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Abstract

The sorption of actinides (Th, U - Am) was studiedlependence of the solid-to-liqui&/Q) ratio

(0.5 - 20.0 g/L) and the calcium-to-silicon (C:8di@. The C:S ratio was varied between 1.80 and 0.7

to simulate the changing composition of the C-SHages during cement degradation from high to
low C:S ratios. The decrease of the calcium coritetite C-S-H phases by time is accompanied by a
decrease in pH in the corresponding suspensions 1h6 to 10.2. X-ray photoelectron spectroscopy
(XPS) of the C-S-H phases showed an increasingetieplof Ca on the surface with increasing C:S

ratio in comparison to the composition of the splichse as a whole.

The sorption experiments were performed with tliwxestable species Am(lll), Th(IV) and U(VI), as
well as the redox sensitive Np(V) and Pu(lll). Theerage distribution coefficient®, for all
investigated actinides are around IL&kg. The oxidation state of Pu retained by th&-€+phases was
investigated with high-energy resolution X-ray aipsion near-edge structure (HR-XANES)
spectroscopy. Samples with C:S ratios of 0.75 a8 $howed that the initially added Pu(lll) was

oxidized to Pu(IV) in the course of the experiment.
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Graphical abstract
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1 Introduction

As in several other countries, the future Germaosiory for high-level nuclear waste will be pldce
in a deep geological formation. A multi-barrier ®m, consisting of the host rock as natural barrier
and manifold technical barriers, is supposed tdosecthe radionuclides for about one million years.
Cementitious materials are an important componéthe generic repository concepts developed for
argillaceous rocks in Northern and Southern Germ@&dgbmann and Lommerzheim 2015,
Lommerzheim and Jobmann 2015) and consequentlgaatnibute to the retention or the release of

the radionuclides.

The main product of cement hydration are C-S-Hc{oat silicate hydrate) phases. They basically
consist of CaO sheets and short silica chainsp@dihigh specific surface area (38/gn(Pointeau et

al. 2001), 148 fig (Tits et al. 2014a), 200 - 40C g (Glasser et al. 1987)) and are mainly respoasibl
for the cement's retention capability (Atkins et 41992, Gaona et al. 2011). During cement
degradation the composition of the C-S-H phasesgd® i.e. the molar ratio of calcium to silicon

(C:S ratio) decreases and can vary from 1.80 — (Ch@n et al. 2004, Lothenbach and Nonat 2015).
This is accompanied by a decrease of the pH (1B efithe solution in equilibrium with cementitious

materials.

The nuclear waste, that will be disposed of in tarki repository, will contain long-lived actinides,

especially neptuniumt,, **Np) = 2.14 x 10a) and plutoniumt{,, (**Pu) = 2.44 x 1ba), but also
3



americium and uranium, that make a significant icoation to the waste’s long-term radiotoxicity.
The actinides can be present in different oxidasiates, mainly from +lIl to +VI. Under the redugin
conditions of a repository +llIl and +IV are domibhamd hence investigated in this study. But for a
comprehensive study of the sorption behaviour & #ctinides on cementitious materials, the
oxidation states +V and +VI were included as webnsequently, with respect to a long-term safety
assessment of a repository, it is important to stigate the sorption behaviour of long-lived and
radiotoxic nuclides by cementitious materials an<6-8 phases, respectively. Although there is
literature data available for the uptake of différgivalent cations on cementitious materials (Evea

al. 1991, Schlegel et al. 2004, Tits et al. 2068re has been no investigation on the uptake @flPu
by C-S-H phases yet. The uptake of different tgff&{1V), Np(IV) and Pu(lV)), penta- (Np(V)) and
hexavalent (Np(VI) and U(VI)) actinides has alredsyen studied and showed a very high uptake by
C-S-H phases with just the hexavalent nuclidescatdig an influence of the applied C:S ratio on the
uptake of actinides (Ewart et al. 1991, Pointeaal.€2004, Tits et al. 20144, Tits et al. 20114d,42)

Tits et al. 2011b).

In the present study the uptake of the actinfd&&h(IV) (as a redox stable chemical representative,
commonly used for tetravalent actinide species) ahd Am E*U(VI), *Np(V), *Pu(lll),

2Am(IIl)) on C-S-H phases with different C:S ratia®s investigated in order to make a prediction
regarding the sorption behaviour of tri-, tetragnfa- and hexavalent radionuclides with degraded

cements in a radioactive waste repository.

2 Materials and Methods

2.1 Materials
All experiments were performed in a glovebox underatmosphere (<0.1 ppm,D Solutions were
prepared from p.a. quality grade chemicals in Rillvater (18.2 M, Synergy" Millipore water

system, Millipore GmbH, Schwalbach, Germany) praslg degassed with Ar.



2.2 Stock solutions

Stock solutions of 4 x 1OM thorium and 4 x 1®M uranium were prepared by diluting ICP-MS
standard solutions of**Th (Accu Trac&, Accu Standard, New Haven, USA) aftlU (Peak
Performance, CPI International, Santa Rosa, USRYarHNG;, respectively.

For sorption experiments with Np28Np tracer solution, obtained by irradiation?3lU (UO»(NOs),

in MilliQ water) and subsequent separatiorf’aflp from uranium and its fission products on an anio
exchange column, was mixed witf*4Np(V) solution in 1 M HCIQ. The detailed preparation of the
#Np tracer solution is described elsewhere (Amalyail €2011).

For the Pu and Am sorption experiments, a 1 XNIO®*®Pu(lll) solution and a 6 x 10M 2**Am(Ill)
solution, each in 1 M HCIQ were used. The preparation of the stock solutivescribed elsewhere

(Amayri et al. 2016).

