phases were intensively studied in
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the last decades (Aimoz et al., 2012a; Aimoz et al., 2012b; Atkins and Glasser, 1990;
Atkins and Glasser, 1992; Bonhoure et al., 2002; Chida and Sugiyama, 2008;
Curtius and Kattilparampil, 2005; Fuhrmann et al., 1998; Holland and Lee, 1992;
Idemitsu et al., 2013; Iwaida et al., 2001; Mattigod et al., 2004; Mattigod et al., 2001;
Niibori et al., 2012; Rapin et al., 1999; Shirai et al., 2011; Tanabe et al., 2010;
Toyohara et al., 2002). Iodide can be retained in cementitious systems by sorption onto C-S-H
or by incorporation into crystalline cement phases (Aimoz et al, 2012a;
Bonhoure et al., 2002; Shirai et al., 2011). The solidification of iodate bearing wastes by the
use of cement increased the final contents of ettringite from 12% (w/w) to approximately
80% (w/w), indicating a shift of the sulfate phases equilibrium (AFt/AFm) by iodate
(Tanabe et al., 2010). Idemitsu et al. (2013) pointed out that iodate is incorporated into the
structure of ettringite. Mattigod et al. (2001) observed a decrease of the leachability of iodine
in cementitious material containing steel fibers, which was suggested to be due to the
reduction of 103 to I'. Iodide sorption onto cement has been shown to increase with increasing
Ca/Si ratios in C-S-H gels in spite of an increased competition from OH" for sorption sites,
suggesting I is sorbed electrostatically (Glasser et al., 1989; Pointeau et al., 2008). However,
in general, the retention of iodide by cementitious systems was found to be weak

(e.g. Ochs et al., 2016).
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3. Aim of this work

Cementitious materials play an important role in nuclear waste management and form part
of the engineered barrier systems in near surface and deep geological disposal facilities for
nuclear waste. Over the last decades, the retention of radionuclides by cementitious materials
has been investigated in terms of Kg-values or diffusion coefficients, leading to the
development of various sorption coefficient databases (e.g. Kato et al., 2002; Ochs et al.,
2016; Wieland and Van Loon, 2002). However, the mechanisms governing uptake and
binding of various safety relevant radionuclides by cementitious materials are not completely
understood and detailed data for safety relevant radionuclides (e.g. ?2°Ra, '*°I, ®Tc, **Mo) are
scarce or lacking. Thus the aim of this work is to enhance the mechanistic understanding of
the radionuclide uptake and retention in cementitious materials. The relevance of cement
alteration processes, such as carbonation, is evaluated with regard to the solid speciation of
radionuclides in aged concrete. Specific radionuclides were selected for these investigations
with focus on radioelements for which insufficient information is available and rather large
uncertainties exist with respect to the retention processes in cementitious systems. Thus, the
focus of this study was set on retention mechanisms of radium, technetium, molybdenum and

iodine in cementitious materials.

A systematic bottom-up approach was used to unravel the contributions of all relevant
individual hydration phases of cement on the retention of radionuclides in complex
multiphase cementitious materials. Here, the radionuclide interaction with synthesized phases
present in cementitious materials (model phases), such as calcium silicate hydrates (C-S-H)
with different Ca/Si ratios, monosulfate (AFm) and ettringite (AFt) phases, was studied. In
addition the radionuclide uptake by hardened cement pastes of different compositions (e.g.
CEM I and CEM V) was investigated. Potential radionuclide retention mechanism were
identified and characterized. The distribution of the safety relevant radionuclides was studied
by advanced microanalytical techniques, to distinguish between sorption/uptake mechanisms
and solubility limitations by solid phase formations. Moreover, the relevance of aging effects
such as leaching and carbonation on radionuclide uptake and retention by cementitious
materials was investigated. Potential changes in the barrier functions in the post closure phase
of a repository were taken into account. The generated data and the improved understanding
of the contribution of individual hydration phases to the retention of safety relevant

radionuclides in the different stages of system evolution aim at an improvement of the
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knowledge base to perform long-term assessments of the function of cementitious barriers

based on a diversity of cement formulations in the repository environment.

Only few publications are available regarding the uptake of radium in cementitious
systems, and no other data on the uptake of radium by cement hydration phases other then
C-S-H have been published so far. Thus in this work, it was identified to which degree other
hydration phases are involved in radium retention process in cementitious materials.
Furthermore, computational methods were used to improve the understanding of radium

uptake and retention mechnisms.

Technetium as TcO4™ is known to interact only weakly with cementitious materials and is
therefore very mobile in cementitious environments. However, the potential contributions of
individual hydration phases to Tc(VII) retention have not been investigated so far and were
addressed in this study. Potential uptake and retention processes, other than reduction of

Tc(VII) to less mobile Tc(IV), by various cement hydration phases were investigated.

Very limited systematic knowledge is available regarding the retention of MoQ4* in
cementitious systems and its uptake by hydration phases, in particular C-S-H. Thus sorption
and solid solution formation with various hydration phases are studied to outline retention
mechanisms beside powellite formation at higher molybdenum concentrations and advanced

microanalytical methods were used to study the underlying retention mechanisms.

Although immobilization of iodine in cement has been a topic in various investigations in
the past, within this work a systematic study regarding the interactions of iodine with cement
hydration phases was conducted for the first time. A systematic approach was used to identify
the potential mechanisms for the retention and uptake of iodine supported by the use of

advanced microanalytical methods.
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4. Materials and Methods

4.1. Synthesis of model phases

The various model phases used in the present study were synthesized according to
procedures described in the literature (Aimoz et al., 2012b; Atkins et al., 1992;
Atkins et al., 1991a; Baur et al., 2004). However, in many cases these procedures were
optimized in terms of chemical yield and purity of the hydration phases. Phase synthesis and
sample preparation was carried out in an argon glove box at ¢(CO2) <10 ppm, to avoid

carbonation of the material; details on the chemicals used are compiled in Table 3.

C-S-H phases with Ca/Si ratios of 0.7 and 1.4 were prepared following the procedure of
Atkins et al. (1992), by mixing freshly produced CaO obtained from the ignition of
CaCOs (>7 hours of calcination at 1000 °C) with SiO; in the desired ratio. The solids were
carefully suspended in deionized water to achieve a water/solid ratio of 20. The reaction
mixture was shaken intensively during the first days and once a day until the product was
purified after one month. The product were washed by centrifugation (30 min at 4500 rpm)
and resuspended in deionized water three to five times, followed by vacuum filtering using a
Biichner funnel and a paper filter (Whatman). Drying was carried out over saturated CaCl

solution using a desiccator.

Table 3 Details of chemical substances used in the synthesis of the model phases.

Compound Product description Provider
CaCOs analytical grade, EMSURE Merck Millipore
Alx(SO4)3-18 H2O AnalaR normapur VWR chemicals
Si0 fumed silica (395 m?/g) Sigma Aldrich
ALO3 99.5% purity based on trace Sigma Aldrich

metals analysis

CaS042H0 analytical grade, EMSURE Merck Millipore
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Ettringite (CasAl2(SO4)3(OH)12-26H20) synthesis was carried out according to the method
described by Atkins et al. (1991b) and Baur et al. (2004), respectively. CaO was suspended in
water and cooled to 4°C. A stoichiometric solution (Ca/Al ratio = 3) of Al2(SO4)3-18 H20 was
added and mixed with the CaO suspension having a water-to-solid ratio of 10. The suspension
was stirred for 4 hours at approximately 4°C and cured for one month at room temperature.
The obtained product was washed 5 to 10 times by re-suspending the solids in deionized
water, followed by filtration until gypsum impurities were fully removed. Drying was

conducted over saturated CaCl: solution using a desiccator.

AFm (CasAl(OH)12(X*)-6H20) phases were obtained using tricalcium aluminate
(G3A, i.e. 3Ca0-ALO3) and CaSO42H>0 or CaCOs as reagents, respectively, depending on
the desired interlayer anion (X*) in the AFm, according to the procedures described by
Baur et al. (2004) and Matschei et al. (2006). C3A was synthesized, as described by
Atkins et al. (1991b) and Mondal and Jeffery (1975), by calcination of a mixture CaCO3 and
AlO3 with a Ca/Al ratio = 1.5 at 1000°C for 2 h in a Pt/Au (5% Au) crucible, followed by
ignition at 1450°C for 1 h. The product was cooled to room temperature, crushed and ground
using an agate mortar to obtain a homogeneous reaction mixture and ignited in a second cycle
at 1450°C for 48 h. The AFm were prepared by suspending freshly prepared C3A and
CaS042H>0 or CaCOs (Ca/Al ratio = 2) in deionized water at 4°C and stirring them for 4 h.
The products were cured for 1 to 5 months at room temperature, depending on the expected
reactivity of the calcium salts used. The obtained products were washed by re-suspending 3

times in deionized water to remove impurities and dried over a saturated CaCl, solution.

AFm-CO3 was prepared by suspending freshly prepared of C3A and CaCOs and cured for
4 months. Additionally, cooling was applied in the first hours of reaction and compared to
reactions conducted in the glove box under argon blanket. Due to the larger experimental
effort, cooling of the reaction was conducted outside the glove box. Two AFm-CO3 products
were resulting from these syntheses, named 1-AFm-CO;3 for the cooled product and
2-AFm-CO; for the product not cooled in the first hours of reaction.

Three different approaches were used to synthesize molybdate bearing AFm-type phases
that might be relevant to the Mo-uptake in AFm and hydrogarnet-bearing systems. The
formation Mo bearing AFm phase was studied in highly alkaline conditions by adjusting the
pH with either KOH or NaOH to 13.5 and curing for 2 months, or by suspending C3A with

CaMoQy at room temperature and curing for 1 month.
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Hydrogarnet (CaszAl2(OH)12) was synthesized from freshly prepared CsA that was
immersed in deionized water and cured at 90°C for two weeks. Portlandite (Ca(OH)2) was
prepared by the reaction of CaO, obtained from the ignition of CaCOs, with deionized water.
Calcite (CaCOs3) was used as provided by Merck Millipore (analytical grade, EMSURE).

4.2. Preparation of HCP

Hardened cement paste samples were prepared under CO»-free conditions in a glove box
under argon atmosphere. A HCP based on ordinary Portland cement was produced from a
commercial Portland cement (CEM I 32.5 R; Heidelberger Zement) using a water/cement
ratio of w/c = 0.4 L kg''. Cast cement monoliths were cured for at least 28 days, submerged in
water, under anoxic conditions. A low pH cement formulation developed by the Finnish waste
management organization Posiva for deposition tunnel end plugs was provided by VTT
Technical Research Centre of Finland Ltd. In addition to Portland cement (CEM I), the
ternary mix comprised blast furnace slag and silica fume as well as a quartz filler (Table 4).
The cement paste was prepared with a w/c-ratio of 0.25 and hydrated for 90 days in a

saturated KOH solution to prevent any leaching.

After hydration, the HCP samples were stored under argon atmosphere at ambient
conditions. For the use in batch sorption experiments, the HCP was mechanically crushed,
followed by BET surface area determination prior to the sorption experiments. The
BET surface area of the crushed HCP was 242 m?> g! (CEM 1 paste) and 5.9 m? g!
(VTT reference paste), respectively.

Table 4 Composition of the VIT low-pH HCP (Vehmas et al., 2017).

CEM 1425 468 kg m™
Silica fume 491 kg m*
Blast furnace slag 290 kg m™
Quartz filler 517 kg m
Plasticizer (from total binder weight) 6.0 %

Water (effective) 312 kgm?
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4.3. Batch uptake experiments

Analyte distribution ratios (R¢-values) between solid and liquid phases and radionuclide
uptake kinetics were determined in static batch experiments under anoxic conditions.
Generally, batch sorption experiments were carried out in 20 mL LDPE bottles using a
L/S-ratio between 0.005 and 0.1 kg L' (10 - 200 L kg'), depending on the type of
experiment. Uptake kinetics were investigated at a S/L-ratio of 0.005 kg L, whereas
equilibrium Ry-values were determined at a S/L-ratio of 0.04 kg L!. The initial determination
of uptake kinetics at a low S/L-ratio of 0.005 kg L' was chosen to obtain measurable
equilibrium concentrations in the supernatant solutions, to be able to follow the uptake
process in time. Due to the known high mobility and low uptake of pertechnetate, uptake
experiments with technetium were generally performed at a L/S-ratio of 0.04 kg L.
Batch sorption experiments with the model phases were carried out for up to 100 days,
employing different solutions. First, weighted amounts of dried solids were equilibrated with
deionized water (18.2 MQ) to obtain equilibrium solutions (ES). To achieve equilibrium,
suspensions were stored at room temperature for up to 14 days under anoxic conditions. After
equilibrium was reached, the liquid phase was separated from the solids by filtration.

The pH of these respective equilibrium solutions is provided in Table 5.

Table 5 pH of aqueous solutions equilibrated with various cement hydration phases.

Phase I(—jlz)sé EI_IS;‘ AFm-SOs AFm-CO; Ettringite C3AHs Ca(OH); CaCO;

pHini 11.94£0.2 12.1£0.2  12.0+0.2 11.3+£0.2  11.1+£0.2  12.1+0.2 12.3+0.2 7.5+0.2

For the sorption experiment weighted amounts of the respective fresh phase were added to
the equilibrium solution at the same S/L-ratio and stored for additional 14 day, prior to the
addition of radiotracers. Kinetics were monitored for up to 100 days. The timeframes for
experiments to determine Rg-values were defined based on the time needed to reach stable
distribution ratios. In addition to the solutions equilibrated with the respective solids
(equilibrium solutions, ES) and to address conditions representative for concrete degradation
stages I and II, experiments using an alkali-rich artificial young cement water (ACW, pH >13)
and a solution saturated with portlandite (CH) were performed. ACW, representative for
young cementitious materials, was prepared by filtration and dilution of highly concentrated

alkali hydroxide solutions (NaOH and KOH; i.e. pH ~13.5) (Wieland et al., 1998).
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The solution was stored over Ca(OH); to precipitate remaining carbonates, following the
procedure of Sipos et al. (2000). The resulting solution at a pH of 13.3, containing
c(NaOH) = 0.114 mol L"! and ¢(KOH) = 0.18 mol L', was filtered prior to use.

