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Abstract

In deep geological repositories for radioactive waste, interactions of radionuclides with mineral
surfaces occur under complex geochemical conditions involving complex solution compositions and
high pH resulting from degradation of cementitious geo-engineered barriers. Ca?* cations have been
hypothesized to play an important role as mediators for the retention of U(VI) on Ca-bentonite at
(hypen)alkaline conditions, despite the anionic character of both the mineral surface and the aqueous
uranyl species. To gain deeper insight into this sorption process, the effect of Ca?* on U(VI) and
Np(VI) retention on alumosilicate minerals has been comprehensively evaluated, using batch sorption
experiments and time-resolved laser-induced luminescence spectroscopy (TRLFS). Sorption
experiments with Ca?* or Sr?* and zeta potential measurements showed that the alkaline earth metals
sorb strongly onto Ca-bentonite at pH 8-13, leading to a partial compensation of the negative surface
charge, thereby generating potential sorption sites for anionic actinyl species. U(VI) and Np(VI)
sorption experiments in the absence and presence of Ca?* or Sr2* confirmed that these cations strongly
enhance radionuclide retention on kaolinite and muscovite at pH > 10. Concerning the underlying
retention mechanisms, site-selective TRLFS provided spectroscopic proof for two dominating U(V1)
species at the alumosilicate surfaces: (i) A ternary U(VI) complex, where U(VI) is bound to the
surface via bridging Ca cations with the configuration surface = Ca — OH — U(VI) and, (ii) U(VI)
sorption into the interlayer space of calcium (aluminum) silicate hydrates (C-(A-)S-H), which form as
secondary phases in the presence of Ca due to partial dissolution of alumosilicates under hyperalkaline
conditions. Consequently, the present study confirms that alkaline earth elements, which are
ubiquitous in geologic systems, enable strong retention of hexavalent actinides on clay minerals under

hyperalkaline repository conditions.

Keywords: Kaolinite, Muscovite, Uranium, Calcium bridge, C-S-H, TRLFS
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1. Introduction

The strategy followed by many countries to ensure the long-term containment of spent nuclear
fuel and high-level radioactive waste is the final disposal in deep geological formations involving
multiple protective barriers. Therefore, it is necessary to generate a profound understanding of the
interactions between radionuclides (RNs) and mineral surfaces under the conditions expected in a deep
geological waste repository.

The chemical system in the near-field of a nuclear waste repository is very complex. It is
influenced by the presence of different materials as components of a multi-barrier system, consisting
of three principal parts: technical barriers (steel or copper containers enclosing the nuclear waste),
geotechnical barriers (e.g., bentonite, cementitious materials, asphalt/bitumen elements), and the
geological barrier (argillaceous, crystalline or salt host rock) (OECD/NEA, 2020). In most repository
concepts, bentonite, a natural swelling clay with high montmorillonite content, will be used as buffer
and backfill material (Jenni et al., 2019; Kaufhold and Dohrmann, 2016; Lommerzheim and Jobmann,
2014). Due to its good sealing properties and high sorption capacity for radiotoxic and/or chemotoxic
waste components, the bentonite is expected to protect and isolate the canisters containing the waste
and to retain and retard RNs in case of canister degradation and failure. Cementitious materials, used
for concrete lining and concrete plugs in the repository, are applied to ensure mechanical stability and
sealing of disposal tunnels and galleries.

Natural pore waters in deep geological formations feature a complex composition, containing
several cations and anions which could either form stable complexes with potentially released RNs or
compete with the RNs for sorption sites on available mineral surfaces. These pore waters can have
considerably high ionic strengths. For instance, in North German clay formations, which are
considered as potential host rocks, salinities of about 150 g/L are expected in the lower cretaceous
claystones at 800 m depth (Nowak and Mafmann, 2013; Wolfgramm et al., 2011). High salinities
promote the corrosion of concrete within the geotechnical barrier, leading to the evolution of
hyperalkaline cement pore waters (10 < pH < 13) (Berner, 1992; Gaucher et al., 2006) with enhanced
Ca?" contents. The strongly increased alkalinity of contact waters in turn can lead to mineral

alterations of the bentonite backfill and formation of secondary phases and, moreover, can modify RN
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speciation. Altogether, these processes can affect the RN retention potential of bentonite. Hence,
laboratory studies on RN sorption on mineral surfaces must preferably be conducted in consideration
of multi-mineral solid phases, complex solution composition, high ionic strength, high pH values and
low RN concentrations.