2.3 Preparation and characterisation of C-S-H phases

Amorphous C-S-H phases with C:S ratios between 8.X@0 were prepared using the so called
“direct reaction” method (Atkins et al. 1992). C#Kderck, Darmstadt, Germany) and Si(Aerosil
300, Evonik Industries AG, Essen, Germany) wereeghia MilliQ water to achieve suspensions with
solid-to-liquid /L) ratios between 0.5 and 20.0 g/L. After an agiegiqu of two weeks, during
which the samples were rotated in an end-over-bakes (Stuart Rotator SB3, Stuart, Stone, UK), the
C-S-H phases were used in sorption experimentouitany phase separation and drying procedure.
For sorption experiments with varying C:S ratid® torrespondin®/L ratio refers to the weighed
amounts of CaO and Sj@ the samples, corrected for the Ca and Si cdrat#ans in the supernatant
solution. For experiments with varyirgJL ratios, the dry weight of the solids was determife each
sample.

The specific surface area of the C-S-H phases wesgrdined by NMBET measurements. A detailed
description of the measurements and results cdourel in the Supplementary Material, section S1.
For the C-S-H phases with C:S ratios of 0.75, k06d 1.65 the specific surface areas are 116,m
14 nf/g and 29 rfig, respectively. An estimate for the cation exgeanapacity (CEC) of the C-S-H

phases was obtained by measuring the uptake 0ilNB3 M NaOH, using’Na" as radioactive tracer,
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similar to the work of Hong and Glasser (1999) (S@dfor details). The measured CEC values of the
C-S-H phases are 2.56 mol/kg (C:S 0.75), 1.32 mgdlkS 1.07) and 0.45 mol/kg (C:S 1.65).
Furthermore, the C-S-H phases were characterisedXdgry powder diffraction (XRD). The
diffractograms show the pattern of C-S-H phasesti@aet al. 2008, Nonat 2004), whereas the
presence of SiPand CaO, i.e. the educts of the synthesis, asasefiortlandite, could be excluded

(see S3 for details).

2.4 Sorption experiments

All sorption samples were prepared in 10 mL polpoaate centrifuge tubes (Beckman Coulter, Brea,
USA). After the aging period of the C-S-H phasestwd weeks, the pH of each suspension was
measured and aliquots of the respective actinidekstolution were added. Afterwards the samples
were placed again in the end-over-end shaker. flitialiactinide concentrations in the suspensions
were 1x16M for ZPu(ln), *?Am(lI), 22Th(V), >*"*Np(v) and 1 x13M for 28U(VI),
respectively. After a contact time of 72 h, phaspasation was carried out by precentrifugation for
5 min at 3770 g (SIGMA 3K30, Sigma LaborzentrifugémbH, Osterode, Germany) and further
ultracentrifugation for 1 h at 108800 g (Avanti 013 Beckman-Coulter, Brea, USA). Subsequent
removal of the liquid phase and determination ®fitalyte concentratigAn] ., [mol/L] in relation to

the initial analyte concentration in the sampha], [mol/L] was used to determine distribution
coefficientsRy [L/kg] between the solid and the liquid phasese Sample volum& [L] and the total

mass of the solids [kg] are also taken into account in tRecalculation.

_v. [An]o—[An]eq
Rd T m ( [An]eq ) ' (1)

2.5 Analytical methods
The concentration of the radionuclides in the ligphase was analysed kyray spectroscopy for

23723Np and**'Am samples and inductively coupled plasma masstseopy (ICP-MS) fof**Th,

2% and®*¥Pu, respectively.



The y-ray spectroscopy measurements were performed avitiPGe (GMX-13180-S, EG & G
ORTEC) coaxialy-ray detector, Canberra InSpector 2000 (model INCnberra Industries, Inc.,
USA), in combination with the Genie 2000 Gamma &itijon and analysis software (Canberra
Industries, Inc., USA). The calibration of the dpescopic system was performed with the mixed
radionuclide y-ray standard reference solution QCY48 (No: 192E6kert und Ziegler, Berlin,
Germany). The resulting limits of detection (LODg& x 10" mol/L for ®*Np and 1 x 18" mol/L

for *!Am, respectively.

ICP-MS measurements were performed with a 7500cesSECP-MS (Agilent Technologies, Santa
Clara, USA). Prior to ICP-MS analysis, all sampheye acidified with concentrated HNQAliquots

of ®Ir in 2% HNO, were added as internal standard (c(Ir) =200 ppie LOD for ICP-MS
measurements Gf°Th, % and**%Pu were 3 x 18" mol/L, 1 x 10" mol/L and 2 x 18" mollL,
respectively. Beside the determination of the nadalide concentration in the samples, further
ICP-MS measurements were performed to determineCthéLOD: c(Ca) = 3 x I®mol/L) and Si
(LOD: ¢(Si) =6 x 10 mol/L) concentrations in the C-S-H supernatantutsmh. For the Si
measurements the,leaction mode was used.

The pH was determined using a pH meter (WTW ino. zth Level 1, WTW GmbH, Weilheim,
Germany) equipped with a temperature sensor (WTW TB0) and a BlueLine 16 pH electrode
(Schott Instruments GmbH, Mainz, Germany). The pétenhad to be calibrated with the certified
commercial DIN buffers at pH = 4.01, 6.87 and 9$8hott Instruments, Mainz, Germany). As pH
values above this calibration range were measurdtie experiments, a certified DIN buffer at pH
13.00 (Hanna Instruments, Inc., Woonsocket, USAk wiaeasured, using this calibration. The
resulting pH value was 12.89, giving an erroApH = 0.11. The redox potential was measured with a
BlueLine 31 Rx electrode (Schott Instruments, Mai@ermany). The electrode was checked with a
standard solution with a redox potential of +220 (®¢hott Instruments, Mainz, Germany).