The tracer concentrations used were c(**Ra®)=10° - 10%mol L7,
c(®TcOs) =107 - 107 mol L', ¢(I) = 10" - 107 mol L' and ¢(M00O4*>) =10 - 107 mol L.
Sorption to the reaction vessels and filters was tested prior to the sorption experiments and
was found to be negligible. Prior to the analysis of the analyte concentration in solution, liquid

and solid phases were separated by filtration using USY-1 ultrafilters (10,000 Da, Advantec).

The radionuclide uptake by the respective solids is described in terms of the distribution ratio

R4 between solid and liquid phase according to:

Ry =fmitt. V eq |
with

Ay concentration in liquid phase at time t (Bq or mol L)

Aini: initial concentration in liquid phase (Bq or mol L")

V: volume of liquid phase (L)

m: mass of solid phase (kg).

In case of C-S-H phases the mass of solid was based upon a dry weight after ignition at

1000°C.

In-situ uptake experiments were performed to get insights into the effects of potential
structural changes during drying on the radionuclide uptake by C-S-H. Here, the radiotracers
directly added to the suspended phases during C-S-H synthesis at the end of the curing time
(S/L-ratio 0.01 kg L). Duplicate samples were produced under identical conditions. After
synthesis, one of the batches was sacrificed for solid phase characterization (XRD-analyses)
and liquid phase analysis. The others were spiked with the radiotracer and studied with
respect to the radionuclide uptake, avoiding microstructural changes upon purification and

drying.
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4.4. Uptake experiment using HCP monoliths

In addition to batch uptake experiments, in-diffusion experiments using HCP monoliths
based on CEM I were used to address the migration and retention behavior of Ra, Tc, Mo and
I in cementitious systems. Cylindrical CEM I monoliths were prepared with at a
wi/s ratio = 0.4 L kg! with a diameter of 12.2 mm and a height between 14 mm and 15 mm.
The monolith samples were cured in an inert gas atmosphere for 28 days. The initial tracer
concentration used was 10 mol L' for RN studied. After termination of the experiments, the
monoliths were cut perpendicular to the length axis and the elemental distributions on the

obtained cross sections were investigated by autoradiography, SEM/EDS and/or ToF-SIMS.

4.5. Carbonation experiments

To address the fate of radium sorbed to C-S-H during carbonation, a C-S-H phase with a
Ca/Si ratio of 1.4 was contacted with ACW (S/L-ratio 0.006 kg L") containing
2.5 107 mol L' #?Ra in an autoclave (Parr Instruments Company). After attaining a stable
Ra-concentration in solution, carbonation of the C-S-H was initiated by pressurizing the
autoclave with pure CO; at 1 bar overpressure. The solution pH and the ??°Ra activity in
solution were monitored by taking aliquots of the suspension (1 mL) for the solid phase and
liquid phase analyzation after separation by filtration, using USY-1 ultrafilters
(10,000 Da, Advantec).

Figure 13 Parr autoclave used for alteration of cement and C-S-H phases under pressurized CO;
conditions.
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Moreover, the behavior of radium during carbonation of HCP was investigated, using
HCP monoliths prepared from CEM 1. Prior to carbonation, the monoliths were immersed for
28 days in 40 mL CEM I equilibrium solution containing 1.2 10 mol L' ?*Ra under inert
gas atmosphere. One monolith was retained for comparison, whereas a second was placed in
an autoclave under 2.5 bar CO» overpressure for 13 d, to initiate carbonation of the HCP.
After cessation of the experiment, the monoliths were cut perpendicular to their length axis
and the distributions of radium and various other elements on the obtained cross sections were

investigated by autoradiography, SEM/EDS and ToF-SIMS.

4.6. Solution analyses

Concentrations of 2?°Ra in solution were determined by y-spectroscopy (186 keV y-line)
using 500 pL sample aliquots in a 2 mL borosilicate glass vial placed in a high-purity
germanium coaxial N type detector system (type: EGC 35-195-R), from Eurisys Mesures,
equipped with a spectrometer system from EG & G Ortec. Analysis of the spectra was
performed with the GammaVision® Modell A66-B32 software (version 5.20). Liquid
scintillation counting (LSC) measurements of **Tc were performed using a 1220 Ultra low
level Quantulus™ LSC device (Perkin Elmer), equipped with the WinQ software
(version 1.2). Aliquots of 50 — 1000 uL. were diluted in a 20 mL polyethylene Vial with 15
mL Ultima Gold™ LSC-cocktail (Perkin Elmer). Concentrations of inactive elements (I, Mo)
were determined by ICP-MS or ICP-OES (Thermo Scientific iCAP7600; conducted by an
external contractor). Aliquots of the samples were diluted to a concentration of 1 to 100 ppb
and measured by ICP-MS using an Elan 6100 DRC (Perkin Elmer) equipped with the Elan

software (version 3.4).

4.7. Phase characterization

Purity and composition of the final products was confirmed by XRD using a D4
Endeavour spectrometer (Bruker AXS GmbH) with a 0-20 geometry employing
CuK, —radiation (A = 0.15406 nm) at a power setting of 40 kV and 40 mA. Powder XRD
patterns were collected at ambient conditions in the 26 range from 5° to 80° using a step size
of 0.02°/20 and a counting time of 2 s per step. Phases sensitive to carbonation in air

atmosphere were covered using polyimide film (Kapton, DuPont) and silica grease sealing
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prior to the measurements. XRF-analyses were conducted by an external service company

(Terrachem GmbH), respectively.

Phase morphology and sample microstructure was studied by SEM analyses performed
with a Quanta 200F SEM from FEI, equipped with a field emission cathode. Energy
dispersive spectroscopy (EDS) was performed with an Apollo X Silicon Drift Detector (SDD)
from EDAX. Point and multipoint measurements, line scans, element mapping and particle
analysis were carried out with the Genesis software. Samples were prepared on sticky carbon
pads which were glued to an aluminum sample holder. SEM analysis was carried out under

low vacuum (60 Pa), where a coating of the samples was not required.

Transmission electron microscopy (TEM), selected area electron diffraction (SAED) and
energy dispersive X-ray spectroscopy (EDS) were performed on a FEI Technai G2 F20
transmission electron microscope at the Ernst-Ruska-Centre for Microscopy and Spectroscopy
with Electrons (ER-C) at Forschungszentrum Jiilich. The transmission electron microscope
was operated at 200 kV accelerating voltage with a total beam current of about 2 nA.
The samples present in form of few micrometer sized crystallites were supported by a
hexagonal copper grid for analyses. TEM images and SAED patterns were recorded from
parts of the crystallites exposed over the free grid space with the incident electron beam
perpendicular to the platelet normal. EDS spectra were recorded with the samples tilted by

15° towards the spectrometer.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIM) was performed on a
ToF-SIMS IV provided by IONTOF, at the Central Institute for Engineering, Electronics and
Analytics (ZEA-3) at the Forschungszentrum Jiilich GmbH. Prior to the measurement a thin
gold coating was applied to increase conductivity. The elemental composition was measured

using negative polarity. Sputtering was performed at a voltage of 2000 V using a Cs source.

4.8. Autoradiography

The 2D radionuclide distribution in monolithic samples was determined using a
HD-CR 35 NDT Autoradiograph (DURR NDT GmbH & Co. KG) equipped with CR-Reader
software version 1.4.1. Sample evaluation was conducted using AIDA image analyser

software (v. 4.50) obtained from Raytest Isotopenmessgerdte GmbH. Samples were polished
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and embedded in epoxy resin prior to autoradiography. The sample diameters were calculated

from pixel size (12.5 um) and the numbers of pixels.

4.9. Thermodynamic modelling

To support the interpretation of the sorption experiments, aqueous solution speciation and
saturation indices were calculated using the geochemical code PhreeqC Ver. 3.4.0
(Parkhurst and Appelo, 2013). The ANDRA Thermochimie v.9a thermodynamic database
was used for the thermodynamic modeling (Giffaut et al., 2014; Grivé et al., 2015). This

database includes the thermodynamic data on cement phases from Blanc et al. (2010a, b).

4.10. Ab-initio calculations of cation exchange in C-S-H

Ab-initio calculations of cation exchange reactions in C-S-H were performed using the
Density Functional Theory (DFT)-based plane-wave Quantum-ESPRESSO simulation
package (Giannozzi et al., 2009) applying the PBE exchange-correlation functional
(Perdew et al., 1996). To achieve a good convergence of the computed energies a plane-wave
energy cutoff of 30 Ryd was applied. The core electrons of the atoms were represented by
ultra-soft pseudopotentials (Vanderbilt, 1990). During the calculations, the lattice parameters
and the ionic structure of the C-S-H-phases were optimized to the equilibrium values,
assuming zero pressure with a tolerance of 0.01 GPa and a total force smaller than
0.0001 a.u.. To account for the effects of the aqueous solution, for the calculation of the
aqueous species (Ca’" and Ra?") the ENVIRON module (Andreussi et al, 2012;
Giannozzi et al., 2017) was applied, assuming a water relative static permittivity constant of
78.3 (Andreussi et al., 2012). Here, we assumed that both aqueous cations (Ca*" and Ra*") are
coordinated by 8 water molecules (as [M(H20)s]*") in the first hydration sphere
(Jalilehvand et al., 2001; Matsuda and Mori, 2014a, b). The enthalpies of the aqueous species
were derived by combining the computed energies of the isolated (gas phase) Ca*>" and Ra*"
and measured hydration enthalpies. The computed hydration energy for Ca*" and Ra®" was
1635 kJ mol™! and 1320 kJ mol’, respectively. This corresponds well to the measured values
of 1577 kJ mol™! and 1266 kJ mol™! (Smith, 1977). Most importantly, the computed difference
in the hydration energies between Ca’" and Ra®*" of 315 kJ mol! matches well the

experimentally derived value of 311 + 12 kJ mol™!.
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The solid C-S-H phases were represented by model structures based on the structure of the
(crystalline) natural C-S-H phase 11 A tobermorite (Caz25[Si307.5(OH);.5])H20) from Hamid
(1981) that corresponds to a Ca/Si ratio of 0.75. C-S-H structures with higher Ca/Si-ratios
were derived by adding calcium atoms in the interlayer space of the C-S-H structure in a
random manner; the respective supercells used in the simulations contained between
285 and 300 atoms. Radium atoms were introduced into the C-S-H by replacing calcium
atoms in different structural positions, i.e. exchanging calcium in the interlayer (and Ca
sorbed to the surface) as well as calcium bound in the octahedral layer; the formation

enthalpies for the different configurations were calculated and compared.

4.11. Calculation of selectivity coefficients

A quantitative evaluation of the experimental data on the ??°Ra uptake by C-S-H was

performed, assuming cation exchange with calcium (cf. Tits et al., 2006a) according to:
C-S-H-(Ca) + Ra** <> C-S-H-(Ra) + Ca** (eq. 2)

with C-S-H-(Ca) referring to the exchangeable calcium in the C-S-H structure. The

selectivity coefficient, K, for this reaction can then be defined as follows:

_ Ngga(Ca?h)
€7 Neg a(Ra2+) (eq.3)
where a(Ca®") and a(Ra’") are the activities of the cations in the aqueous phase and

Nra and Nc, represent the equivalent fractional occupancies defined as:

2- M2+
Nu==—— (eq. 4)

where M,?" is amount of the divalent cations sorbed (mol kg!), and CEC the cation
exchange capacity of the C-S-H phase in eq kg'!. For homovalent cation exchange, the
activity coefficients for both cations are the same and the activities in Eq. (4) can be

substituted by concentrations:

_ Nra* [CaZJr]
K= N o e (q-5)

if sorption is attributed only to cation exchange, the relation between the distribution
coefficient Rq (Eq. 1) of radium and the selectivity coefficient for the Ra-Ca exchange can be

formulated as:
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5. Results

5.1. Characterization of solids

51.1. C-S-H

XRD and SEM investigations were performed to confirm the nature and purity of the
synthesized phases and to assess their microstructure before and after the uptake experiments.
The C-S-H phases exhibit the typical fine-grained cloudy microstructure, corresponding to
their nanocrystalline nature (Figure 14). XRD patterns of the C-S-H phases, shown in
Figure 15, exhibited the typical diffuse reflexes at 29.1, 31.8, 49.8, 55.1 and 66.4°/260,
respectively (e.g. Baur et al., 2004; Chen et al., 2004; Lachowski et al., 2000; Nonat, 2004),
despite the higher background below 22°2 0 due to the kapton foil sealing used. The XRD
investigations exhibited no evident portlandite reflexes. Therefore, portlandite impurities are
expected to be lower than 1% (w/w). Lothenbach and Nonat (2015) reported difficulties of
synthetizing C-S-H phases at Ca/Si-ratios above 1.45, without (co)precipitation of portlandite
with the applied synthesis procedure. The XRF-analysis affirmed generally the intended
Ca/Si-ratios of the C-S-H phases of about 0.9 and 1.4 respectively, with a slightly higher
Ca/Si ratio of 0.96 for the phase with the lower Ca/Si ratio (Table 6).

The BET-data show the expected high surface area of the C-S-H gels with surface areas of
126 m? g! (C-S-H0.9) and 109 m? g ! (C-S-H1.4), respectively. These surface areas are
slightly lower than those determined by Tits et al. (2006b) (148m? g') and
Missana et al. (2017) (144 + 40 m* g") for C-S-H having Ca/Si-ratios ranging from 0.9 to 1.6.
Despite the fact that the synthesized C-S-H gel appeared to be dry, the water content was
78% for C-S-H0.9 and 53% for C-S-H1.4 due to the gentle drying procedure.
The aqueous solutions in equilibrium with the C-S-H phases had a pH of 12.1 (C-S-H0.9) and
pH 12.6 (C-S-H1.4), which is in the typical range of literature values for these
C-S-H compositions (Lothenbach and Nonat, 2015).
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Table 6 Detailed data of the synthesized C-S-H0.9 and C-S-H1.4 phases.