Most RN retention/diffusion studies with argillaceous rocks or clay minerals have been conducted
either at a pH representative of natural clay pore water or in the pH range of approximately 3 to a
maximum of 10, and predominately at low ionic strengths (Hennig et al., 2020; Joseph et al., 2017;
Joseph et al., 2013b; Marques Fernandes et al., 2012; Schmeide and Bernhard, 2010; Tran et al., 2018;
Wu et al., 2009). Only few RN retention studies were performed at increased ionic strengths (Marsac
et al., 2017; Nagasaki et al., 2016; Schnurr et al., 2015; Scholze et al., 2019; Stockmann et al., 2022).
Even less RN retention studies were performed at increased ionic strengths and hyperalkaline
conditions. In our recent study, U(V1) retention on Ca-bentonite was investigated in the pH range 8-13
and at increased ionic strength applying the so called ‘diluted Gipshut solution’ (2.5 M NaCl, 0.02 M
CaCly, 0.02 M NazSO,, and 0.0051 M KCI; 1 =2.63 M) as background electrolyte (Philipp et al.,
2019). Despite the fact that both the bentonite surface and the prevailing aqueous uranyl complexes
are negatively charged in this high pH range, the results showed a strong U(VI) retention onto Ca-
bentonite up to pH 12. Uranyl carbonates do not play a role at hyperalkaline conditions due to the
predominance of uranyl hydrolysis. The retention of U(VI) reached its maximum at conditions where
UO(OH)s™ dominated the aqueous speciation. By means of site-selective TRLFS (at 10 K) and X-ray
absorption fine structure (EXAFS) spectroscopy, two independent U(VI) sorption species were
detected on Ca-bentonite at pH 8-13, whereas U(VI) precipitation was excluded. With increasing pH,
the nature of the retained U(VI) complexes shifted from bidentate inner-sphere surface complexes
with an overall equatorial coordination of five, adsorbed on aluminol or silanol edge sites, to a surface
complex with a 4-fold equatorial coordination, resembling the aqueous species UO2(OH)4>.
Concerning the character of this latter sorption species at very high pH, it was hypothesized that the
binding of the anionic uranyl hydroxide complexes to the negatively charged surface is mediated by
Ca?" cations (Philipp et al., 2019). This hypothesis was recently supported by Brix et al. (2021), who

observed higher U(VI) retention in hyperalkaline chemical systems with higher Ca?* concentrations
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and proposed a bridging effect of Ca?". Using calcium silicate hydrate (C-S-H) phases, which are
major constituents of fresh and degraded cement, as an example, Androniuk and Kalinichev (2020)
proposed complex formation between UO,(OH)s;~ and Ca?" sorbed on negatively charged silanol
groups based on molecular dynamics simulations. However, spectroscopic proof of the existence of
such complexes under hyperalkaline conditions is still missing.

Therefore, the focus of the present paper is the detailed study of the potential effect of Ca?* on
U(VI) retention onto clay mineral surfaces at hyperalkaline conditions, and the unambiguous
description of the underlying sorption mechanisms. Consequently, the sorption of Ca?* on the naturally
occurring clay rock Ca-bentonite and its effect on the bentonite surface charge was studied at pH 8-
13. In addition, to quantify the influence of Ca?* on U(VI) sorption on Ca-free mineral phases, U(VI)
batch sorption experiments were conducted with the clay mineral kaolinite as well as with the clay
mineral analogue muscovite in 0.1 M NaCl as well as in 0.1 M NaCl + 0.02 M CaCl, at pH 8-13.
Furthermore, equivalent batch sorption experiments were performed in the presence of Sr?* instead of
Ca?" and with Np(VI) in order to elucidate whether the observed phenomena are similarly valid for
other alkaline earth metals as well as other hexavalent actinides. To address the underlying retention
mechanisms occurring at these clay mineral surfaces, laser-induced luminescence spectroscopy was

applied to identify U(V1) sorption species in the absence and presence of Ca"*.