The C-S-H phases were further analysed with X-fagtgelectron spectroscopy (XPS) to determine
the solids’ surface composition. For this, the dr€-S-H powders (drying occurred under Ar
atmosphere at room temperature for at least 72eng willed in an agate mortar and a small amount

was pressed into an indium foil on a copper sarhplder. The measurements were performed at
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room temperature under a vacuum of 7 % fidbar with a custom-built XPS system (SPECS GmbH,
Berlin, Germany). For photoelectron excitation, ttemn-monochromatic Mgiradiation (1253.6 eV)
from a high-intensity twin anode (Al/Mg) X-ray saear XR-50 was used. Photoelectron detection was
performed with a constant analyser pass energy3a@V1lusing the hemispherical energy analyser
PHOIBOS 100. The spectra were analysed with Casg¥&Sion 2.3.15). The energy calibration was

performed using the C1s signal of adventitious byarbons (285.0 eV).

2.6 High-energy resolution X-ray absorption near-edgecture (HR-XANES)

spectroscopy
As Pu is very redox sensitive, its oxidation stateilld change during the course of a sorption
experiment. To determine the oxidation state of sbebed Pu species, Pus®dge HR-XANES
spectroscopy was applied on sorption samples whvelne prepared in 10 mL polycarbonate
centrifuge tubes (Beckman Coulter, Brea, USA) vait8/L ratio of 2.5 g/L. The used C-S-H phases
exhibited C:S ratios of 0.75 and 1.65. After amggperiod of two weeks, aliquots of th&Pu(lll)
stock solution were added to achieve an initiat®ucentration of 1 x T0mol/L in the samples. After
a contact time of 72 h, meanwhile the samples wkreed in an end-over-end shaker and the pH was
regularly controlled, the phases were separatedptegentrifugation and ultracentrifugation as
described in section 2.4. Afterwards the liquid gghavas removed and its pH and Eh were measured.
The wet C-S-H phases were allowed to dry at roonp&gature under Ar atmosphere for several days.
Subsequently, the dried solids were milled andgdain an aluminium sample holder with double
containment and Kapton® foil (ADVENT Research Matksr Ltd, Oxford, UK) exit windows. The
inner and outer containments were equipped witinG@pd 12.5 um Kapton® foils, respectively.
The measurements of the samples were performdieaEAT-ACT-Beamline, Karlsruhe Research
Accelerator (KARA) (Karlsruhe, Germany), at roonmfeerature. A detailed description of this
beamline and its components can be found elsewBatd et al. 2017, Vitova et al. 2017, Zimina et
al. 2017, Zimina et al. 2016). The primary beam w@mated by a bare Si cylindrically bent mirror,
monochromatized by a Si(111) double crystal monawiator (DCM) and focused to 500 x 5003um

into the sample by a toroidal Si mirror. A slit w00 x 500 prsize was placed at about 20 cm from
8



the sample. The HR-XANES spectra were measuredavtbhann type X-ray emission spectrometer
with 1 m Rowland circle diameter. The spectrometenprises five spherically bent Si(220) analyzer
crystals (Saint-Gobain Crystals, Nemours, Franeejch diffracted and focused the Pu,M
characteristic fluorescence (3339 eV) on a singteel VITUS Silicon Drift Detector (KETEK,
Minchen, Germany). The crystals were aligned @&2P5Bragg angle. The HR-XANES spectra were
obtained by recording the maximum intensity of BieM, emission line as a function of the incident
photon energy. The X-ray emission spectrometer plased in a He-filled box in order to minimize
the absorption/scattering of the tender X-ray phet@imina et al. 2017, Zimina et al. 2016).

An integration time of 1 s/step for the Puf@ference and 20 s/step for the sample, and \Gstiep
sizes (3760-3770 eV: 0.5 eV; 3770-3790 eV: 0.1 8¥90-3835 eV: 0.5 eV) were used to execute
the measurement. For each sample three scans weragad. The PuOreference was measured
before and after the measurement of each sampbgBaund substraction and energy calibration of
the spectra were performed using the software pmcksTHENA (Demeter 0.9.25) (Ravel and
Newville 2005). The maximum of the most intenseoapton peak (white line) of the Pus\Mdge of

the PuQ@ reference was calibrated to 3775.0 eV.



3 Results and discussion

3.1 C-S-H phases

The pH of C-S-H suspensions depends on their cotiosind decreases with decreasing C:S ratio

(Figure 1).
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C:S ratio of solid phase

Figure 1: Measured pH values in C-S-H suspensiors 20.0 g/L) in MilliQ water after two weeks of thasis of C-S-H

phases with different C:S ratios.

After two weeks of synthesis of the C-S-H phasks, resulting pH values of the suspensions were
between 10.2 and 12.5 for solids with C:S ratiosOaf and 1.8, respectively. This is in good
agreement with literature data (Gaona et al. 2D@8enbach and Nonat 2015, Tits et al. 2014b).

The supernatant solution of different C-S-H susjmerssin MilliQ water was analysed by ICP-MS to
determine the Ca and Si content in the superngtan{Ca/Si). For this purpose, samples with
V =40 mL andS/L= 15.0 g/L were prepared.

The investigated suspensions contained C-S-H plwte€: S target ratios of 0.75, 1.07 and 1.65. As
shown in Figure 2, the determined Ca and Si conagos in solution match well with literature data
(Schlegel et al. 2004, Tits et al. 2011a, Titsle2@06). Based on the measured pH values, then@a a
Si concentrations and the XRD data (S3), we corcthdt the preparation of the C-S-H phases using

the “direct reaction” method was successful.
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Figure 2: Composition of the aqueous solution aéguilibration with C-S-H phases with different C:S oatin MilliQ

water (S/L = 15 g/L) determined by ICP-MS and congaarito literature data.

The C:S ratio of the solid can be deduced fromGheand Si content in the supernatan (Ca/Si)

and the initially applied amounts of Ca andi§i&a/Si) using equation (2).