Phase C-S-H0.9 C-S-H1.4
water content [%] 77.8 53.0
Surface area [m?/g] 125.7 109.6
Ca/Si ratio 0.96 1.41

supernatant solution

¢(Ca) [mmol L] 4.8 19.6
¢(Si) [mmol L] 0.046 <0.01
pH 12.1 12.6
Eh [mV] -33 -69

(V)
N—

Intensity (rel.)
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Figure 14 SEM images of C-S-H0.9 (a) and C-S-H1.4 (b).
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Figure 15 XRD patterns of C-S-H0.9 (a) and C-S-H1.4 (b).
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5.1.2. AFm

5.1.2.1.  Tricalcium aluminate C3A precursor

Tricalcium aluminate, a precursor for AFm and C3AHs, of sufficient yield and quality,
was obtained by a pre temperature treatment at 1000°C followed by heating once to 1450°C
(Mondal and Jeffery, 1975). Heating in smaller steps lead to increased mayenite contents.
Mayenite (C12A7) is faster hydrating compared to C3A and will also result in the formation of
hydrogarnet; however, due to the calcium aluminum stoichiometry, hydration of mayenite

would result in additional Ca(OH), formation (Taylor, 1997).
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Figure 16 XRD pattern of the synthesized C3A product.

5.1.3.  AFm-SO4

The synthesis of these layered double hydroxides was in principle be achieved by the
reaction of C3A (3Ca0-Al203) and a calcium salt containing the anion that will be located in
the interlayer (CaSQOs, Calz, CaCl,, CaCOs3). However, for the synthesis of AFm-SOyj it should
be noted that the use of C3A and CaSO4 will lead to mixture of AFm and (minor) ettringite.
The coexistence of these two phases is caused by the thermodynamic stability of ettringite and
is obtained also if the Al/SOs is set exactly to match AFm. However, it was found that these
AFt impurity can be overcome by the fact that ettringite is very soluble at elevated
temperatures above 40°C (Jimenez and Prieto, 2015). Therefore, a phase pure AFm was

observed by Matschei et al. (2006), who performed the AFm-SOj4 synthesis at 85°C.
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Here, a phase pure AFm-SO4 product was achieved by the reaction of C3A and
CaS0s-2 H>0O. The obtained AFm-SO4 shows the typical hexagonal sheet like micro structure,
with crystal sizes varying between a few um up to 50 um in diameter (Figure 17); the BET
surface area was 1.12m? g' (Table 7). The SEM and XRD investigations revealed no
evidence of AFt impurities (cf. Figure 18). Due to the preferential orientation of the platelets,
the two reflexes representing the basal spacing (003, 006) have a very high intensity; thus
most of the reflexes at higher angles are comparatively small and not resolvable in some
cases. The measured reflexes at 9.9 °20 (003) and 19.9 °20 (006) are in agreement with the
literature values for the basal spacing of AFm-SO4 (Matschei et al., 2006).

Table 7 Detailed data for synthesized AFm-SOy.

Nr.

Phase AFm-50
water content [%] 35.1
Surface area [m?/g] 1.12
supernatant solution
pH 11.9

Figure 17 SEM image of the synthesized AFm-SO,.
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Figure 18 XRD pattern of the synthesized AFm-SOy.
5.14. AFm-CO;

Synthesis of AFm-CO3 was achieved by reaction of C3A and CaCOs, with and without
initial cooling during the synthesis procedure (cf. chapter 4.1). The different AFm-COs
products resulting from these syntheses were named 1-AFm-COj for the cooled product and
2-AFm-COs for the product not cooled in the first hours of reaction. The XRD patterns with
strong reflexes at 11.8 °2theta in the indicate well crystalline AFm-COs having typical basal
spacing (Aimoz et al., 2012b; Baquerizo et al., 2015; Francois et al., 1998; Matschei et al.,
2006), reflexes observed at 10.8° 2theta revealed the presence of minor amounts of
hemicarbonate  (CasAl[(OH)(COs)os5]-xH20) and portlandite, respectively. SEM
observations show that AFm-COs synthesized with initial cooling exhibits a poorly developed
micro structure and low grain size (Figure 19). XRD diffraction patterns and SEM
investigations on 2-AFm-COs3 synthesized without initial cooling revealed higher crystallinity

but C3AHs impurities; thus this material was rejected for the uptake experiments.

Table 8 Detailed data for synthesized 1-AFm-COs.

Nr.
Phase AFm-COs
water content [%] n.d.
Surface area [m%/g] n.d.
supernatant solution
pH 11.3
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Figure 19 SEM image of the synthesized AFm-CQOj3; 1-AFm-COs (left) and 2-AFm-COs (right).
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Figure 20 XRD pattern of the synthesized AFm-COs3.

5.1.5.  Ettringite (AFt)

The XRD data obtained for ettringite (Figure 20) revealed a typical XRD pattern for this
phase (cf. Baur et al., 2004; Iwaida et al., 2001; Jimenez and Prieto, 2015; Terai et al., 2007,
Zhou and Glasser, 2000) without discernable impurities. The crystal size of the synthesized
ettringite was determined by SEM measurements to be <2um (cf. Figure 22); the BET
surface area was 13.6m? g! (Table 9). The relatively high sulfate concentration in the
supernatant solution is due to the presence of gypsum in the product prior to purification.
Sulfate concentrations in equilibrium solutions of purified ettringite were in agreement with

thermodynamic calculations for the ettringite-water system.
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Table 9 Detailed data for synthesized ettringite.

Phase ettringite
water content [%] 61.1
Surface area [m%/g] 13.55
supernatant solution

c(Al) [mmol L] 0.12
¢(Ca) [mmol L] 16.5
¢(S) [mmol L] 16.8
pH 10.4

Eh [mV] 205

)
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Figure 21 XRD pattern of the synthetic ettringite.

Figure 22 SEM image of the synthetic ettringite (AFt).

-5



5.1.6.  Hydrogarnet

The hydrogarnet C3AH¢ cured at 90°C revealed good crystallinity occurred as
agglomerates of idiomorphic crystals with up to 30 um in size, with a surface area of
1.5m? g (Table 10, Figure 23). Typical XRD patterns were obtained (Figure 24) indicating

the absence of impurities.

Table 10 Detailed data for synthesized hydrogarnet.

Phase Hydrogarnet (C3AHs)
water content [%] 25.6
Surface area [m%g] 1.46

supernatant solution

c(Al) [mmol L] 0.02
¢(Ca) [mmol L] 13.8
pH 12.5
Eh [mV] -74

Figure 23 SEM image of synthesized C3AHs.
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Figure 24 XRD pattern of synthesized C3AHs.
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5.1.7.  Hardened cement pastes (HCP)

Two different cement formulations were used in this study, namely pastes based on CEM
I and a low pH cement paste. The chemical composition of the unhydrated CEM I cement

clinker is given in Table 11.

Table 11 Oxide distribution of CEM I 32.5 R used for uptake studies (n.d.; not determined).

Oxide w%

CaO 63.4

SiO, 20.5

AlO3 5.5

SO3 2.9

Fe O3 2.5

MgO 1.5

K0 0.8

TiO3 0.3

Na,O 0.2

Mny0O3 0.1

P20s 0.1

Cl <0.1

S n.d.

Other 0.2
Loss on ignition 2

Total 100

According to information from the cement producer (Heidelberger Zement), the initial
phase distribution in the clinker is C3S 53.1 wt.%, CoS 18.9 wt.%, C3A 10.2 wt.%,
C4AF 7.6 wt.% and free CaO 0.7 wt.%. Prior to the experiments the initial phase assemblage
and the micro structure of the HPC was characterized. According to the powder XRD patterns
of the ground HCP samples, the phase assemblage of the CEM I paste comprised minor
amounts of ettringite, various AFm-phases (i.e. mainly AFm-SO4 accompanied by minor
amounts of AFm-CO3 and hemicarbonate) besides C-S-H and portlandite. In general, modern
CEM 1 pastes are expected to contain about 60—-70 wt.% C-S-H, about 25 wt.% portlandite
and less than 10 wt.% each of ettringite, AFm and other minor hydration phases

(Glasser, 1997; Glasser, 2001).
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Figure 25 depicts the results of SEM/EDS investigations of the hydrated CEM I paste.
Based on their lower density, the dark gray regions in the SEM picture were assigned to be
hydration phases, whereas the light gray areas represent unreacted clinker phases.
The hydration phases are mainly consisting of C-S-H. A clear assignment of the hydration
phases based on gray scales and elemental composition was not possible in most cases. In
EDS measurements, the electron beam hitting the surface is expanding to a width of
approximately 5 um and therefore limiting the resolution for small crystals. In the unreacted
clinker material, the stoichiometry obtained by EDS was used to distinguish between alite and
belite. SEM/EDS elemental mapping (Figure 25) shows that the majority of iron and alumina
is located in the unreacted clinker phases and can be attributed to C3A and C4AF. Sulfur was
mainly located in the hydration phases due to its high mobility in cement pore water. The
local difference in the sulfur concentration was not sufficient to allow for a clear assignment
of AFm or AFt phases. In general, at hydration times exceeding 90 days, the ettringite content

should be below 1% (Taylor, 1997; Verein Deutscher Zementwerke, 2002).

Figure 25 SEM/EDS mapping of hardened CEM I paste.
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For a more detailed visualization of the microstructure of the HCP, a false color map was
obtained from the EDS element mapping, based on a least square method, where the phase
with the highest calculated probability was assigned to the respective pixel (Figure 26). Thus
a phase distribution was obtained that matches the SEM/EDS observations. A minor
drawback was the low contrast on sulfur. Sulfur was mainly located in regions rich in C-S-H.
In fact, no AFm/AFt could be assigned. It should be noted that also the regions designated as
AFm/AFt marked comprise mainly C-S-H, since AFm phases formed in OPC pastes are
poorly crystalline and intimately mixed with C-S-H (Taylor, 1997). Anyhow, the image
reveals the typical distribution of clinker and hydration phases for the studied hardened
CEM I paste.
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Figure 26 False color mapping of hardened CEM I paste based on EDS mapping data.
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Table 12 Oxide distribution in cement clinker and BFS used in the VTT reference paste.

CEM 142,5 MH/SR/LA Blast furnace slag
Oxide w% Oxide w%
CaO 65 CaO 36-42
SiO, 22 SiO2 36 -40

AL O3 3.5 Al O3 8-10
Fe203 4.5 K20 0.5-1.0
K0 0.6 Na2O 0.5-1.0
NaO 0.1 MgO 10-12
MgO 1.0 S 1.5-2
SO3 2.0 Ti 09-1.3

The other hardened cement paste under investigation is a low pH cement paste, based on a
ternary mix of binder (CEM I) with blast furnace slag and silica fume, containing additional
quartz filler. The oxide compositions of the binder (CEM I) and the blast furnace slag are
given in Table 12.

The XRD patterns of the ground VTT low pH cement paste show, beside intense reflexes
of the quartz filler, only weak reflexes of crystalline hydration phases, mainly ettringite, and
amorphous C-S-H. Simulations of the hydration process of the VIT low pH cement by
Idiart (2017) suggested that after 1 year of hydration the paste contains predominantly C-S-H
with low Ca/Si-ratios <1 and only small amounts of other hydration phases, besides unreacted
clinker, silica fume and blast furnace slag. The SEM/EDS mapping of the polished surface of
a HCP monolith made from VTT low pH cement is shown in Figure 27. The micro analytical
investigations reveal the presence of unhydrated clinker material, mainly C,S, unreacted
quartz filler, and blast furnace slag. Investigation on the educts used reveal that the fumed
silica used is main source of carbon present in the reference cement paste. Moreover, iron rich
phases such as iron oxides and iron sulfides were identified, which can provide for the
immobilization of redox-sensitive radionuclides in the hardened cement paste. Beside very
few large cavities that are caused by trapped air bubbles, the pore size of the material are
below resolution level of SEM. The pH of the equilibrium solutions produced with crushed
HCP was found to be 12.6 (CEM I) and 12.5 (VTT low pH cement), respectively. The
comparatively low equilibrium pH for the crushed CEM I compared to the pH of young
cement pore waters in Portland cement based systems is attributed to the low S/L-ratio used in

the experiments, resulting in a low inventory of alkalis.
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Figure 27 SEM/EDS mapping of the hardened VTT reference paste (BSED); 1) fumed silica, 2)
blast furnace slag, 3) carbon, 4) quartz, 5) iron oxide, 6) unhydrated clinker.
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5.2. Radium uptake in cementitious systems

5.2.1.  Uptake kinetics

The kinetics of the radium uptake by the model hydration phases were determined at a
S/L-ratio of 0.005 kg L™! in the absence and in the presence of alkalis for up to 100 days. The
results of the sorption tests as a function of time are shown in Figure 28. The pH in the
respective solutions was found to be constant over the time of the experiments. A significant
uptake of radium is only observed for the C-S-H phases; uptake of radium in systems with
AFt and AFm phases is distinctively lower. For C-S-H, a dependency of the radium uptake on
the alkali content in solution and the Ca/Si-ratio of the solids were observed. The uptake of
radium by the various phases is rather fast and sorption equilibrium was attained within 10-28
days, irrespective of the solutions used in the experiments. The uptake of radium by C-S-H0.9
and C-S-H1.4 reached a steady state at 28 days. Since drying and purifying of C-S-H might
lead to an agglomeration of the nano-crystalline C-S-H material, effects of potential structural
changes and the dehydration of the C-S-H on the radionuclide uptake were addressed in in

situ experiments.
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Figure 28 Uptake kinetics of radium by a) C-S-H phases and b) other phases for different
solutions used (ES: equilibrium solution; ACW: artificial young cement water (pH 13.3); error bars
are omitted for the sake of clarity.
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Here radiotracers were added directly at the end of the curing time, without separation of
the solid and liquid phase. Figure 28 shows the uptake of radium by C-S-H in the in situ
experiments which was found to be considerably faster, with steady state concentrations
established within less than 8 days. The faster uptake in the in situ experiments can be
attributed to the time required for the rehydration of the C-S-H interlayer when using dried
material, since the water content in the interlayer of the C-S-H significantly impacts the
mobility of ions in C-S-H and the accessible surface area. The rehydration time of C-S-H
generally depends on the actual water content in the interlayer (Maruyama et al., 2015). The
addition of alkalis in the in situ experiments accelerated the radium uptake by the C-S-H.
Here, sorption equilibria were attained within one day, comparably to the results obtained by

Tits et al. (2006a) in similar experiments.