2. Materials and methods

2.1. Materials

The Ca-bentonite was of the type Calcigel® (Clariant, Munich, Germany) with a mineral
composition of 60-70% montmorillonite, 6-9% quartz, 1-6% mica, 1-4% feldspar, 1-2% kaolinite
and 5-10% others (supplier information). Particle sizes range between 0.5 and 150 um with the
dominant fraction (90%) of the particles being smaller than 90 um; the BET specific surface area
(SSA) was determined to be 76.5 m?/g (Philipp et al., 2019).

Synthetic kaolinite was obtained as described in Huittinen et al. (2010) by hydrothermal treatment

of an aluminosilica gel at 220 °C according to the procedure by Fialips et al. (2000). The SSA was
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determined to be 22.2 m?/g. The particle size was < 1.1 um as observed by SEM; EDX mapping
revealed that the synthetic kaolinite did not contain any impurities (the only elements detected were O,
Al and Si) (Huittinen et al., 2010). Natural kaolinite from Georgia (KGa-1b) was obtained from the
Source Clay Repository of the Clay Minerals Society, it was used as received. The SSA was
determined to be 11.7 m?/g. Its chemical and mineralogical characterization is given in Pruett and
Webb (1993).

Muscovite single crystals (12.7 x 12.7 x 0.2 mm® were purchased from the Asheville-
Schoonmaker Mica Company (USA) and milled to a fine powder with an agate ball mill. The grain
size fraction < 63 um of the mineral powder was used for the batch sorption experiments. Its SSA was
determined to be 9.9 m?/g (Hellebrandt, 2017).

The elemental composition of these minerals is shown in Table S1 (Supplementary Material).

For comparison purposes, a U(VI)-doped calcium silicate hydrate (C-S-H) phase with a Ca/Si
ratio of 1.2 was synthesized in alkali-free solution according to the procedure described in Wolter et
al. (2019b). The equilibration time was 67 d, the final U(VI) loading was 8.3x10~* mol/kg at a pH of
12.1.

Background electrolytes in the sorption experiments were either pure NaCl (p.a., Carl Roth,
Karlsruhe, Germany) solutions as well as mixed NaCl/CaCl, (puriss. AppliChem, Darmstadt,
Germany) or NaCl/SrCl, (p.a., Merck, Darmstadt, Germany) solutions. All solutions were prepared
with deionized water (18.2MQcm; mod. Milli-RO/Milli-Q-System, Millipore, Schwalbach,
Germany) which was additionally degassed prior to solution preparation by boiling for about 2 h to
avoid any introduction of CO, and O, and was purged for several minutes with Ar in case of Np(V1)
sorption experiments.

Added U(V1) originated from a 1x102 M stock solution (Uns in 0.005 M HCIO,4). The Z'Np(VI)
stock solution, where *’Np was in secular equilibrium with #3pPa, was prepared as described in
Amayri et al. (2011). The “*Ca stock solution was purchased from PerkinElmer (Waltham, USA) as

45CaCl, in aqueous solution and had a tracer concentration of 2x107* M.
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2.2. Batch sorption experiments

Experiments were performed in glove boxes under carbonate-free, inert gas atmosphere: N
(U(VI) experiments) or Ar (Np(VI) experiments). The mineral powders were weighed in 15 mL
polypropylene centrifuge tubes (Greiner Bio-One, Frickenhausen, Germany) and suspended with
10 mL of the respective background electrolyte. The experimental parameters of all batch sorption
experiments are compiled in Table 1. All sorption samples were prepared in duplicate.

In the experiments with U(V1), suspensions were pre-conditioned with pH-adjustments by diluted
NaOH (p.a., Carl Roth) or HCI (p.a., ACS, ISO, Carl Roth) every other day until a constant pH value
(£0.05) was reached (approx. two weeks). The pH was measured with an InoLab pH 7110 pH meter
(WTW, Weilheim, Germany) and a SenTix MIC glass electrode (WTW). Three point calibration was
executed with WTW buffer solutions (pH 6.865, 9.180 and 12.454; WTW). During pre-equilibration,
samples were placed in an end-over-end rotator.