.c _ nj(Ca)—cso).(Ca)V
9= n; (Si)—cs01 (SD-V (2)

For ICP-MS the samples with C:S target ratios @601.07 and 1.65 were prepared and analysed in
duplicate. In Table 1 the average measured coratenis of Ca and Si in the supernatants as well as
the derived C:S ratios are listed. For the samjfe @:S 0.75 the determined ratio fits well with it

target value. With increasing C:S ratio the divagewith the target values increases.
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Table 1: Concentration of calcium and silicon ir ttupernatant solution of C-S-H phases with S/L 8 §A. and

V = 40 mL determined by ICP-MS measurements andileddésl C:S ratio.

C:Starget n;(Ca)* ni(Si)* . calculated C:Sratio
ratio [mol] mol] | S {(CAIMOILL | e (S)IMOILT |~ e oolid phase
0.75 441x10 | 587x10 | (1.2+0.2)x 10 | (3.2 +1.0) x 10 0.76
1.07 535x 10 | 5.00x 10 | (4.0+0.2)x 10 | (5.8+1.9) x 10 1.04
1.65 6.49x 10 | 3.93x10 | (1.9+0.1)x 10 | (9.6 +3.5) x 10 1.46

* Moles used in synthesis

XPS measurements were used for further analysibeofC-S-H phases’ surfaces. Samples with C:S
ratios of 0.70, 0.75, 1.20 and 1.80 were investidal he received spectra showed oxygen, calcium
and silicon signals, that were analysed using éngugB) on the basis of the Ols, Ca2p and Si2p
intensities, respectively. For the calculation gfagticular atomic rationt/n,) from the XPS spectrum,
the intensity of the relevant sigrigi, was used with regard to the corresponding photpation cross
section gy, In this calculation the cross sections were coedbiin an empirically determined

sensitivity factorSsyc,= 0.19

Nca _ lcazp
nsi  Isizp /3 )

The comparison of the C:S ratios applied in therssis of the C-S-H phases with the results froen th
XPS measurements shows significant discrepanciesllifsamples (Table 2). The values determined
by XPS are collectively lower than their targetuesd and the differences become higher with
increasing C:S ratio. In general, the same trendbeaseen in literature data (Tits et al. 2006)evike
analysis of the C-S-H phases was performed bydsedmposition of the solids with HF and analysis
of the resulting solutions with ICP-OES, which al®the determination of the bulk composition of
the investigated phases. However, the thus detedrnS ratios, as well as the C:S ratios determined
by ICP-MS analysis of the solution, fit as a whioégter with their targeted values than those obtiin
from XPS measurements for which the milled solidswdirectly used without further treatment and
analysis was performed for the surface of the sanfpbnsidering the C:S ratios determined by XPS,
the C-S-H surface seems to be more depleted oh&uathe solid as a whole for all samples, though

the depletion effect increases with increasing 1Gt®.
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Table 2: C:S target ratios in comparison to the CaBas determined by XPS measurements (the estiraatad are about

+10%) and literature data.

C:Starget ratio 0.70| 0.75| 1.20] 1.80

C:Sratio (XPS) 0.63 | 0.70] 0.98] 1.25

C:S(Titsetal. 2006) | _ _ -
bulk analysis (| CP-OES) 0.82 1.65

* For a C:S target ratio of 1.82

3.2 Sorption experiments

The uptake of the different actinides by C-S-H gisawas determined in dependence of the applied
S/Lratio and the C:S ratio of the solid. For all smmp experiments a contact time of 72 h was chosen
on the basis of the available literature data fier sorption kinetics of Eu(lll) (Pointeau et al.020
Schlegel et al. 2004), Th(IV) (Tits et al. 2014aga\Np(V) (Tits et al. 2014b) on C-S-H phases. All
these experiments showed a fast sorption kinetitts avsteady state reached within the first twosday
or even faster. Tits et al. (2011a) observed adagition kinetics with sorption equilibrium readhe
within less than three days for Th(lV), U(VI) andoW/V/VI). However, for U(VI) also longer
equilibration times of 9 — 10 d were reported (B et al. 2004, Tits et al. 2014a, Tits et al.12y).

But regarding the almost quantitative uptake thas wbserved in our experiments after 72 h, this
contact time appears to be quite reasonable, @vdn(V/1).

Furthermore, the actinide uptake was investigatezha initial actinide concentration (except foe th
Pu HR-XANES experiments), which was chosen for ywestinide with regard to its solubility limit,
that had to be undercut at least by the equilibri@mcentration in the experiment, and the LOD ef th
used analytical method.

The uptake of actinides in different oxidation etaby C-S-H phases was determinedS#r ratios
between 0.5 —20.0 g/L. To cover all relevant adé@noxidation states, these experiments were
performed for 1 x &M Am(lll), Th(IV), Np(V) and 1 x 10 M U(VI). As shown in Figure 3, the
resulting average distribution coefficientsRy(av) are ~10°L/kg (min.: 3 x 16 L/kg,
max.: 1 x 18 L/kg). Although theR, values vary over two orders of magnitude, thenaei uptake is
about 98% or even higher in all samples. With rédarthe resulting low analyte concentration in the

samples’ supernatant and the corresponding higinseim quantification, resulting in an uncertainfy
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about 50% for the determind®; values, theS/L ratio in the considered range seems to have no
influence on the actinide uptake in the oxidatitetes from +lll to +VI. In Figure 3 the data for
sorption experiments for Am(lll), Th(lV) and U(Viyith C:S 0.75 and for Np(V) with C:S 1.07 are
shown. Additional experiments (not shown here)t there performed with Am(IIl), Np(V) and U(VI)

with C:S 0.75 — 1.65, showdr} values in the same range as those given in Fjure

1.0E+07 3

1.0E+05 éi f ¥ t #I ¢ 3 ﬁf 4 ¥ ¢

2

"op
X
= _
& 1.0E+03 1
] ® Am(lll) [Am],=1x 108 mol/L
T = -8
1.0E+02 - ¢ Th(lV) [Th]ly=1x10%mol/L
3 A Np(V) [Nply=1x10%mol/L
1.0E+01 _ X U(VI) [U]p=1x107 mol/L
: ........... 99% uptake
1.0E+00 ——T T T 7T T
0.0 5.0 10.0 15.0 20.0