The Rg-values obtained in the in situ experiments were generally rather similar to those
obtained using dried and purified C-S-H. Distribution ratios obtained from in-situ experiments
were found to be Rq = 12200+500 L kg™ for C-S-H0.9 and Rq = 850+28 L kg™ for C-S-H1.4.
Distribution ratios in ACW were lower in general, with Rq = 4000140 L kg! for C-S-H0.9
and Rq=640+29 L kg' for C-S-H1.4 and reached steady state conditions within 1 day.
Hence, it can be concluded that the effect of drying and purifying of C-S-H have an
accelerating effect on uptake kinetics, whereas the equilibrium distribution ratios are rather

similar.
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Figure 29 Kinetics of radium uptake by C-S-H0.9 and C-S-H1.4 in in situ experiments (ES:
equilibrium solution; ACW: artificial young cement water, pH 13.3).
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5.2.2.  Equilibrium distribution ratios

Results regarding the Rq values for the uptake of radium by the various cement hydration
model phases determined at a S/L-ratio of 0.04 L kg! are shown in Figure 30 and detailed in
Table 13. The results show that C-S-H is the only hydration phase providing for an effective
retention of radium in cementitious systems. Weak contribute of aluminate phases AFm and
ettringite are expected (in general Rq <50 Lkg"'). The slightly more pronounced radium
uptake by calcite (Rq = 200 to 260 L kg™') indicates a potential additional radium retention

mechanism in carbonated cementitious materials.
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Figure 30 Distribution ratios Ry of radium for various hydration phases in different solutions (ES:
equilibrium solution; ACW: artificial young cement water (pH 13.3); CH: portlandite saturated
solution (pH 12.3). Dashed line indicates the lowest discernible Rd based on the detection limit and
counting statistics.
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Table 13 Distribution ratios Ra of radium for various hydration phases in different solutions (ES:
equilibrium solution; ACW: artificial young cement water (pH 13.3); CH: portlandite saturated
solution (pH 12.3).

Rq[L kg
Phase ES ACW CH
C-S-H0.9 22,529 + 3,980 13,328 £ 2,356
C-S-H1.4 1,805 £ 722 951 + 380
AFm-SOq4 7+4.3 19+6.7 4+37
AFm-CO;3 4+39 4+£37
Ettringite 139 +£ 28 28 +£7.1 4+£25
Hydrogarnet C3AHs 5+45 12+5.6 4+£39
Portlandite 6+£5.6
Calcite 223 + 89

5.2.2.1.  Calcium silicate hydrates

C-S-H was the only investigated hydration phase showing a significant uptake of radium.
The Rq was found to depend on the Ca/Si ratio of the C-S-H phases as well as on pH and
alkali content in solution. Stronger uptake of radium was observed for low calcium to silicon
ratio exhibiting a distribution ratio of Rq =2.3-10* L kg! in equilibrium solution, whereas the
C-S-H with Ca/Si ratio of 1.4 exhibit a maximum at Rq=1.8-10° L kg!'. This effect is
probably due to the change in surface charge from negative at Ca/Si <1.2 to positive at
Ca/Si > 1.2, allowing for a more pronounced uptake of cations at Ca/Si < 1.2
(Labbez et al., 2007; Lothenbach and Nonat, 2015; Tits et al., 2006a). Similar trends were
observed by Tits et al. (2006a) with Rq values decreasing from about 2-10° L kg for
Ca/Si ratio of 0.96 to about 100 L kg™ for Ca/Si ratio of 1.6. Despite the higher BET surface
area, Rg-values obtained by Tits et al. (2006a) for C-S-H with similar compositions were

about one order of magnitude lower than our values.

The radium uptake by C-S-H in ACW, representative for young cementitious materials
(stage I, pH ~13.5), was generally smaller, by a factor of approximately 2, compared to the
uptake in the equilibrium solution (ES). The distribution coefficients found for C-S-H0.9 and
C-S-H1.4 in ACW were Ra=13-10*L kg' (ACW) was Ra=0.95-10° L kg'!, respectively.
Similar trends were observed also by Tits et al. (2006a). The lower uptake in ACW can most
probably be explained by alkalis, taking part as competing ions for sorption sites
(Tits et al., 2006a). Furthermore, surface charge and speciation of C-S-H, due to the higher
pH, and the increasing fraction of RaOH' complexes in solution (<2.5% at pH 12,

~22% at pH 13.3) may contribute to this trend. These results suggest a higher mobility of
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radium in young cementitious materials (stage ) compared to alkali free, aged cementitious
systems (stage II; portlandite stage). Therefore, lower Ca/Si-ratios of C-S-H in low pH
cementitious materials should provide a higher retention potential for radium compared to

young Ordinary Portland Cement (OPC) based systems.

Moreover, the radium uptake by C-S-H was studied as function of S/L-ratio for S/L
between 0.005 and 0.1 kg L' in equilibrated solutions (Figure 31), to exclude significant
effects of different S/L-ratios on the uptake of radium by C-S-H. The uptake by C-S-H phases
was found to be rather independent of the S/L-ratio used. The distribution ratios for radium
uptake by C-S-H0.9 are in good agreement with results stated earlier (Ra> 10,000 L kg™).
Distribution radios obtained for C-S-H1.4 indicate a slight decrease in the Rg-value at high
S/L-ratios. This is similar to the observations of Tits et al. (2006a) for a Ca-rich C-S-H phase
(Ca/Si 1.6).

Uptake of radium (and barium) by C-S-H has generally been explained in terms of cation
exchange with calcium and sorption to two silanol-like sites at the C-S-H surface (Missana et
al., 2017, Tits et al., 2006a). To calculate the selectivity coefficient (Kc) for radium uptake on
C-S-H, from uptake experiments using eq. (7), it was assumed that the exchange for calcium
at the C-S-H surface is the main uptake mechanism. A value of 1.2 eq. kg™' for the CEC of
C-S-H as derived by Tits et al. (2006b) was used here. Based on this, selectivity coefficients
for the Ra/Ca exchange of log K¢ = 2.2 for C-S-H0.9 and log Kc = 1.8 for C-S-H1.4 in the

alkali free systems were calculated.
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Figure 31 Uptake of radium by C-S-H0.9 and C-S-H1.4 depending on variable solid-to-liquid
ratio.

These values are higher than the overall value of log K¢ = 0.78 £ 0.6 determined by Tits
et al. (2006a) for the Ra/Ca exchange on C-S-H under similar conditions. Comparison of the
selectivity coefficients for the sorption of barium and strontium by C-S-H due to cation
exchange reveals a decreasing affinity for uptake by C-S-H in the order Ra > Ba > Sr
(Ba: log Kc = 1.05, Missana et al., 2017; Sr: log Kc = 0.08, Tits et al., 2006D).
The significantly lower selectivity coefficient in particular for Sr suggests that Sr cannot be

used as meaningful analogue for the uptake of radium in cementitious systems.

Incorporation of bivalent cations into the C-S-H interlayer as an additional uptake
mechanism has been discussed previously by various authors (e.g. Komarneni et al., 1986;
Komarneni and Tsuji, 1989; Missana et al., 2017; Shrivastava and Glasser, 1986; Shrivastava
and Komarneni, 1994; Tits et al., 2006a; Tits et al., 2006b). It was concluded that cations
smaller than calcium (e.g. Ni, Co or Zn) as well as strontium can replace calcium in the
C-S-H interlayer in general, whereas the uptake of cations larger than calcium was limited to
sorption at surface sites. However, more recent investigations on the uptake of Np(VI/V) and
U(VI) by C-S-H suggested that also large cations can be incorporated into the C-S-H
interlayer spacing (Gaona et al., 2011; Gaona et al., 2012; Tits et al., 2014; Tits et al., 2011).
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5.2.2.2.  Other phases

The uptake of radium by other cement hydration phases was low compared to C-S-H. The
distribution ratios were generally below 50 L kg''; the higher Rq value (~140 L kg™') obtained
for ettringite in an equilibrium solution can most probably be attributed to precipitation of
RaSO4, which was found to be oversaturated (Saturation index SI = 0.8) under the specific
experimental conditions according to thermodynamic calculations. On the other hand, the
Rq values for the radium uptake by ettringite in ACW (pH 13.3), and portlandite saturated
solutions (pH 12.4) were obtained in solutions undersaturated with respect to RaSQO4. This
indicates that ettringite may sorb some radium in young cementitious systems (Ra ~30 L kg™!),
whereas under stage II conditions, no significant uptake is to be expected. Similarly, a slight
radium uptake by AFm-SO4 and hydrogarnet was only found in alkali rich young

cementitious water.

Additionally, experiments performed with calcite at pH 7.5, revealed a slightly more
pronounced radium uptake (Rq ~220 L kg™!). This outlines a potential retention mechanism for
radium in carbonated cementitious materials. Jones et al. (2011) determined slightly lower
distribution coefficients for radium sorption on natural calcite (R4 ~120 L kg!). According to
Jones et al. (2011), the most likely mechanism for radium uptake onto calcite at low
concentrations was thought to be co-precipitation within a Ca/Ra-carbonate at the calcite
surface. However, the significantly larger size of radium compared to Ca (1.43 A and 0.99 A
for coordination number CN =6 (Shannon and Prewitt, 1969), makes an incorporation of
radium in the calcite structure rather improbable. However, from DFT simulations by
Liu et al. (2016) it was suggested that in the absence of sulfates, a formation of a
barytocalcite-type phase (CaRa(CO3)2) might control the radium uptake in carbonate-rich

systems.

5.2.3.  Ab-initio calculations of radium uptake by C-S-H

Atomistic simulations were performed to investigate the potential of radium incorporation
into the C-S-H interlayer, in addition to radium binding at C-S-H surface sites (see section
2.3.1). The structural uptake of radium into C-S-H was considered due to exchange with
calcium at two different calcium positions (Figure 32). First, radium was substituted for

calcium in the stable octahedral CaO; layers (A). Secondly, substitution of calcium
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coordinated to silanol groups in the interlayer spacing by radium (B) was considered. The

enthalpies of the respective configurations were computed and compared.

Figure 32 Schematic representation of the C-S-H structure with octahedral CaO; layers (4) and
the interlayer (B).
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Figure 33 Calculated final structures for radium incorporation into the CaO; octahedral layer
(left) and the interlayer (vight) of C-S-HO0.75. Light blue: calcium, green: radium, blue: silicon, red:
oxygen, white: hydrogen.

The differences in the computed enthalpies (reaction enthalpies) for the two resulting
super cells (Figure 33) revealed a large difference of 184 kJ mol™! for C-S-HO.75. The lower
enthalpy was obtained for the radium uptake into the interlayer. This was even more
pronounced for C-S-H with Ca/Si- ratios of 0.9 and 1.0, with enthalpy differences of 260 kJ
mol”! and 202 kJ mol}, respectively. This strongly indicates that an uptake of radium by
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substitution for interlayer calcium would be highly preferred over incorporation into the
octahedral layer. The simulations show that the introduction of the large radium cation into
this stable layer would induce an increase in the distance of the neighbouring calcium atoms
along the crystallographic b axis from 7.43 A to 7.64 A. Thus presumably the increased strain
and decreased length of Ca-O bonds along the a-b plane are the main contributors to the large

energy differences.

In order to assess the potential of an exchange of radium from solution with an interlayer
calcium in the C-S-H, the Gibb's free energy of this reaction was estimated. To compute
AG=AH-TAS of the exchange reaction from the DFT-reaction-enthalpy (AH), an estimate of
the reaction entropy AS is required. For the solid C-S-H phase it was assumed that the change
in entropy due to Ra-Ca-exchange is given by the differences in Latimer entropies of elements
in solid compounds (Latimer, 1951), corresponding to a TAS = 8.1 kJ mol™! at 300K in this
case. For the entropies of the aqueous Ca®" and Ra*" ions, values of -56.484 J K'! and +53.974
JTK, respectively, were used (Shock et al., 1997; SUPCRT98). The estimated AH, AS and
AG of the exchange reaction of radium for calcium in the C-S-H interlayer are given in Table
14 for different C-S-H compositions. The error on the AG derived in this way was estimated
to be ~20 kI mol™, resulting in particular from uncertainties in the thermodynamic data
(i.e. measured entropies and hydration enthalpies) used in the estimation of the Gibb's free
energies (about 12 kJ mol”' from uncertainties of Ca®* and Ra*" hydration enthalpies alone;
Smith, 1977). Despite these uncertainties and the use of a simplified C-S-H model based on
the tobermorite structure of Hamid (1981) for the derivation of the computed supercells, the
computed data clearly show that the reaction enthalpy and the free energy increase
significantly with increase of Ca/Si ratio. This is consistent with the observed decrease of the
radium uptake with increasing Ca/Si ratio. The distinctively negative free energy of the
exchange reaction for C-S-HO0.75 suggests that the radium uptake in the interlayer is a

plausible radium uptake mechanism, in particular for low Ca/Si-ratios.
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Table 14 Thermodynamic parameters for the exchange reaction of radium for calcium in the
C-S-H interlayer at 300K for different C-S-H phases, estimated from DFT calculations.

Ca/Si-ratio AH; AS; AGy
[kJ mol ] [TK" [kJ mol ]

0.75 -100.6 83.3 -75.6

0.9 -18.5 83.3 6.5

1.0 -10.8 83.3 14.2

5.2.4.  Radium uptake by hardened cement paste

The uptake kinetics of radium by crushed HCP is shown in Figure 34. The radium uptake
by the CEM I paste reached a steady state Rq value of ~60 L kg after about 10 days.
Leaching of the alkalis, due to the low S/L-ratio in the experiment, was indicated by the
solution pH = 12.6, which was found to be constant throughout the sorption experiment.
Therefore the experiment refers to a slightly degraded cementitious material in stage II,
probably controlled by portlandite dissolution (Jacques et al., 2008; Ochs et al., 2016). Similar
uptake kinetics while slightly higher Rg-values were observed by Tits et al. (2006a) for
similarly degraded HCP made from sulfate-resisting Portland cement (CEM I 52.2 N HTS).