In the experiments with Np(V1), pH and En values were measured with an inoLab pH/Cond 720
meter (WTW), equipped with a temperature sensor WTW TFK 150. The BlueLine 16 pH electrode
(Schott Instruments GmbH, Mainz, Germany) was calibrated using certified DIN buffer solutions (see
above). The BlueLine 31 Rx redox electrode (Schott Instruments) was checked regularly with a
+640 mV redox standard (Schott Instruments). The redox potentials measured against Ag/AgCl were
converted to standard hydrogen electrode (SHE) by adding 210 mV to the measured potential.

After pre-equilibration, U(VI), Np(VI) or Ca?* were added to the suspensions by pipetting
calculated volumes of the respective stock solution. In the experiments with Np(V1), its hexavalent
oxidation state was prepared by fuming a Z2’Np stock solution several times with 1 M HCIO,, but
never to complete dryness. The oxidation state +V1 was stabilized by addition of an aliquot of 2 M
NaClO to the kaolinite suspensions to yield a hypochlorite concentration of 0.02 M in the batch
samples. The concentration and the oxidation state of 2’Np in the stock solution were determined by
y-ray spectroscopy and UV-Vis spectroscopy, respectively. In the Ca sorption experiments, CaCl,
spiked with 1x10712 M “Ca?* was used for the stock solution. Initial RN concentrations in the different

experiments are listed in Table 1.
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Table 1: Experimental parameters of the batch sorption experiments.

RN Experiment Mineral Electrolyte S/L/g/L  [RN]/M pH
U(Vl)  pH edge Ca-bentonite 0.1 M NaCl 10 5x1077 8-13
syn. kaolinite 0.1 M NaCl 0.5 5x1077 10-13
0.1 M NaCl + 0.02 M CaClz 0.5 5x1077 10-13

muscovite 0.1 M NacCl 3 5x1077 8-13

0.1 M NaCl + 0.02 M CaClz 3 5x1077 8-13
0.1 M NaCl + 0.02 M SrClz 3 5x107’ 10-13

Np(VI) pH edge nat. kaolinite 0.1 M NaCl 3 1x107’ 8-12
0.1 M NaCl + 0.02 M CaClz 3 1x1077 8-12

Ca(ll)  S/Lratio Ca-bentonite - 0.2-20 2x107 10
pH edge Ca-bentonite - 10 2x10™ 8-13

The sorption time was always seven days for U(VI) and three days for Np(V1) based on previous
kinetic sorption experiments (Amayri et al., 2011; Philipp et al., 2019). Sorption time for Ca?* was one
day. During this time, the samples were rotated in an end-over-end shaker. Final pH values were
determined at the end of the sorption experiments.

For phase separation, U(VI) and Ca?" sorption samples were centrifuged at 6800xg for 30 min in
an Avanti J-20 XP centrifuge (Beckman Coulter, Fullerton, USA). Np(VI) samples were separated at
4025xg for 60 min in a SIGMA 3K30 centrifuge (Sigma Laborzentrifugen GmbH, Osterode,
Germany).

Una and Ca concentrations in the supernatants were measured by ICP-MS (NexION 350X,
PerkinElmer, Waltham, USA), while equilibrium concentrations of 2*’Np after sorption were
determined by ICP-MS (Agilent ICP-MS 7500ce, Agilent Technologies, Santa Clara, CA, USA). “Ca
concentrations in the supernatants were determined by liquid scintillation counting (LSC; Winspectral
o/B, Wallac 1414, PerkinElmer, USA), using an Ultima Gold™ scintillation cocktail (PerkinElmer).

From the initial (co) and equilibrium (ceq) RN concentrations in solution (M), the percentage of

RN sorption was calculated according to Eq. (1).
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2.3. Zeta potential measurements

The surface charge of Ca-bentonite particles was determined by zeta potential measurements
(Zetasizer Nano ZS, Malvern Instruments, Malvern, United Kingdom). A total of eleven Ca-bentonite
suspensions (0.1 g/L) in the pH range 8-13 were prepared in each 0.1 M NaCl, 0.1 M NaCl + 0.02 M
CaCl, and 0.1 M NaCl + 0.02 M SrCl; in order to evaluate the effect of pH, ionic strength and Ca?" or
Sr?* concentrations on the surface charge. Results were averaged over ten measurements, each

consisting of 10-50 scans.