S/L ratio [g/L]

Figure 3: Distribution coefficients or the sorption of Am(lll), Th(IV), Np(V) and Uin C-S-H phases with C:S 0.75
(C:S 1.07 for Np(V)) in MilliQ water as a function 8L ratios between 0.7 — 19.0 g/L. The dotteddoreesponds to R

values calculated for an actinide uptake of 99%.
The safety assessment of a nuclear waste reposhoyld consider an early release of radionuclides
in a surrounding characterized by fresh cemenh(ki¢s ratios 0~1.80), as well as the release into
degraded cement (low C:S ratios~0.75) after a long-term enclosure. Therefore, itriportant to
investigate the influence of the C:S ratio on thdionuclide uptake by C-S-H phases. For the sarptio
experiments with varying C:S ratios S4L ratio of 5.0 g/L was applied. All samples, indegpent of

the containing radionuclide and its oxidation stagsbowed an uptake of99% of the initial

radionuclide content, resulting in hig values from 2 x 10to 9 x 106 L/kg (Figure 4).
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Figure 4: Distribution coefficients Ror the sorption of Pu(lll), Am(lll), Th(IV), Np(\@nd U(VI) on C-S-H phases in MilliQ
water for S/L = 5.0 g/L and C:S ratios between 0.78- The dotted line corresponds tg\Rlues calculated for an actinide

uptake of 99%.

In the following section, the determin&y values for the different actinides and oxidatitates are
discussed starting with their redox stable repragies Am(lll), Th(IV) and U(VI) and continuing to
the redox sensitive actinides Np(V) and Pu(lll). sAmmary of the measured; values and a

comparison with the available literature data isvamin Table 4.

The investigations of the uptake of trivalent ad@s/lanthanides by C-S-H phases reported in the
literature obtainedR, values between 2.7 x 10/kg and 6 x 10L/kg. The distribution coefficients for
Am(lll) determined in this studyRyav)=4 x 10 L/kg) support the data already known from
literature. Speciation calculations with PHREEQE@réwon 3.3.5, (Parkhurst and Appelo 2016)) using
the PSI database (Nagra 12/07, (Thoenen et al.)ppiddict Am(OH)" and with further increasing
pH Am(OH)(aq) as the dominating species in solution underctinsidered conditions. Here as well
as in the following speciation calculations, thedda the Si concentrations in the supernatantisalut
were always taken into account, but had just doentce on the formation of minor species at high pH

values. The strong sorption of Am(lll) can be ratibzed in part by the electrostatic interaction of
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Am(OH)," with the negatively charged C-S-H surface. Bus thoes not explain the strong sorption at

higher pH values with Am(OHjaq) becoming the dominant species.

In general, the strong sorption can be explaineduth the formation of surface complexes with
silanol groups of the C-S-H phases (Pointeau €2@04, Tits et al. 2011a, Tits et al. 2011b). The
strength of this surface complexation should dessretogether with the effective charge of the
actinides according to Ah(4) > AnG** (3.3) > Ar* (3) > AnQ," (2.2) (Tits et al. 2014b). However,
the measure®, values are similar for all oxidation states andeipendent of the effective charge of
the actinide. SimilaRy values for the sorption of Np(IV), Np(V) and Npj\Min C-S-H at pH 10 were
rationalized using the concept of inter-ligand glestatic repulsion between hydroxyl groups in the
Np coordination sphere (Tits et al. 2014b). Thiscapt was introduced to predict the complexation
constants of actinides with inorganic ligands ineaus solution (Fanghénel and Neck 2002, Neck and
Kim 2000, 2001). According to this concept the rde (An) species An(lll)(OHjaq),
An(IV)(OH)4(aqg), An(V)QOH(aq) and An(VI)Q(OH); can add one more hydroxyl ligand to their
coordination sphere, whereas this is impossibIeAﬁr(NI)Oz(OH)f_ and An(V)Q(OH), . The former
are then able to form a surface complex with anellggroup of the C-S-H phase as an additional
ligand (Fanghanel and Neck 2002, Tits et al. 2014bgrefore, the strong sorption of Am(lll) on
C-S-H at high pH values can be explained qualighiby the capability of the Am(Oklaq) species

to form a surface complex with the silanol groupthe C-S-H phases.

Distribution coefficients for tetravalent actinides C-S-H phases are also available in literatace a
fit well to the data obtained in this study wi(av) = 2 x 16 L/kg for Th(IV). The related speciation
calculations show that Th(Okaq) is the only solution species that interact wie C-S-H phases in
the considered pH range. As well as for Am(lll)e trong sorption can be explained by the concept
of inter-ligand electrostatic repulsion which alloa ArY(OH),(aq) species to add one more ligand,

namely a surface silanol group, to its coordinasiphere.

Speciation calculations for U(VI) indicate the nigely charged species UY@H); and
UOZ(OH)42’ to be present under the considered conditionu(€i§). Particularly U@OH)f', which

becomes the dominating species with increasing qudld be repelled by the negatively charged
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surface of the C-S-H phases under alkaline comditidhis would imply a decreasing distribution
coefficient with increasing C:S ratio and pH, redpely, as described in the literature. Also the
concept of inter-ligand electrostatic repulsion ldogredict a strong sorption through surface
complexation for UQ(OH);, but not forUOZ(OH)f'. For hexavalent actinides Tits et al. (2014b), Tits
et al. (2011a), Tits et al. (2011b) and Pointeaal.g2004) found decreasiiiy values with increasing
C:S ratio, i.e. with increasing pH. Although thstdbution coefficients for U(VI) are still in theange

of the data for actinides in the +lll, +IV and +\idation states, th&; values show a slightly
negative slope with increasing C:S ratio. In additiall Ry values for Np(VI) are lower than those for
other oxidation states and also as for U(VI). Tekgw a negative slope with increasing C:S ratio as
well. Since we did not study the sorption of Np(Mdnly the data for U(VI) can be compared. The
decrease of the publishdéy} values embraces about one order of magnitude.i@ongy the error
range of the data points, resulting from the lovwalgi® concentration in solution after phase
separation, the data shown in Figure 4 do not atdia decrease of the distribution coefficientd wit
increasing C:S ratio under the experimental coowigtiof this study. The determin&g(av) value is