In the radium uptake experiments using the VIT low pH cement paste, equilibrium
conditions were not attained within the experimental time frame of 100 days. The Rq value
obtained at the end of the batch uptake experiment was 12,300 L kg™'. During the experiment
the solution pH dropped from initially 12.5 to 11.8. This suggests that hydration of remaining
unreacted clinker phases, silica fume and blast furnace slag is ongoing, leading to formation
of C-S-H with low Ca/Si-ratios. This is in agreement with the results of the hydration model
of Idiart (2017). The significantly higher R4 value for the VTT cement paste can be attributed
to the lower pH and lower Ca/Si ratio of the C-S-H as the main hydration phase contributing

to radium retention, compared to CEM I based systems.

The results obtained of the radium uptake by the two composite HCP materials are in
general agreement to the few published observations on the radium uptake by cementitious
materials. Bayliss et al. (1989) found also a distinctively stronger uptake of radium by
hydrated cement mixtures comprising BFS (R4 900-1800 L kg ') compared to sulfate-
resisting OPC (Rq 55-530 L kg !). However, they attributed the higher Rg4-values in the BFS

containing systems to the precipitation of RaSOs. Similar to the findings of the study at hand,
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Holland and Lee (1992) reported a R of ~50 L kg™! for the sorption of radium by OPC based
materials. Moreover, they observed that formulations leading to cementitious materials with

C-S-H exhibiting lower Ca/Si ratios showed an enhanced radium uptake compared to OPC.

In general, the results obtained for the uptake of radium by HCP systems are in qualitative
agreement with the uptake observed for the C-S-H phases. These results indicate that low pH
cement formulations, obtained by i.e. high silica content, exhibiting C-S-H low in Ca/Si ratio

possess a higher retention potential for radium.
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Figure 34 Uptake kinetic of **°Ra by CEM I and crushed VTT reference paste.
5.2.5.  Effects of carbonation

Carbonation by atmospheric CO2 or carbonate-bearing groundwater is a common
alteration process of cementitious materials (Taylor, 1997; Tragardh and Lagerblad, 1998).
Carbonation results in changes in the phase assemblage due to formation of calcite, first in
expense of portlandite and second by decalcification of C-S-H. The subsequent formation of
calcite is accompanied by decreasing alkalinity and pH of the pore solution. The uptake and
therefore the retention potential for radium by calcite was found to be significant lower
compared to C-S-H. So far the effects of carbonation and other alteration processes on the

radionuclide migration behavior in cementitious materials have rarely been addressed.

Here, the fate of radium after carbonation of C-S-H1.4 under conditions expected in

young cementitious materials was addressed, using CO; overpressure (Figure 35). In this
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batch experiment, the initial distribution ratio of radium (R4 ~1,900 L kg') was slightly
higher compared to experiments using C-S-H with similar compositions in young
cementitious pore water at pH 13.3. This might be due to a slightly lower Ca/Si-ratio, as
consequence of the formation of minor amounts of calcite during sample preparation in this
case (cf. Figure 36). A fast drop of solution pH from initially 13.3 to <10 occurred during the
first hours of the experiment attributed to the precipitation of calcite and the increasing
concentration of carbonate ions in solution. A final pH of about 8 was observed after one day
and remained practically constant. Although a small amount of calcite occurred already in the

initial sample, an increasing amount of calcite was observed in the solid phase by XRD.

X Rd(Ra-226) direct X Rd(Ra-226) eq.
—pH - = eq.pH
1000000 3 - 14
ﬂ X r 13
100000 4 8\ X L 12
= 10000 X - 1(1)
b E r 10=
= k- = I
= 1000 § § X X 9 =
= 3 \X__’j [ g
m p
100 % L 7
10 4 -6
3 L5
1 T T T rrrrem T rorrrrm T rrrrrm T T T rrrrrm T T rrrrrr 4
0.00 0.01 0.10 1.00 10.00 100.00

time [d]

Figure 35 Evolution of the distribution ratio Rq of radium and solution pH during continuous
carbonation of C-S-H1.4 under CO; overpressure.

The distribution ratio Rq of radium increased strongly during the first hours of the
carbonation experiment with a maximum Rqg (> 100,000 L kg'!) observed after 4 hours of
carbonation time at a solution pH of 9.4. This is attributed to the combined effects of the
decreasing solution pH and the decrease in Ca/Si-ratio of the C-S-H phase, as well as radium
entrapment in the precipitating calcite. After 1 day, the Rq approached values corresponding
to those measured in batch experiments with calcite (~380 L kg™'). This demonstrates that
radium sorbed by C-S-H will be released during carbonation. However, some radium can be

retained in the newly formed calcite. So far, the mechanism of the radium release from C-S-H
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during carbonation has not been investigated. In general, carbonation of C-S-H is associated
with the destruction of the tobermorite-like C-S-H structure resulting in the formation of
calcite and amorphous SiO». Thus, the release of radium from the sorption sites followed by
occlusion in the freshly formed calcite might be plausible uptake mechanism.
An incorporation of radium into the calcite structure instead of calcium during precipitation is

less likely, due to the large size of the radium ion.
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Figure 36 Selected XRD patterns obtained during the carbonation of C-S-H.

In contrast to a system using model phases, hardened cement pastes are much more
complex in terms of phase assemblage and elemental composition. Thus for comparison, the
fate of radium during carbonation of a cement monolith (CEM I) was investigated. It has to be
noted that in this experiment the Rq was calculated using the total mass of the cement
monolith, since the mass/volume of material responsible for the uptake of radium, which
depends on the depth of diffusion into the monolith, could not be obtained in this
experimental setup. Thus the concentration of radium in the supernatant solution is stated in

addition to the calculated apparent Rq value.

The initial apparent distribution ratio of radium between solution and monolith was
Ra ~35 L kg!' (¢(***Ra)=1.2:107 mol L) at an equilibrium pH of 12.96. A fast drop of
solution pH from initially 12.96 to 7.2 occurred during the first hours of carbonation, similar
to the experiment using C-S-H, attributed to the precipitation of calcite and the increasing
concentration of carbonate ions in solution. The solution concentration of radium finally

decreased to c(***Ra)=6.9-10" mol L', resulting in an apparent Rq ~820 L kg at an
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equilibrium pH of 7.2 after four weeks. Subsequently the cement monolith was cut
perpendicular to the length axis in the middle to obtain the radial distribution of radium. The
cross sections of the radium loaded monolith before and after carbonation and the

corresponding autoradiography are shown in Figure 37.

Figure 37 Autoradiography image and photography of cut and polished cross sections for CEM I
monoliths before (a and c) and after (b and d) carbonation.

Due to the low diffusion rate of radium into the cement monolith, the activity measured
was found to be located in a small zone close to the surface of the monolith that was in
contact with the radium containing solution. Investigations by autoradiography showed that
the diameter of the cylinder decreased from 12.1 mm to 12.0 mm, whereas the intensity of the
autoradiography signal increased from 54 cpm to 983 cpm after carbonation (Figure 37).
From the autoradiography it was noticed that the width of the rim containing the radium

decreased slightly after carbonation, indicating an in-diffusion of radium.

The results of SEM/EDS investigations of the micro structure of the carbonated zone are
shown in Figure 38. From the elemental distribution, three concentric zones can be identified
from the outside to the inside of the monolith. The first zone comprises a a layer (400-500um)
consisting of calcite ("carbonate layer") containing larger pores, and remaining clinker phases
rich in aluminum and iron, most likely calcium aluminates and calcium aluminum ferrites.
The increased amount of pores observed in the outer zone may be attributed to the dissolution
of clinker material during carbonation, leaving void zones and large pores
(cf. Triagardh and Lagerblad, 1998).
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Figure 38 SEM/EDS mapping of the polished cross sections for CEM [ monoliths after
carbonation. 1) carbonate layer, 2) alteration layer, 3) unaltered CEM I paste.

Adjacent to the calcite layer a small alteration layer (thickness approx. 100 pm) is
observed (Figure 39). Here, the concentration of calcium is slightly increasing with increasing
depth, whereas the concentration of silicon peaked directly at the interface between
layer 1 and 2. The concentration of sulfur was found to be slightly higher in the alteration
layer 2. This effect was also observed by Trigirdh and Lagerblad (1998) and can be
explained by a redistribution of sulfate and aluminium in calcium depleted areas, resulting in
the formation of ettringite, monosulfate and, due to the higher CO3% concentrations, probably
also thaumasite (Tragardh and Lagerblad, 1998). The calcium to silicon ratio was observed to
be lowest in layer 2 in close proximity to the calcite layer. Hence, it can be assumed that the
Ca/Si ratio of the C-S-H phases in this region is low.
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Figure 39 Line scan of the polished cross sections for CEM I monoliths after carbonation. 1)
calcite layer, 2) alteration layer, 3) unaltered CEM I paste. Dark area in upper right is epoxy resin.

Furthermore, a slightly depletion of magnesium in the calcite layer was observed. The
third region in the cylinder (layer 3) is assumed to consist of unaltered cement, which is
continuing to the centre of the cross section. No traces of radium could be detected in EDS
measurements and mappings, due to the detection limits of the EDS system. Therefore, the
distribution of radium in the cross section could not be quantified, even though
autoradiography indicated a small rim with elevated radium activity at and close to the
surface. However, the EDS line scan indicated that the C-S-H close to the calcite layer has the
lowest calcium to silicon ratio. It is thus to be expected that radium is sorbed stronger in this
region, although none of the applied methods gave clear evidence. Moreover, it was observed
that sulfate is moving inwards, resulting in a higher sulfate concentration at the interface
between layer 2 and 3. Considering the solubility limitation of radium by RaSQOs, a correlation

between the inwards moving sulfate and the solubility of radium may also be possible.
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5.3. Technetium uptake in cementitious systems

5.3.1.  Uptake kinetics and equilibrium distribution ratios

The kinetics of the Tc(VII) uptake by the model hydration phases were determined at a
S/L-ratio of 0.005 kg L™! in the various solutions for up to 100 days. The results of these
experiments are depicted in Figure 40. In this set of experiments, the equilibrium
concentrations were rather similar to the initial concentration of TcO4 within the
experimental errors for all experiments. Therefore, calculated Rq-values occasionally reached
negative values and could not be plotted. In Figure 41, the equilibrium R4 values determined
at a S/L ratio of 0.04 kg L' are shown; the data are detailed in Table 15. As expected, the
uptake of pertechnetate by the model phases was found to be generally rather low (Figure 41).
The highest distribution ratio (Rq 4.5 L kg™!) was obtained for C-S-H0.9, whereas 2.3 L kg™!
for C-S-H1.4. As previously mentioned, the surface charge of C-S-H depends on the calcium
to silicon ratio, exhibiting negative surface charge at low Ca/Si ratio whereas at Ca/Si ratio
(i.e. at Ca/Si > 1.2) the surface charge changes to positive. Hence, the negative charged
pertechnetate was expected to exhibit a higher affinity to C-S-H1.4 which was not observed in

the uptake experiments.
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Figure 40 Uptake kinetics of TcO4 by various model phases in different solutions (ES:
equilibrium solution; ACW: artificial young cement water (pH 13.3); error bars are omitted for the
sake of clarity.

-76 -



This result cannot be explained in terms of electrostatic sorption. Considering the low
distribution ratios the higher affinity to C-S-H1.4 may be attributed to the difference in
surface area of the synthetic C-S-H (C-S-H0.9 = 125m? g!, C-S-H1.4 = 109m? g;
see section 5.1.1). Furthermore, a slight uptake of pertechnetate by AFm-SO4 (ES) (Ra=4.0 L
kg") and AFm-CO; (ES) (Ra=2.3 L kg'") was noticed, which indicates an effect of the pH in
the supernatant solution. Uptake of pertechnetate by AFm-SO4 and AFm-CO3 could be due to
surface sorption, edge sorption to the octahedral layers or exchange for the interlayer anion.
Since the latter might lead to a change in basal spacing, a XRD study on the material was
conducted. However, no changes in the interlayer spacing of the AFm phases or new reflexes
attributable to the exchange of interlayer anions were observed. These findings are most
probably due to the low uptake of pertechnetate by AFm, leading to no discernable change in
the basal spacing. In principle, for the exchange of interlayer anions, divalent anions
(e.g. COs* or SO4%) are preferred to monovalent anions (TcO4"). However, the lower uptake
by AFm-CO; compared to AFm-SO4 might indicate that an exchange of TcO4™ for the planar
COs* is less favored compared to an exchange with the tetrahedral SO4-anion. The uptake of
TcOs by ettringite was found to be week, ie. the Rg4 was generally
< 1 L kg, suggesting practically no uptake due to exchange for SO4 groups in existing
ettringite as proposed by Berner (1999). In contrast, Saslow et al. (2018) observed a slight
incorporation of pertechnetate in ettringite precipitating in the presence of dissolved

TcO4 ions.

1

Ry [Lkg 1]
O2NWAUION®O©O

Figure 41 Distribution ratios Ra for TcOy uptake by various hydration phases in different
solutions (ES: equilibrium solution; ACW: artificial young cement water (pH 13.3); CH: portlandite
saturated solution (pH 12.3); C3AHs: hydrogarnet).
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Table 15 Distribution coefficients Ra for the TcOy4 uptake by cement hydration phases in different
solutions (ES: equilibrium solution; ACW: artificial young cement water (pH 13.3); CH: saturated
portlandite solution (pH 12.3)).

Phase Ra[Lkg]
ES ACW CH

C-S-H0.9 45 £2.7 4.1 +£2.7
C-S-H1.4 23 £24 1.9 +23
AFm-SO4 40 <19 0.7 =£1.5 1.1 +£1.5
AFm-CO; 23 =£1.7 0.6 =£1.5
Ettringite 0.6 0.9 0.6 +0.9 0.6 +0.9

C3AHs 0.6 =£1.6 0.6 =*1.6 1.0 1.7
Portlandite 1.0 £2.2

Calcite 0.6 2.2 0.8 +2.2

In general, these experiments investigating systematically the pertechnetate uptake by all
major hydration phases in cementitious systems for the first time, elucidated the high mobility
and low retention of TcOy4™ in cementitious environments in the absence of reductants able to

produce the significantly less soluble Tc(IV) (cf. Ochs et al., 2016).