2.4, Luminescence spectroscopy

Site-selective TRLFS was applied to investigate the U(VI) species sorbed on the surface of
Ca-bentonite, muscovite and kaolinite. Samples were prepared under carbonate-free N, atmosphere as
described in section 2.2 but with lower S/L ratio (0.3 g/L) in order to increase the U(VI) surface
coverage. Two samples were prepared with Ca-bentonite in diluted Gipshut solution (2.5 M NacCl,
0.02 M CaCl, 0.02 M NaySOs4, and 0.0051 M KCI; 1=2.63 M) at pH 11, where sorption is at
maximum: One with the same U(VI) concentration as in the pH-dependent sorption experiments
(5%10°7 M) and one with a U(VI) concentration two orders of magnitude higher than that (5x107° M)
to provoke U(VI) precipitation for comparison. Additionally, one sample was prepared with Ca-
bentonite in diluted Gipshut solution at pH 12.5.

U(VI) sorption on muscovite was investigated in 0.1 M NaCl at pH 11 and in 0.1 M NaCl +
0.02 M CaCl; at pH 12. Kaolinite samples were prepared in 0.1 M NaCl at pH 10 and in 0.1 M NaCl +
0.02 M CacCl, at pH 12. To account for potential formation of C-S-H phases in the Ca-containing
mineral suspensions and the subsequent association of U(VI) with this secondary phase, also the
U(VI) speciation on a synthetic U(VI)-doped C-S-H phase was investigated (Ca/Si = 1.2, U(VI)
loading = 8.3x10~* mol/kg, pH 12.1).

Prior to the spectroscopic measurements, the samples were ultracentrifuged (187,000xg), and the

wet paste pellets were transferred into copper sample holders with a sealable quartz glass lid. The
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sorption samples were measured with a pulsed Nd:YAG (Continuum Surelite 11, San Jose, USA)
pumped dye laser setup (Radiant Dyes Narrow Scan K, Wermelskirchen, Germany). The C-S-H
sample was measured with a tunable diode pumped solid state (DPSS) laser (Ekspla, NT230,
Vilnius, Lithuania). The emitted luminescence light was directed into a spectrograph (Shamrock
303iAndor Oxford Instruments, Abingdon, United Kingdom) equipped with a polychromator with
300, 600, and 1200 lines/mm gratings, and the emission was monitored with an intensified CCD
camera (Andor iStar, Oxford Instruments) 10 us after the exciting laser pulse in a time window of
10 ms. The sorption samples were excited in the wavelength range between 460 and 520 nm with a
step size of 0.2 nm. During these measurements, the laser pulse energy and the exact excitation
wavelength were monitored with an optical power meter (Newport 1918-R, Irvine, USA) and a
wavelength meter (High Finesse WS-5, Tiibingen, Germany), respectively. U(VI) associated with the
C-S-H phase was excited in the wavelength range between 340 and 390 nm due to a lower suppression
of the laser signal using the DPSS laser set-up.

Additionally, time-resolved luminescence spectra were recorded at selected excitation
wavelengths with a temporal step size of 10 ps. To achieve the desired spectral resolution, the solid

samples were cooled to ~10 K in a helium-refrigerated cryostat.

3. Results and discussion

3.1 Ca(l1) and Sr(ll) sorption on Ca-bentonite at (hyper)alkaline conditions

The sorption of Ca?* on Ca-bentonite was investigated in batch sorption experiments as a function
of S/L ratio and pH value. The initial Ca?* concentration of 2x10™* M was chosen based on estimations
for a monolayer saturation of the Ca-bentonite surface with Ca®* cations considering the literature
value for the montmorillonite surface site density of 2x10°° mol/g (Wieland et al., 1994).