1 x 10 L/kg. The large experimental uncertainty couldhwe reason that the moderate decrease of the

Ry values reported by others was not observed irsthidy.
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Figure 5: Predominance diagram for an equilibriumncentration of 1 x 18 M U(VI) in the system C-S-H/MilliQ water for
C:S ratios of 0.75, 1.07 and 1.65. The grey dotskriteg measured Eh and pH values of the sorptiompksn(Graphic
generated by PhreePlot (version 1.0, (Kinniburgh &wbper 2011)) using PHREEQC and the PSI databaseréNag

12/07)).

As Np(V) is redox sensitive in comparison to theviously discussed species, Eh measurements were
performed for all Np samples to assess the acsnidédation state after the sorption process. For a
low C:S ratio the Eh values are within the stapitinge of Np(V), for higher C:S ratios they are on
the border between Np(V) and Np(IV) (Figure 6). Bpeciation of Np(V) changes from NpQo
NpO,(OH)(aqg) and further on to Np@H), with increasing pH. It should be noted that adaegror
range for the Eh measurements has to be takenaictount, because of the low residual Np
concentration in the solution after phase separaf®aona et al. 2013), meaning that the redox
potential is not controlled by the corresponding fédox couple, but possibly by any other redox
couple present in the sample as impurity, e.g.efaof oxygen. Therefore, we consider the Eh

measurements as inconclusive concerning the amxiddtion state of Np.
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Figure 6: Predominance diagram for an equilibriumncentration of 1 x 18° M Np(V) in the system C-S-H/ MilliQ water
for C:S ratios between 0.75 — 1.65. The grey dotktiee measured Eh and pH values of sorption samyitesdifferent
C:S ratios. (Graphics generated by PhreePlot (versid), (Kinniburgh and Cooper 2011)) using PHREEQG toe PSI

database (Nagra 12/07)).

To ascertain the actual Np oxidation state afteptszn on C-S-H phases in MilliQ water under
alkaline conditions, Gaona et al. investigated d\)sample by EXAFS measurements and could
exclude the formation of Np(lV) due to the idemdfiion of equatorial as well as axial (being relate
to the linear neptunyl unit) coordinated oxygematdGaona et al. 2013). Considering this study and
its experimental conditions (C:S ratios 0.75, 1a@@ 1.65S/L= 2.5 g/L,c(Np)= 9.8 x 10 M) the Np

oxidation state in our experiments should be +Web.

For Np(V) distribution coefficients for the sorptimn C-S-H phases are also available in literature

and fit well to the results from this study wigav) = 5 x 16 L/kg.

For the redox sensitive species Pu(lll) no distrdoucoefficients are available in literature, batues

of Ry(av) =2 x 16 L/kg fit well with the available Eu(lll) and Am( data. Also the speciation
calculations predict similar aqueous species asAfoflll), i.e. Pu(OH)" (Figure 7). Although the
measured®y values for Pu agree with the values expected ¢HIF, the initial oxidation state in the
experiment, the redox sensibility of Pu requireghier considerations. For this reason, Eh and pH
measurements of the supernatant solutions wererpatl. As for Np, a large error range of at least

+0.05 V for the Eh measurements has to be takenaotount, due to the low concentration of the
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concerning redox couple. Nevertheless, the detemniBh values indicate that Pu(lll) should be
oxidized to Pu(lV) during the batch experiment (K 7). In addition, the calculation predicts the
formation of Pu@hyd,aged) at the equilibrium concentration of 11&' M Pu(lV). Therefore,

precipitation of Pu(lV) can contribute to the measiR, values for the uptake of Pu by C-S-H phases.

1.0 ————————1——1———

Oy(g) > 0.21 atm
PuO,*
05 O. -
® o o
® op

— HR-XANES (C:S 0.75)

= o

< 00 .

w PuO,(hyd,ag) HR;XANES(C:SW.BS)

Figure 7: Predominance diagram for an equilibriumncentration of 1 x 18 Pu(lll) in the system C-S-H/ MilliQ water
for C:S ratios between 0.7 — 1.8. The grey dots rtiekmeasured Eh and pH values of the sorption sesnith different
C:S ratios and the samples for HR-XANES with C:S @rigb1.65. (Graphics generated by PhreePlot (verdign

(Kinniburgh and Cooper 2011)) using PHREEQC and tB¢ database (Nagra 12/07)).

For more information about the Pu oxidation stdatéha C-S-H surface, further investigations were
performed with Pu Medge HR-XANES for samples with higher Pu concdiung. The initial
concentration of 1 x T0M Pu(lll) was necessary to make this spectroscipiestigation feasible. It
should be noted that at an equilibrium concentnatb 1 x 10’ M, the C-S-H suspensions were

oversaturated with respect to P(i@yd,aged).

The Pu M-edge HR-XANES spectrum measures the dipole-allonaetsitions of 3¢, electrons to 5f
unoccupied states (Bahl et al. 2017). The Reetipe HR-XANES spectrum shifts to higher energies
from Pu(lll) over Pu(IV) to Pu(VI) (Bahl et al. 2B The energies of the white lines of the Puii)!)
Pu(lV)O, and Pu(VI)Q2+ spectra reported in Vitova et al. (2017) and Baldl. (2017) as well as the
energies for the measured samples are listed ite Bablfhe Pu Medge HR-XANES spectra for the

Pu/C-S-H samples and the Pu(l\\)@ference are shown in Figure 8.
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Table 3: Peak maxima for the Pu(fl) Pu(IV)Q, and Pu(VI)Q?* oxidation state references (white line and poseedg
feature) (Bahl et al. 2017) and for the studied plas.