In order to investigate a potential dependency of the Tc(VII) uptake by the model phases
on the concentration level of Tc in solution, sorption isotherms were measured for the
pertechnetate uptake by the two different C-S-H phases and for AFm-SOs (Figure 42).
Again, these investigations revealed a stronger uptake by C-S-H0.9, even though the positive
surface charge of C-S-H1.4 should increase the electrostatically attraction of the pertechnetate
anion. The linear trends observed in the log-log plots indicate a Freundlich-type sorption
isotherm for all cases without any indications for sorption site saturation or (surface)
precipitation, which would generally be improbable due to the high solubility of pertechnetate

under the experimental conditions.

The deviations and uncertainties obtained for the slope and the value of the coefficient of
determination reveal a low influence of the background and statistical errors of the LSC

measurements on the distribution ratios.
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Figure 42 Sorption isotherms of pertechnetate uptake by C-S-H0.9 and C-S-H1.4 (left) and AFm-
SOy (right).

5.3.2.  Tc(VII) uptake by hardened cement paste

The uptake and sorption of pertechnetate by pure C-S-H and AFm phases was shown to
play only a minor role in retention of pertechnetate in cementitious systems. Therefore batch-
uptake experiments on crushed hardened cement paste were performed to study the potential
accumulation of reduced Tc on reductive sites like Fe(II)-bearing inclusions or phases. These
reductive sites in cementitious systems mainly originate from iron-containing educts used in

the cement formulation, such as blast furnace slags.

The uptake experiments were conducted for 100 days for the CEM I paste and for 75 days
for the VTT reference paste (Figure 43). The obtained distribution ratios are in equilibrium
within the first day and show a low uptake of Tc by the crushed HCP. As expected from batch
uptake experiments, distribution ratios of HCP based on CEM I are lower in general
compared to the low-pH paste based on the VTT cement. This can be explained by the lower
Ca/Si ratio of the C-S-H in the VTT cement paste and the higher content of Fe(II)
and/or sulfides in this material due to the BFS used in the cement formulation. These findings
are in good agreement with the stated high mobility and low retention of TcO4 in

cementitious environments in the absence of reductants, according to Ochs et al. (2016).
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Figure 43 Uptake kinetics of pertechnetate (TcOy) on crushed CEM I paste and VTT reference
cement paste.

In addition to the batch-type experiments, the in-diffusion of Tc(VII) into cylindrical HCP
monoliths was investigated. Subsequently, the monoliths were cut perpendicular to the length
axis and the Tc-distribution on the obtained cross sections was investigated by
autoradiography, to identify technetium hot spots and to record diffusion profiles.
Figure 44 shows the intensity profiles for x and y-directions of the cross section of the CEM I
monolith. The overall activity of technetium in this cement monolith was low and no Tc hot
spots were observed (Figure 44a). From the intensity profiles a slight depth dependency can
be observed. However, the obtained data quality was poor due to the small quantities of

%Tc measured. Therefore, no diffusion profiles could be fitted to the data.

In-diffusion experiments performed with VIT cement monoliths revealed no measurable
change in the aqueous Tc concentration over the course of 2 months, indicating practically no
in-diffusion of pertechnetate. This may be attributed to the high contents of silica fume and
quartzfiller used in the VTIT cement formulation, resulting in a very low porosity and
diffusivity. Generally, cement formulations containing larger amounts of BFS, like the
VTT paste, can exhibit a higher retention potential for technetium(VII) due to formation of
Tc(IV), according to the findings of Allen et al. (Allen et al., 1997a; Allen et al., 1997b). In
the absence of reductants leading to the formation of Tc(IV) species, which sorb strongly on
C-S-H (Ochs et al., 2016) or form sparingly soluble oxides or sulfides, the transport/migration

of Tc as pertechnetate in cementitious systems is controlled by factors influencing the
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effective diffusion coefficient, namely porosity, tortuosity and the state of hydration which are

decreasing the overall diffusion properties.
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Figure 44 Activity profiles for x and y direction (smoothed) of an autoradiography measurement
of [”’Tc] pertechnetate in-diffusion in a hardened CEM I monolith; a) scanned autoradiograph plate
and applied line scans.
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5.4. Molybdenum uptake in cementitious systems

5.4.1.  Uptake kinetics

The results on the investigation of molybdate uptake kinetics by the various model phases
performed at a S/L ratio of 0.005 kg L' are shown in Figure 45. Equilibrium was reached
after 30 days at the latest. The most pronounced uptake was observed for C3AHs. It should be
noted that in the 28 and 60 days sample of AFm-SO4 measurable amounts (XRD) of mono
carbonate and hemi carbonate were found. Furthermore, the measured equilibrium
concentrations of molybdenum in these experiments were slightly above the initial
concentration, due to the experimental error. Therefore, the calculated distribution ratios were
negative and results are not included in this logarithmic plot. A similar issue was found in
some batch uptake experiments for C-S-H0.9 and C-S-H1.4, where concentrations of

molybdenum in the supernatant solution were very close to the initial value.
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Figure 45 Kinetics of molybdate (MoO4*) uptake by various model phases in different solutions
(ES: equilibrium solution; ACW: artificial young cement water (pH 13.3); C3AHs: hydrogarnet).
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5.4.2.  Equilibrium distribution ratios

The Ry values for the molybdate uptake in the different systems determined at S/L-ratios
of 0.04 L kg™! are depicted in Figure 46 and detailed in Table 16. For C-S-H in equilibrium
solutions distribution ratios of Rq= 750 L kg for C-S-H1.4 and Rq=420 L kg C-S-H0.9
were observed. These findings are in agreement with the change in surface charge of C-S-H to
positive values at Ca/Si ratios exceeding 1.2, suggesting an electrostatic sorption of the
molybdate anion on C-S-H. In alkali-rich young cementitious water, distinctively lower
R4 values were observed, which might be due to competition with OH ions for sorption sites,
suggesting lower molybdate sorption and retention by C-S-H in young alkali-rich
cementitious systems. These results show that C-S-H phases in cementitious materials play an
important role with respect to the retention of molybdenum, in particular in aged systems

(stage II and III).

As expected, a pronounced molybdate uptake (R¢ ~1500 L kg') by AFm-SOs and
AFm-CO; was observed, indicating no preference of the uptake on the nature of the interlayer
anion (i.e planar COs or tetrahedral SO4) in this case. However, the measured decrease of
¢(MoO4*) in the supernatant solution was found to be significantly smaller in saturated
portlandite solution and artificial cement pore water, respectively, suggesting a stronger

retention under stage III conditions (portlandite stage pH 12.5).

Molybdate can substitute for sulfate in the AFm structure (Kindness et al., 1994).
XRD studies on the AFm-SO4 used in the batch sorption experiments showed an increase in
the basal spacing compared to pure AFm-SOs indicating the structural incorporation of
MoO4? ions in the AFm-structure by anion exchange with the interlayer anion, since the size
of the molybdate oxo-anions (Mo-O bond length ~1.77 A) is larger than of SOs*-ions
(S-O bond length ~1.47 A). However, the increase in the basal spacing could also be
attributed to an increasing number of water molecules in the interlayer in the Mo substituted

AFm.

Recent investigations by Ma et al. (2017) on the sorption of molybdate on AFm-SO4 and
AFm-Clz by XRD and TEM/SAED had shown that an aqueous concentration
of ¢(Mo0O4) ~ 1 mmol L7 resulted in precipitation of Mo-bearing Kkatoite.
It was stated that the short bond length of Mo-O (~1.78 A) is a possible reason of AFm-Cl,

edge stabilization followed by Mo-bearing katoite precipitation, a comparison to AFm-SO4
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was not drawn here. Marty et al. (2018) demonstrated that molybdate exchanges for two
chloride anions in AFm-CI and that the competition between molybdate and OH" results in a

lower sorption capacity towards molybdate with increasing pH.

Ettringite, known for its capability to incorporate various monovalent and bivalent oxo-
anions by solid-solution formation, showed a less pronounced affinity to incorporate
molybdate compared to the AFm phases (Rq ~120 L kg! in equilibrium solution).
Similar Rq values in young cement waters indicate a stronger retention of molybdate by
ettringite in stage I compared to the later degradation stages. The retention of MoO4> by
portlandite (Rq 789 L kg'!) might be attributed to the formation of surface precipitates of
CaMoOQs, although the bulk solution was undersaturated with respect to powellite in the

experiment.

The highest Rq values were observed for C3AHg (up to 3000 L kg™); the uptake was found
to be higher in more alkaline young cementitious waters compared to the portlandite saturated

solution representing aged cementitious systems (cf. Table 16).
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Figure 46 Distribution coefficients Ry for the MoOJ™ uptake by cement hydration phases in
different solutions (ES: equilibrium solution; ACW: artificial young cement water (pH 13.3); CH:
saturated portlandite solution (pH 12.3)).
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Table 16 Distribution coefficients R, for the MoOs* uptake by cement hydration phases in
different solutions (ES: equilibrium solution; ACW: artificial young cement water (pH 13.3); CH:
saturated portlandite solution (pH 12.3)).

Phase Ra[Lkg']
ES ACW CH
C-S-H0.9 432 £26 143 +9
C-S-H1.4 781 +41 98 +5
AFm-SO4 1571 £115 55 =15 240 +220
AFm-CO3 1564 =£90 535 4481
Ettringite 122 +4 122 +3.6 23 +£21
C3AHs 3037 +436 1909 +142 594 +436
Portlandite 789 +£28
Calcite 321 18
5.4.3.  Uptake of molybdate in hydrogarnet-containing systems

Since the strongest uptake of molybdate was found in the systems with hydrogarnet
(C3AHgp), the solids used in these batch experiments were subsequently studied by XRD and
SEM, to get insights into the uptake mechanism. However, no changes in the XRD patterns of
the solids as consequence of the Mo-uptake were observed. In some XRD patterns the
003 reflexes of AFm-COs and AFm-OHCO3 were observed, which were found to be due to
the drying and measuring procedure. No molybdenum was detected by EDS on the surface of
the hydrogarnet, probably due to the limit of detection of the EDS. However, in some of the
sorption experiments performed in ACW, small (6um) newly formed (pseudo)hexagonal,

sheet like crystals were observed (Figure 47).

Figure 47 SEM investigation of hydrogarnet before (a) and after uptake of molybdate (b and c)
showing the formation of (pseudo?) hexagonal secondary phases (c).
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These very rare crystals contain measurable concentrations of Mo, Ca and Al, suggesting
the potential formation of an AFm-MoOs phase. Moreover, it was found that the
C3AHs crystals exhibit evidence of dissolution and changes in the microstructure that took
place after the addition of molybdate in the batch sorption experiments (Figure 47b). These
results indicate that the observed uptake of molybdate in systems with hydrogarnet is due to
the partial dissolution of hydrogarnet and the precipitation of small amounts of newly formed,

AFm-like molybdate phase.

However, the amounts of the newly-formed Mo-bearing phase formed in the batch
sorption experiments conducted at 107 mol L' MoOs* were too low for further
investigations. Therefore, the Mo concentration was increased in additional experiments until
the precipitated phase contributed to the diffraction pattern of XRD (Figure 48). The
interlayer spacing of the new phase was found to be 8.59 A (doos) and 4.29 A (doos), which is
in good agreement with literature values for AFm-MoOs (Kindness et al., 1994
Marty et al., 2018), whereas no powellite formation was observed. Kindness et al. (1994)
reported a spacing of 8.70 A (doos) and 4.3 A (doos) for AFm-MoOs comprising 14H,0O
molecules in the interlayer. In contrast, Ma et al. (2017) observed interlayer distances of
103 A and 104 A for AFm-Clo and AFm-SOs partially substituted by molybdate. The
interlayer distances of AFm phases are strongly dependent on the state of hydration, thus the
different interlayer spacing determined by Ma et al. (2017) can probably be attributed to a
higher amount of water in the interlayer of the AFm-phases. Additional reflexes observed at
11.7°20 corresponding to doos of AFm-CO3 were probably due to carbonation during sample
preparation, drying and measurement. This was confirmed by additional XRD measurements
of the same substance performed without drying, conducting a fast measurement in the 2theta
range up to 70°20 only. Due to the very small amounts of this newly formed, potentially
AFm-like phase, which could not be separated, a further attempt was made for phase
characterization, using a high concentration of MoOs* (102 mol L) in the sorption
experiments with C3AHe and prolonged reaction times. After 2 months of reaction, the
aqueous MoOs* concentration decreased to <0.1% of the initial concentration. Here, EDS
spot measurements performed after termination of the experiments exhibited measurable
amounts of molybdate present in the (pseudo)-hexagonal AFm-like crystals, whereas no
MoO4> could be found at the surface of the hydrogarnet (Figure 49). Thus, from these
observations it can be concluded that the uptake of molybdate by hydrogarnet is most likely to
take place due to formation of molybdenum bearing AFm-like phase.
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Figure 48 Comparison of XRD pattern for sorption of MoO. by C;AHs at 10° mol L' (blue), at
107° mol L' (green) and the pattern of AFm-MoOy (red).

Figure 49 SEM of C;AH after batch sorption experiment of ¢(MoO4*) = 10~ mol L. Marked are
EDS spot measurements.

To gain additional insights into the nature of AFm-like Mo bearing phases forming under
highly alkaline cementitious conditions, specific synthesis routes were used to obtain
molybdate-bearing AFm-type phases either in sodium or potassium rich solutions,
(cf chapter 4.1). The product obtained in the sodium-bearing system at pH 12.9 had a sheet
like appearance similar to AFm (Figure 50). SEM/EDS measurements revealed a
stoichiometric composition of Ca:Al:Mo of 4:2:1. Investigations by XRD indicated two
different states of hydration of the interlayer anions of the AFm-type phase by peak splitting
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for the doos and doos reflexes. The XRD pattern of the phase at highest hydration state
(Figure 50) showed, beside the well-known reflex pattern for AFm-type structures, reflexes
that cannot be attributed to molybdenum containing AFm phase. The reflexes of AFm-MoOa4
at 8.58 °2@ and 17.26 °20 corresponding to distances of 10.3 A (doo3) and 5.13 A (doos) for
were also observed by Kindness et al. (1994) for molybdate bearing AFm with 10 water

molecules in the interlayer.