The batch experiments as a function of S/L ratio prove that Ca?" strongly adsorbs to the
Ca-bentonite surface, when enough solid is present (i.e., sufficient sorption sites are available)
(Fig. 1a), reaching a plateau of > 90% sorption at S/L ratios above 2 g/L. Based on these results, a S/L
ratio of 10 g/L was chosen for the pH-dependent sorption experiments, in order to provide enough

sites for unrestricted Ca?* adsorption. As shown in Fig. 1b, sorption of Ca?* was very high in the whole
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investigated pH range 8-13. Sorption increases with increasing pH from 88% at pH 8 to a maximum
of 97% at pH 11. The slight decrease to 86% sorption at pH 13 is attributed to a beginning dissolution
of minerals within the bentonite, as observed in leaching experiments in Philipp et al. (2019). Strong
retention of Ca?* and its chemical analogue Sr?* has already been observed on bentonite (Cherian et
al., 2018; He et al., 2016; Missana and Garcia-Gutiérrez, 2007; Missana et al., 2008), montmorillonite
(Sugiura et al., 2021), muscovite (Fenter et al., 2007; Schlegel et al., 2006), kaolinite (Chen et al.,
2014), illite (Fuller et al., 2016), silica and alumina (Szymanek et al., 2021). At pH <8, the
predominant retention mechanism is cation exchange, which is largely independent of pH, but highly
sensitive to ionic strength (Missana and Garcia-Gutiérrez, 2007). At pH > 8, also surface complexation
contributes to the retention of Ca?*. Missana and Garcia-Gutiérrez (2007), Sugiura et al. (2021) and
Szymanek et al. (2021) were only able to model an observed increase in Ca?* sorption at pH > 8 by the

introduction of surface complexes on the amphoteric edge sites of the minerals.
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Figure 1: Sorption of calcium (2x10™* M spiked with 1x107!2 M “Ca) on Ca-bentonite as a function of
S/L ratio (pH 10) (a) and as a function of pH (S/L = 10 g/L) (b). The corresponding Kg-based graphs
are shown in Fig. S1 (Supplementary Material).

An increase of the pH value leads to a successive deprotonation of the clay mineral surface
(SOH < SO~ + H*), promoting surface complexation. Accordingly, Schlegel et al. (2006) and Fenter
et al. (2007) also observed a contribution of surface complexation to Ca?* and Sr?* adsorption on the

mica (001) surface, expressed in the partial removal of the hydration shell. Consequently, surface
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complexation is assumed to contribute significantly to the strong Ca?* retention on Ca-bentonite at pH
8-13 observed in the present study.

The adsorption of Ca?* on the Ca-bentonite surface is additionally evidenced by the measurement
of the zeta potential of Ca-bentonite with added CaCl,. Compared to the measurement in pure 0.1 M
NaCl, the addition of 0.02 M Ca?" leads to a much less negative surface charge over the entire
investigated pH range 7-13 (Fig. 2). Part of the difference can be explained by the exchange of Ca?*
by Na* in the Ca-bentonite upon suspension in NaCl, commonly evoking more negative surface
charge. However, the fact that the zeta potential does not become more negative with increasing pH in
the presence of Ca?* and strongly increases at pH > 10 proofs additional surface complexation of Ca?*.
The presence of Ca?* does not result in a complete reversal of surface charge, however, negative
surface charge is partly compensated. As the average charge of all existing surface sites is measured
with this bulk technique, a partial compensation of negative surface charge implies the existence of
locally positively charged sites due to surface complexation of Ca?*. Beside the effect of Ca?*, also the
influence of Sr?* on the surface charge was investigated. In 0.1 M NaCl + 0.02 M SrCl,, the effect on
the surface charge is almost identical to the experiment with Ca?* (Fig. 2). Both divalent cations, Ca?*
and Sr?*, having the same charge compensating effect, indicate that the charge of the cation is the main

driving factor for the observed changes in the zeta potential.
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Figure 2: Surface potential of Ca-bentonite (0.1 g/L) as a function of pH value and background
electrolyte.
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Similar impact on surface charge due to adsorption of Ca?" at alkaline conditions has been
previously reported for different types of bentonite (Cherian et al., 2018, Ho and Handy, 1963),
kaolinite (Atesok et al., 1988; Farooq et al., 2011), alumina and silica (Szymanek et al., 2021) and
cementitious material (Pointeau et al., 2006; Viallis-Terrisse et al., 2001). In some of these studies
even a reversal of charge was observed.