Whiteline of Pu Ms-edge HR-XANES Energy / eV
Pu(ll)** 3774.1*
Pu(IV)O, 3775.0*
Pu(V)O,” 3776.2*
Post edge feature of Pu(VH® 3780.5*
Pu/C-S-H sample (C:S 0.75) 3775.4*
Pu/C-S-H sample (C:S 1.65) 3775.2*

* The spectra are measured without slit in fronthaf sample.
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8 Pu/C-S-H sample (C:S 1.65) (3)
Q2
<
Pu/C-S-H sample (C:S 0.75) (2)
Pu(IV)O, reference (1)
3771 3781 3791 3801 3811 3821 3831

Excitation energy [eV]

Figure 8: Pu M edge HR-XANES spectra of the Pu/C-S-H samples w&D@5 and C:S 1.65 and the corresponding

Pu(IV)G; reference.

The spectrum of Pu(VI)gfg)+ (plutonyl) has a characteristic second peak atitaB680.5 eV (Vitova et

al. 2015, Vitova et al. 2017). A similar peak btia- 3 eV lower energy is expected for Pu(Y)O
These features describe transitions to the sigriilbamaing ©¢*) molecular orbital and are also typical
for the spectra of U(V)/U(VI)-yl (Podkovyrina et. @016, Vitova et al. 2015). Note that, as discdsse
in Vitova et al. (2017), the energy positions of $pectral peaks can slightly depend on the energy
resolution of the experimental set-up. We exclude formation of Pu(V)Q/Pu(VI)OZ2+ in our

samples since such characteristic peaks are netiran the spectra.
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In order to decide whether the plutonium taken ypthe C-S-H phases is Pu(lll) or Pu(lV), the
positons of the white lines of the spectra for shenples and the Py@eference are compared. The
white lines of both sample spectra are slightlyfteti to higher energiesAE = 0.2 — 0.4 eV).
Regarding a previous study of Pu, the white lineRa(lll) should be shifted about 1 eV to lower
energies compared to the Bu@ference (Bahl et al. 2017). Therefore, it caraksumed that Pu(IV)

is the dominant species on the surface of the Gigbdbes in both samples. The oxidation of Pu
appears to be independent of the applied C:S ditihhe C-S-H phases during the course of the
experiment since the two spectra of the samplewveme similar. Furthermore, the shoulder on the
high energy side of the white line might indicatec@ntribution of a second Pu species like for
example Pu(V) (plutonate) or a different bondingtper of Pu(IV) as OH/OH It has been recently
shown that the U Medge HR-XANES method is very sensitive and caraet/(1V), U(V) and
U(VI) when mixed and in small amounts sorbed ontanoorporated in magnetite (Pidchenko et al.
2017). For final clarification further measuremenfsvarious reference samples are required. The
post-edge region of the Pu/C-S-H spectra exhibits laroad peak and does not resemble the double
structure of the post-edge region of the Pu(ly¥y€ference spectrum. The post-edge region of the
spectrum of Pu dispersed in borosilicate glassrtegan Bahl et al. (2017) has a similar broad king
structure and indicates that Pu does not form adgred crystalline phases on the surface of C-S-H.
The results of HR-XANES spectroscopy are consistsith the conclusions drawn from the

predominance diagram (Figure 7).

22



Table 4: Comparison of the results of this studyefage distribution coefficients;@v) for all samples of one species

independent of S/L and C:S ratio) with availablertitare data for distribution coefficients of diféaxt metal cations in the
oxidation states from +lll to +VI.

M>*
, Initial analyte Distribution coefficient
Species y source
concentration ¢; [mol/L] Rq[L/kg]
1x10° >2.7x 10 .
Eu(ill) 2.6 x 10 >18x16 (Pointeau et al. 2001
2 x 10° (6+3)x 10 (Tits et al. 2003)
Am(ll) 1x 10" (6 +2)x 10 (Ewart et al. 1991)
1x10° 4x10 (This study)
M 4+
. Initial analyte Distribution coefficient
Species source
concentration ¢ [mol/L] R4 [L/kg]
Th(1V) 1x10° 2x10 (This study)
Np(IV) 1.5 x 10 (6 +3)x 10 (Tits et al. 2014b)
Pu(IV) 5 x 10 (2+1)x10 (Ewart et al. 1991)
Pu(IV)* 1x10° 2 x 10 (This study)
An(IV) — Th, Np NTQ_: fsS . 1130 (5+3)x 106 (Tits et al. 2011a)
* initial oxidation state: Pu(lll)
MO,"
Species Initial analyte Distribution coefficient source
concentration ¢; [mol/L] Rq[L/kg]
1.5 x 10" ~5x 10 (Tits et al. 2014b)
Np(V) 1.5 x 10'° 3x10<R;<3x16 (Tits et al. 2011a)
1x 10° 5 x 10 (This study)
MO,
Species Initial analyte Distribution coefficient source
concentration ¢; [mol/L] Rq[L/kg]
7 10°<R;< 10 .
5x10 (increasing with C:S) (Tits et al. 2011b)
UVl 2x10°-35x1¢ | 3X¥10<R<L5x10 | poinien et al. 2004
(increasing with C:S)
1x 10’ 1x10 (This study)
0 6x10<R;<2.5x 16 .
Np(VI) 1.5 x 10 (increasing with C:S) (Tits et al. 2014b)
Np: 1.5 x 10° 6 x 10 <Ry < 10 .
An(Vl) - U, Np U: 1.3 x 10/ (increasing with C:S) (Tits et al. 2011a)

4 Conclusions

The experiments performed in this study demonstiaehigh retention capability of C-S-H phases

towards the investigated actinides in the oxidastates from +lIl to +VI. All sorption experiments
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showed a quantitative uptake of 98% or higher, pedelent of thé&/L ratios in the suspensions. Also
the variation of the C:S ratio did not show anyngfigant influence on the experimental results,
independent of the radionuclide and its oxidatitates These observations can be rationalized by
taking into account the actinide speciation in De&-H suspensions, the formation of surface
complexes with silanol groups of C-S-H phases gulying the concept of inter-ligand electrostatic
repulsion to the uptake of actinides by C-S-H (€&itsl. 2014b).