The additional reflexes that cannot be attributed to AFm-MoOy fit to reflexes of the
U-Phase (4Ca0-0.9A1,03-1.1S03-0.5Na,0-16H20) first reported by Dosch and Zur Strassen
(1967) and investigated by Li et al. (1997); Li et al. (1996). It was stated by these authors that
the U-Phase exhibits a hexagonal or pseudo-hexagonal structure and can form in highly
alkaline systems. The X-ray diffraction pattern of the U-Phase shows strong similarities
compared to the additional phase obtained in the AFm-MoOy synthesis in the Na-rich system,
although it contains sulfate as anion instead of molybdate. The U-Phase is a sodium
substituted AFm phase that could exist in a wide range of alkali concentrations and exhibits
reflexes at or close to those of AFm-MoOs, thus peak overlapping could be the reason for the

lack of reflexes referring to the structure of the observed impurity.

Considering the few reflexes at higher °2® to be not sufficient to distinguish between
AFm-MoOs and the impurity, a more advanced technique was used to identify the obtained
products. Thus a TEM study was performed to obtain more information on the structure of the
synthesized layered material and to get an idea of its crystal structure. Electron diffraction
patterns were obtained along the 001 zone axis, due to the preferred orientation of the

platelets.
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Figure 50 XRD pattern (left) and SEM image (vight) of impure AFm-MoOy synthesised in the Na-
rich system under alkaline conditions. Reflexes marked with * potentially originate from the U-Phase.
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Despite the similarities in the SEM images of all platelets and their morphology, different
electron diffraction patterns were obtained (Figure 51). A majority of the platelets exhibit a
hexagonal or trigonal symmetry with a lattice constant a = 5.71 + 0.06 A (Figure 51, left),
whereas the minority show a triclinic or monoclinic symmetry (Figure 51, center). Some
platelets were found to overlap with a slight rotation; here the SAED patterns showed
additional weak spots between the primary reflexes, indicating the presence of disorder in the
crystal structure (Figure 51, right). Moreover, small amounts of powellite, one of the educts

used in synthesis, were found.

The TEM study confirmed that the synthesized material was not single-phased AFm-
MoO4 and the observed unidentified XRD reflexes belong to a phase, probably with a
structure similar to the U-Phase, with triclinic or monoclinic symmetry that exhibits a slightly
smaller lattice constant a. However, due to the few triclinic platelets found, no discrete values

for lattice constants for this phase could be obtained.

However, the results of the TEM study suggest a lower symmetry
(i.e. triclinic or monoclinic) of the Mo-analogue of the U-Phase, compared to the higher
symmetric hexagonal (or pseudohexagonal) structure of the sulfate-bearing U-Phase proposed

by Li et al. (1997).
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Figure 51 TEM images and electron diffraction patterns of AFm-MoO (left), a further molybdate-
bearing phase (center), and overlay pattern of rotated trigonal phase.
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In the sodium-free systems, only some powellite impurities were observed besides the
AFm-MoOs, whereas no presence of an U-Phase analogue was observed. The diffraction
patterns revealed a higher chemical yield of AFm-MoOs and less powellite impurities in the
material synthesized at pH 13.5 (Figure 52). SEM investigations on the micro structure
revealed the generally high crystallinity of the hexagonal sheet like AFm-MoOs, exceeding a
crystal size of 20 pm (Figure 53). The results indicate that in sodium-rich systems, besides
AFm-MoOs and powellite, the formation of an analogue of the U-phase can contribute to the
retention of molybdate, whereas in sodium-poor or potassium dominated conditions, only the
AFm-MoO4 (in combination with powellite) forms. In Addition, the synthesis without sodium

or potassium gave a similar product compared to the potassium dominated conditions.
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Figure 52 Diffraction pattern of AFm-MoOy products synthesized in the Na-free system at pH
12.1 and 13.5 (KOH).

Figure 53 SEM image of AFm-MoOy with powellite impurities.
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To investigate the coordination environment of molybdate in AFm, a Raman study was
performed, using the material synthesized in the sodium-free systems. Raman spectra
obtained for AFm-MoQO4 were compared to literature data on other hydrated molybdate
phases published by Sejkora et al. (2014). The Raman shifts obtained for bands v1 at 894 cm’!
(symmetrical stretching), v3 at 833 cm™! (triply degenerated antisymmetric stretching) and
v4 at 318 cm™! (triply degenerated bending) refer to the tetrahedral symmetry of free MoO4>,
indicating a solution like environment of the hydrated MoO4* in the interlayer of the

AFm-MOq (Figure 54).
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Figure 54 Raman shifts of AFm-MoOQy, 1) triply degenerated bending vibrations vy, 2) triply
degenerated antisymmetric stretching vibration v, 3) symmetric stretching vibration vi.

5.4.4.  Uptake of molybdate by hardened cement paste

The uptake kinetics of molybdate by the CEM I paste reached a steady state R4 value of
~300 L kg™! after about 15 days (Figure 55). Leaching of the alkalis, due to the low S/L-ratio
in the experiment, was indicated by the solution pH = 12.6, which was found to be constant
throughout the sorption experiment. Prior to the addition of molybdate, the initial equilibrium
aqueous calcium concentration was found to be ¢(Ca®") =21.2 mmol L™ at a paste age of 30
days. As expected from batch uptake experiments, distribution ratios of CEM I are lower in
general. The main contributors to retention of molybdenum in systems with HCP is the uptake
by AFm or C3AHs exhibiting distribution ratios of Rq > 1000 L kg™ for the model phase

systems. In addition, precipitation of powellite will contribute if the concentration of
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molybdenum reaches the solubility limit of powellite. Therefore, the aqueous concentration of
molybdate is very sensitive to differences in calcium concentrations in cementitious

environments (pH > 9) (Grivé and Olmeda, 2015; Ochs et al., 2016).

The measured distribution ratios for the uptake of molybdate by CEM I are in good
agreement with literature values by Kato et al. (2002). Further literature data on the uptake of
molybdate is rare. Only one study was found addressing the uptake of molybdate by OPC
(Kato et al., 2002). The data showed that uptake values for molybdate are in good agreement
with values for selenite. Therefore, sorption data of selenite was use to derive sorption data
for molybdenum (Ochs et al. 2016). Anyhow, literature values for the retention of molybdate

in Stage II and Stage III conditions are still lacking.
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Figure 55 Uptake kinetic of MoOy* by crushed CEM I paste.
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5.5. lodine uptake in cementitious systems

5.5.1.  Uptake kinetics and equilibrium distribution ratios

The kinetics of the iodide and iodate uptake by the various cement hydration phases
(at S/L ratio of 0.005 kg L) are shown in Figure 56. Uptake was found to be in equilibrium
within 30 day for the majority of model phases used. For the uptake of iodate by AFm-SOs,
equilibrium conditions were not reached within the experimental time frame of 60 days.
The equilibrium Rq values determined at S/L = 0.005 kg L! are depicted in Figure 57 und
summarized in Table 17. XRD measurements performed on the dried solids after the
termination of the sorption experiments showed no significant phase changes, with exception
of ettringite and hydrogarnet (ACW) samples in case of iodide and iodate after 60 days.
Here, small amounts of AFm impurities were found as a result of carbonation during sample

preparation and measurement.
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Figure 56 Kinetics of iodide and iodate uptake by cement hydrates phases in equilibrium solution
(ES) and artificial cement pore water (ACW).
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Figure 57 Distribution coefficients Rq for I (red) and 105 (blue) uptake by cement hydration
phases in different solutions (ES: equilibrium solution;, ACW: artificial young cement water (pH 13.3);
CH: saturated portlandite solution (pH 12.3)).

Table 17 Distribution coefficients Ra for I and 103 uptake by cement hydration phases in different
solutions (ES: equilibrium solution; ACW: artificial young cement water (pH 13.3); CH: saturated
portlandite solution (pH 12.3)).

Ra[L kg
lodide Iodate*
ES ACW sat. CH ES ACW
C-S-H0.9 48 *19 978 635 64 £25 937 +609
C-S-H1.4 83 £33 529 4343 62 +24 602 £391
AFm-SOs 811 +£324 1633 =£1061 685 =413 634 +253 1497 +973
AFm-CO; 81 +32 10 +15 51 420
Ettringite 190 +£76 2810 +£1826 10 =+19 1068 +427 2374 +1543
C3AHs 222 +88 1376 +894 14 =+18 418 +£167 1466 =952
Ca(OH), 126 +50 161 64
CaCOs3 107 +£30 24 £25 0 +22

*Jodate in sat. CH solution was not determined

Highest uptake for iodide was observed for AFm-SOs (Rq = 811 L kg!) in equilibrium

solution, whereas a slight uptake of iodide was observed for hydrogarnet (R4 = 222 L kg™!),
portlandite (Rq = 126 L kg') and calcite (Rq = 107 L kg!). The observed equilibrium

distribution ratios for the uptake of iodide by AFm-SOs are higher compared to literature

values of Rd=26L kg! for an initial iodide concentration of c(I)ini=10"'M by

Aimoz et al. (2012b). On the other hand, the strong uptake of iodide by AFm-SO4, compared

to the negligible uptake by AFm-COs and ettringite are in good agreement with the
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observation of Aimoz et al. (2012b), where it was concluded that an anion exchange of iodide
for sulfate is suitable mechanism for the uptake by AFm-SOs4. However, compared to the
literature values, these results do not support the stronger sorption of iodine by AFm or AFt
compared to C-S-H as observed by Noshita et al. (2002). Distribution ratios for the uptake of
iodine by C-S-H were found to be Rq = 83 L kg!' and Rq = 48 L kg for C-S-H1.4 and
C-S-HO0.9, respectively. The increasing uptake of iodine by increasing the Ca/Si- ratio of
C-S-H is in agreement with the observations made by Aggarwal et al. (2000). The slightly
higher uptake of iodine by C-S-H1.4 indicates higher retention in younger cementitious
systems. In general, all model phases showed a higher uptake for iodine in ACW compared to
the equilibrium solutions. This indicates a higher retention potential of iodine in young
cementitious systems. The predicted uptake mechanism for the uptake of iodine by C-S-H is
electrostatic sorption (Bonhoure et al., 2002; Ochs et al., 2016). The increasing uptake of
iodine as observed in this study by increasing the Ca/Si- ratio of C-S-H, and therefore
increasing positive surface charge of the C-S-H (cf. 2.3.1), is in good agreement with the

predicted electrostatic sorption mechanism.

Distribution ratios for the uptake of iodate by C-S-H were found to be Rq = 64 L kg! and
R4 = 62 L kg'! for C-S-H1.4 and C-S-H0.9, respectively. Within the experimental error, no
effect of the Ca/Si-ratio of C-S-H was found for uptake of iodate in equilibrium solution. The
increasing uptake of iodide by increasing the Ca/Si- ratio of C-S-H is not fully in agreement
with the conclusions made by Evans (2008). In general, all model phases showed a higher
uptake for iodate in ACW compared to the equilibrium solutions. This indicates a higher
retention potential of iodine in young cementitious systems. Moreover iodate was found to be
taken up by hydrogarnet (Ra = 418 L kg'!), AFm-SOs (Rq = 634 L kg'!) and in particular by
ettringite (Rq = 1068 L kg!). Idemitsu et al. (2013) showed in a synthetic approach that two
iodate anions can be incorporated into ettringite structure by substituting for one sulfate anion.
In contrast to reports on the incorporation of iodate into calcite (Feng and Redfern, 2018), no
uptake of iodate by calcite was observed. Further investigations on the uptake of iodide in
saturated portlandite solution exhibit strong sorption by AFm-SOs with a measured
R4 =685 L kg! in saturated portlandite solution (Table 17). Literature values on the uptake of
iodate by cementitious materials are rare due to the large field of stability for iodine in
cementitious environment (cf. section 2.8.4). Depending on the redox potential of the concrete
and the iodine speciation in the waste, both species may persist in cementitious systems
(Ochs et al., 2016).
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5.5.2.  Uptake of iodine by AFm-SOy

From literature values the uptake of iodide by AFm phases was expected
(cf. Aimoz et al., 2012b). However, in batch experiments an uptake of iodate by AFm was
observed as well. Therefore, this interaction of iodide and iodate with AFm phases was
investigated further with respect to changes in AFm solids used. Anyhow, the experiments
performed on iodide uptake by AFm-SOs exhibit the expected high distribution ratios
(Ra=850 L kg!). Small amounts of needle like crystals were observed indicating the
formation of ettringite, most probably as consequence of the increasing sulfate concentration
in solution, due to the anion exchange of sulfate for iodide in the AFm phase (Figure 58, left).
On the other hand, the uptake experiment conducted for 30 days at 10~ mol L™! iodate exhibits
a phase transformation giving large quantities of a needle-like iodate containing phase

(Figure 58, right).

Figure 58 SEM images of AFm-SO; after uptake of iodide (left) and iodate (right).

Iodate is an oxoanion that can fit into the AFt structure and can exchange for sulfate
(cf. Iwaida et al., 2001). The experimental results suggest that the elevated iodate
concentrations in solution have the same effect as an increase of sulfate in solution, thus

favoring the formation of an iodate-bearing AFt phase at the expense of AFm-SOs.

To investigate the dependency of the phase transition of AFm-SOj4 to 103-bearing AFt on
the iodate concentration, AFm-SOs was contacted with solutions possessing iodate
concentrations between 0.1 and 100 mmol L. Figure 59 shows the newly formed AFt
needles and the corroded remains of AFm-SO4 exposed to the highest 103™ concentration.
XRD performed on the solids showed that first indications for the formation of an iodate
containing AFt were observed at ¢(I03”) = 10 mol L', whereas at higher concentrations, AFt
was the major phase (Figure 60). These findings are in good agreement with the changes in
the phase assemblage observed on solidification of highly iodine bearing waste streams

(Tanabe et al., 2010). Tanabe et al. (2010) reported that solidification of iodate with a cement
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formulation that was enriched with calcium-aluminate ferrites resulted in an increase of the

AFt fraction from 12% to approx. 80%.

Figure 59 SEM image of AFm-SOy contacted with 100 mM iodate solution.
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Figure 60 XRD diffraction patterns of AFm-SOy contacted with solutions containing various
concentrations of iodate compared to the diffraction patterns of AFm-SOy and ettringite.
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5.5.3.  lodine uptake of by hardened cement paste

The results of the experiments exploring the iodide and iodate sorption on crushed HCP

based on CEM I are shown in Figure 61. For both iodine species a fast uptake was observed,

with slightly higher sorption of 105™ (Rg ~140 kg L") compared to I" (Rq ~26 kg L'}),

In general, the results obtained for the uptake of iodide and iodate by HCP systems are in
qualitative agreement with the results obtained for the single hydration phases under
equilibrium conditions, indicating that the major contribution to iodine uptake can be
attributed to the minor cement hydration phases like AFm/AFt that exhibit slightly higher
Ry values for 103 than for I'. Furthermore, distribution ratios for iodine are in good agreement
with literature values of Pointeau et al. (2008) (Rq ~150 kg L) and
Bonhoure et al. (2002) (Rq ~200 kg L.
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Figure 61 Uptake kinetic of iodide and iodate by crushed CEM I paste.

The uptake of iodide by hardened CEM I paste was additionally studied in terms of in-
diffusion into cement monoliths. ToF-SIMS was used to obtain a depth profile of iodide
starting at the contacted surface of the monolith (Figure 62). The results show that iodide is
distributed unevenly on the surface of the hardened cement monolith. However, a connection
between the distribution of iodide and specific features of the HCP could not be established.
The depth profiles of selected elements obtained by ToF-SIMS are shown in Figure 63.
Here, the relative intensities of the elements in the hardened cement paste are displayed as a
function of the number of ion beam scattering shots. The scattering depth cannot be given as

absolute value, due to the uneven scattering of the inhomogeneous material and the slightly
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different scattering efficiencies of the various components in the HCP. The results indicate
that the measured intensity of iodide reaches a maximum close to the surface of the monolith.
Compared to the intensity of gold used for coating, it can be observed that the majority of
iodine is contained within this gold layer. This leads to the conclusion that the very mobile
iodide was mainly present in the pore solution and has probably diffused out of the cement
matrix, due to the low pressure applied during coating and measuring. Therefore, the obtained
ToF-SIMS data were inconclusive for elucidating the depth of iodide in-diffusion into the
hardened CEM I paste.
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Figure 62 ToF-SIMS total ion maps of gold (left) and iodide (right) on CEM I HCP.
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Figure 63 (ToF-SIMS) depth profiles of selected elements of CEM I HCP contacted with iodide
(Au coating was used to create a conductive surface layer).
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6. Conclusions

In this work the retention mechanism of radium, technetium, molybdenum and iodine in
cementitious systems were investigated by batch sorption experiments. A systematic bottom-
up approach was used to investigate radionuclide retention by single model phases,
representative for the cement hydration phases, and various hardened cement pastes.
Complementary, advanced microanalytical methods (e.g. TEM, ToF-SIMS) were used to
improve the understanding for the investigated uptake and retention mechanisms.
Experiments were conducted in different solutions to address the uptake and retention
behavior in young, mature and altered cementitious systems. This study provides for the first
time a systematic investigation of radium, technetium, molybdenum, and iodine uptake for all
major CEM hydration phases. This work aims to close knowledge gaps, especially for the
uptake of radium by other phases than C-S-H and the uptake of iodine, technetium and
molybdenum by for the major CEM hydration phases. For the first time systematic studies on
the uptake of these safety relevant radionuclides by cement model phases were conducted.
The obtained distribution ratios for the main hydration phases can be used as a basis for a
component additive approach to address the retention properties of complex cement-based

materials in repository environment.

Uptake and retention was characterized in terms of distribution ratios referring to the
different chemical environments expected for the various stages of the long-term alteration of
cementitious materials. Microanalytical methods and atomistic simulations complemented the
experimental approaches to understand/propose uptake mechanisms and to distinguish
between surface sorption, structural uptake and secondary phase formation. Depending on the
system, various, partially competing uptake mechanisms could be identified, such as
electrostatic surface sorption (e.g. MoO4* on C-S-H), cation exchange (e.g. radium uptake by
C-S-H), anion exchange (e.g. MoO4>" uptake by AFm) or phase transformation (e.g. formation
of I05-AFt from AFm), which contribute to the radionuclide retention in cementitious

systems. Below are the findings for the individual radionuclides summarized.
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6.1. Radium

Uptake kinetics of radium were found to be fast and in equilibrium within 30 days. Strong
uptake of radium by C-S-H (R4 up to 22,000 L kg™!), depending on the pH, was observed.
Distribution ratios were found to decrease with increasing Ca/Si ratio. Sorption equilibrium
was reached in less than 30 days, with distribution ratios independent of the
solid-to-liquid ratio. Ab-initio calculations performed on the uptake of radium in the C-S-H
interlayer reveal negative free energies for the cation exchange reaction. These results suggest
that radium uptake in the interlayer can occur/occurs (or is a competing mechanism to surface
sorption) in particular at low Ca/Si ratios, in addition to surface sorption. The uptake of
radium by AFm and ettringite was found to be negligible. Investigation on the effect of
cement alteration exhibits a lower retention potential for young cement. With increasing
cement aging and decreasing calcium to silicon ratio, the retention potential for radium
increases. Atomistic simulations show that, in addition to surface sorption, uptake of radium
by cation exchange with calcium in the interlayer of the C-S-H is a plausible uptake
mechanism, especially for C-S-H with low Ca/Si ratio. Furthermore, a weak uptake of radium
is obtained for calcite (Rq ~ 220 L kg '), a major product of cement alteration by carbonation.
In contrast, a carbonation of C-S-H and the successive formation of calcite lead to a release of

the previously bound radium.

In case of CEM I the mature cement paste will exhibit a weak retention potential for
radium. The studied VTT reference cement paste, exhibits a strong retention potential based
on the higher C-S-H contents and the lower Ca/Si ratios obtained by the addition of fumed
silica and quartz. Carbonation of CEM I HCP reveals an increasing uptake of radium in the
calcite layer formed on the materials surface. Whether the higher uptake of radium by the
carbonation layer of hardened cement paste (CEM I) is based on the lower calcium to silicon
ratio in the C-S-H close to the calcite alteration layer or if this migration is coupled to the

migration of sulfate could not be resolved by the microanalytical methods applied.

The obtained data are, with respect to the contents and composition of C-S-H in the HCP,

consistent with the distribution ratios measured for the model phases.
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6.2. Technetium

The uptake of pertechnetate by cement model phases was found to be generally low. The
highest distribution ratio (R« = 4.5 L kg!) was obtained for C-S-H0.9, whereas
Ra=2.3 Lkg! for C-S-H1.4. This result cannot be explained in terms of electrostatic sorption
and could be attributed to the difference in surface area of the synthetic C-S-H. Furthermore, a
slight uptake of pertechnetate by AFm-SOs (ES) (Rq=4.0 L kg!) and
AFm-CO; (ES) (Ra=2.3 L kg'') was noticed. The lower uptake by AFm-COj3 compared to
AFm-SOs might indicate that an exchange of TcO4 for the planar COs* is less favored
compared to an exchange with the tetrahedral SOs-anion. The uptake of TcO4 by ettringite,
which was proposed in the literature as a potential retention mechanisms, was found to be
weak, i.e. the Rq was generally < 1 L kg!, suggesting no uptake due to exchange for SO4

groups.

The retention of pertechnetate by the studied cement model phases and alteration phases is
very weak. Based on the distribution ratios determined for AFm phases and C-S-H,
pertechnetate is expected to be mobile in cementitious materials, as long as no reducing
agents are present to immobilize technetium in form of significantly less soluble and less
mobile Tc(IV). Distribution ratios obtained for uptake by C-S-H phases unexpectedly
revealed that the C-S-H phases with higher calcium to silicon ratios are weaker sorbents for
pertechnetate despite their more positive surface charge which is expected to result in a higher

anion sorption potential.

It is expected that mechanical, physical and chemical properties that influence diffusivity
in general are of greater importance with respect to the mobility of pertechnetate compared to
the retention/sorption to the hydration phases. However, the range of elements present in
cement model phases was limited in this study. Further investigations should address the
uptake and retention of pertechnetate by iron containing AFm/AFt and hardened cement

pastes formulations containing high contents of reducing agents.

6.3. Molybdenum

Studies on the uptake and retention of molybdate were conducted to investigate the
mechanisms decreasing the mobility of molybdate besides the formation of powellite, and at

Mo concentrations below the solubility limit/constraint of powellite. Uptake for molybdate by
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C-S-H exhibited distribution ratios of R4 = 750 L kg! for C-S-HI.4 and
R4 =420 L kg'! C-S-HO0.9. In young cementitious water, distinctively lower R4 values were
observed. An enhanced molybdate uptake (Rq ~1500 L kg™') by AFm-SO4 and AFm-COs was
observed. The highest Rq values were observed for C3;AHs (up to 3000 L kg™!). Batch sorption
experiments reveal strong uptake by AFm phases, due to anion exchange in the interlayer, and
hydrogarnet. Furthermore, distribution ratios obtained for uptake by C-S-H exhibit a lower
uptake by C-S-HO0.9 than C-S-H1.4 and are in agreement with the electrostatic sorption
mechanism regarding change in surface charge of C-S-H to positive values at Ca/Si ratios
exceeding 1.2. Thus is could be shown that, besides the uptake of MoO4> by AFm-phases due
to anion exchange in the interlayer, C-S-H play a major role with respect to the retention of

Mo migration in cementitious systems.

The strong uptake by hydrogarnet-bearing systems leading to formation of a molybdate
bearing AFm phase indicate that cement pastes rich in AFm offering the highest potential on
molybdenum retention. On the other hand, the observed uptake by hydrogarnet indicates that
calcium aluminate cements could offer a high retention potential due to the high content of

hydrogarnet.

6.4. lodine

The highest distribution ratios for iodide were observed for AFm-SO4 (Rq = 811 L kg™).
Distribution ratios for hydrogarnet, portlandite and calcite were distinctively lower. The

strongest uptake of iodate was observed for ettringite (Rq = 1068 L kg™').

The retention of iodide in cementitious material was attributed to the uptake by AFm-SO4
and the AFt-SO4/I0; formation, where the C-S-H phases contributed to the retention
potential. In the portlandite stage, AFm-SO4 was found to be the main contributor to iodide
retention. Distribution ratios were found to be in equilibrium within 30 days. Uptake of iodate
by AFm-SOj4 leads to a phase transformation into needle shaped iodate-AFt. Uptake and in-
diffusion studies for hardened cement paste exhibit highest iodide concentrations at the
surface of the HCP specimen, revealing the high mobility of iodide in cementitious
environments. The obtained distribution ratios for the uptake of iodide by crushed hardened
cement paste were, with respect to the contents of AFm/AFt, consistent with distribution

ratios measured for model phases.
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7. Outlook

Cementitious barriers in a final repository will undergo mineralogical changes in the long-
term due to alteration processes. The matured, altered or chemically changed phase inventory
of the cementitious material will be accountable for radionuclide retention in the post closure
period. These changes and their effect on the retention on radionuclides need to be fully
understood in order to create a model that can be used to evaluate the long-term safety of the
disposal facility. The storage containers, packages and waste compartments considered for a
deep geological repository are designed to last for several thousand years (IAEA, 2011).
However, the long-term safety assessment needs to ensure the safe retention of the
radionuclides for 1,000,000 years. In case of a canister failure, the retention of radionuclides
is likely to be subject to mature or altered cementitious material. In fact, future studies need to
address the retention of safety relevant radionuclides in altered cement pastes, comprising an
experimental approach, to fit various possibilities of cement alteration, especially the

alteration reactions of cement in contact with the various host rocks.

Comprehensive investigations regarding the uptake of radium by fully characterized
hardened cement pastes, especially in terms of C-S-H content, are necessary to point out the
transferability of model phase uptake experiments. Furthermore, due to the abundancy of
barium, the formation of radiobaryte in and close to the cementitious barriers should be

addressed to investigate additional retention mechanisms.

With respect to redox sensitive radionuclides like technetium, experiments referring to the
conditions of cementitious material close to corroding containers could exhibit additional
insights into the retention of pertechnetate. AFm and AFt phases are able to incorporate iron.
However, in this study, no iron containing hydrated cement phases were used to limit the
number of model phases. These iron containing AFm/AFt phases could affect the redox
potential and may potentially exhibit a higher retention potential for redox sensitive

radionuclides.

The hydrogarnet in HCP often contains silicon (Taylor and Newbury, 1984). Further
investigation should address the effect of Si-hydrogarnet on the uptake of molybdate and the
formation of AFm-MoQOy in hardened cement pastes. Moreover, experiments addressing the
thermodynamic properties and the solubility of AFm-MoOy are of major interest, with respect

to thermodynamic modelling of molybdenum solubilities in cementitious systems. Uptake
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data for molybdate by hardened cement pastes addressing the retention in Stage II and Stage

IIT conditions are still lacking.

Experiments and analytical approaches regarding the uptake of iodine in artificial cement
pore water suffered from bad statistics. Particularly, the uptake of iodine in ACW needs to be

readdressed to limit the experimental error.

Advanced microanalytical methods used to investigate the uptake of radionuclides by
hardened cement pastes gave evidence that radionuclides solved in the cement pore water
were able to diffuse to the surface of the specimen under vacuum which was required for the
measurement. Freezing the specimen and immobilizing the pore water could preserve the
concentration profiles of the analyte. Therefore, cryo-techniques
(e.g. cryo-SEM, cryo-ToF-SIMS) could be used to evaluate diffusion and concentration
profiles of the analyte in hardened cement pastes. Furthermore, investigations by EXAFS
could provide complementary insights into the uptake of radium by C-S-H phases as well as

for molybdate uptake by AFm phases.

The pursued systematic bottom-up approach gave insights into retention responsible
cement model phases and mechanisms. This data provides a basis for a component additive
approach or could be used by computational models to predict radionuclide mobility in
cementitious systems (Lattice-Boltzmann codes) and optimization of cement formulation to

obtain minimum radionuclide mobility.
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