As a positive aspect with regard to a long-ternetyadssessment for a radioactive waste repository,
these results suggest that cement degradationhvuggmulated by the variation of the C:S ratid| w
have no influence on the actinides’ uptake by ceditiems material.

The determined average distribution coefficigRtsvere about 10L/kg and are in a good agreement
with available literature values from >2.7 x*10kg for Eu(lll) (Pointeau et al. 2001) to 1 x*I0kg

for U(VI) (Tits et al. 2011a). The distribution déeients for the sorption of Pu on C-S-H phasethwi
+I1l as the initial oxidation state were determirtedR, values of 10 L/kg.

The performed HR-XANES as well as the Eh/pH measargs for the sorption samples with Pu(lll)
revealed a change in the oxidation state of Pu frtirto +IV during the uptake process by the C-S-H

phases under alkaline conditions, independenteoéfiplied C:S ratio.
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Tables:

Table 1: Concentration of calcium and silicon ir tupernatant solution of C-S-H phases with S/L 8 §8_ and

V =40 mL determined by ICP-MS measurements andileaédl C:S ratio.

C:Starget n,(Ca)* n;(Si)* . calculated C:Sratio
atio [Enol} [r(nol)] Co (Ca) [MOIIL] | € (S) [MOILT |~ o it phase
0.75 441x10 | 587 x10 | (1.2+0.2)x10 | (3.2+1.0) x 10 0.76
1.07 535x 10 | 5.00x 10 | (4.0+0.2)x 10 | (5.8 +1.9) x 10 1.04
1.65 6.49x 10 | 3.93x10 | (1.9+0.1)x 10 | (9.6 +3.5) x 10 1.46

* Moles used in synthesis
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Table 2: C:S target ratios in comparison to the CaBas determined by XPS measurements (the estiraatad are about

+10%) and literature data.

C:Starget ratio 0.70| 0.75| 1.20] 1.80

C:Sratio (XPS) 0.63 | 0.70] 0.98] 1.25

C:S(Titset al. 2006) ] _ -
bulk analysis (ICP-OES) 0.82 1.65

* For a C:S target ratio of 1.82
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Table 3: Peak maxima for the Pu(lll)(aq), Pu(I\)@nd Pu(VI)Q** oxidation state references (white line and posiedg

feature) (Bahl et al. 2017) and for the studied pas.

Whiteline of Pu Ms edge HR-XANES Energy / eV
Pu(lll)(aq) 3774.1*
Pu(IV)O, 3775.0*
Pu(VI)O,** 3776.2*
Post edge feature of Pu(VH® 3780.5*
Pu/C-S-H sample (C:S 0.75) 3775.4*
Pu/C-S-H sample (C:S 1.65) 3775.2*

* The spectra are measured without slit in fronthaf sample.
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Table 4: Comparison of the results of this studyefage distribution coefficients;@v) for all samples of one species

independent of S/L and C:S ratio) with availablertitare data for distribution coefficients of diféaxt metal cations in the
oxidation states from +lll to +VI.

M>*
Species Initial analyte Distribution coefficient source
concentration ¢; [mol/L] Rq[L/kg]
1x10° >2.7x 10 .
Eu(ill) 2.6 x 10 >18x16 (Pointeau et al. 2001
2 x 10° (6+3)x 10 (Tits et al. 2003)
Am(ll) 1x 10" (6 +2)x 10 (Ewart et al. 1991)
1x 10° 4 x10 (This study)
M 4+
Species Initial analyte Distribution coefficient source
concentration ¢ [mol/L] R4 [L/kg]
Th(1V) 1x10° 2x10 (This study)
Np(IV) 1.5 x 10 (6 +3)x 10 (Tits et al. 2014b)
Pu(IV) 5 x 10 (2+1)x10 (Ewart et al. 1991)
Pu(IV)* 1x10° 2 x 10 (This study)
An(IV) — Th, Np NTQ_: fsS . 1130 (5+3) x 16 (Tits et al. 2011a)
* initial oxidation state: Pu(lll)
MO,"
Species Initial analyte Distribution coefficient source
concentration ¢ [mol/L] Rq[L/kg]
1.5 x 10" ~5x 10 (Tits et al. 2014b)
Np(V) 1.5 x 10'° 3x10<R;<3x16 (Tits et al. 2011a)
1x 10° 5 x 10 (This study)
MO,
Species Initial analyte Distribution coefficient source
concentration ¢; [mol/L] Rq[L/kg]
7 10°<R;< 10 .
5x 10 (increasing with C:S) (Tits et al. 2011b)
UV 2x10°-35x10 | 3X10<Ri<L5x10 | poieny et al. 2004
(increasing with C:S)
1x 10’ 1x10 (This study)
0 6x10<R;<2.5x 16 .
Np(VI) 1.5 x 10 (increasing with C:S) (Tits et al. 2014b)
Np: 1.5 x 10° 6 x 10 <Ry< 10 .
An(Vl) - U, Np U: 1.3 x 10/ (increasing with C:S) (Tits et al. 2011a)
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Highlights — Uptake of Actinides by Calcium Silicate Hydrate (C-S-H) Phases

e First investigation of Pu uptake by C-S-H phases combining batch experiments with
Pu Ms-edge high-resolution XANES spectroscopy

e Similar Ry values determined for Am(IIl), Pu(lll), Th(IV), Np(V) and U(VI), independent
of the C:S (0.7-1.8) and S/L (0.5-20 g/L) ratios

* XPS measurements indicate a depletion of Ca at the surface of the C-S-H phases