Both batch sorption experiments with Ca?* and zeta potential measurements have shown that Ca?*
strongly adsorbs to the Ca-bentonite surface and consequently, generates alternative sorption sites for
anionic actinyl hydroxides. The resulting Ca-induced changes in U(VI) and Np(VI) sorption are

presented in section 3.2.

3.2. Effect of Ca(ll) and Sr(I1) on U(VI) and Np(V1) sorption on Ca-bentonite, kaolinite and
muscovite

As the previous U(VI) sorption experiments on Ca-bentonite in diluted Gipshut solution were
conducted in the presence of Ca?* (Philipp et al., 2019), the aim was to perform similar experiments,
but with the exclusion of Ca?. For that purpose, mineral suspensions were prepared in NaCl
background solutions instead of the diluted Gipshut solution. Moreover, in addition to Ca-bentonite,
the mineral phases kaolinite and muscovite, which do not contain intrinsic Ca that could be leached
during the experiment but serve as analogues for montmorillonite/bentonite, were chosen for further
batch sorption experiments. Assuming that Ca?* is responsible for enabling sorption of actinyl
hydroxide complexes, U(VI) and Np(VI) retention is expected to be radically decreased in these

experiments between pH 10 and 12 compared to their retention in the presence of Ca?*.

3.2.1.  U(VI) sorption on Ca-bentonite

The batch sorption experiments in our previous study (Philipp et al., 2019) have shown a very
high U(VI) retention on Ca-bentonite in diluted Gipshut solution up to pH 12. Only at pH > 12,
sorption decreased to approx. 50% at pH 13. The concentrations of Ca?* in these samples were very
high due to the composition of the diluted Gipshut solution (2.5 M NaCl, 0.02 M CaCl,, 0.02 M
Na;SO4, and 0.0051 M KCI). In the present study, the experiment was repeated in only 0.1 M NaCl

background electrolyte. The obtained results are very similar to the experiment with diluted Gipshut

13



322
323
324
325
326
327
328
329
330
331
332
333
334

335

336
337
338

339
340

341

342

solution (Fig. 3). Apart from a slight decline of the U(VI) uptake at a pH around 9, likely due to a
minor intrinsic carbonate impurity in the Ca-bentonite material, a very high U(VI) retention up to pH
12 can be seen. Uranyl carbonate species have been shown to reduce U(VI) sorption in previous
studies (Meleshyn et al., 2009; Stockmann et al., 2022), however, as the pH increases, the role of
carbonates decreases as U(VI) hydroxo complexes become prevailing. The decrease in sorption above
pH 12 is slightly more pronounced in the experiment with 0.1 M NaCl (Fig. 3). However, the
postulated drop of U(VI) retention at pH > 10 due to the absence of Ca could not be observed. In fact,
still considerably high Ca concentrations, leached from Ca-bentonite, were detected in the
supernatants (e.g., 9.8x10% M at pH 11). Previous leaching tests with the Ca-bentonite revealed that
Ca is released from the mineral phase into the solution under the given conditions (Philipp et al.,
2019). That means that Ca-free sorption samples with a potentially different U(V1) sorption behavior

can only be obtained with other mineral phases which do not contain any Ca that could potentially be

leached.
100 + A A & A & & 3 -
* . -
n
80 4
]
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~— 404 }
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® Ca-bentonite, dil. Gipshut solution
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8 9 10 11 12 13
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Figure 3: U(VI) sorption ([U(VI)] = 5x10~7 M) on Ca-bentonite (10 g/L) in 0.1 M NaCl as a function
of pH. The U(VI) sorption on Ca-bentonite ([U(VI)] =5x107 M, 10 g/L) in diluted Gipshut solution is
shown for comparison (Philipp et al., 2019). The corresponding K¢-based graphs are shown in Fig. S2.

3.2.2.  U(VI) sorption on synthetic kaolinite
Experiments were performed at pH 10, 11, 12 and 12.7 both in 0.1 M NaCl and 0.1 M NaCl +

0.02 M CaCl; (Fig. 4a). In contrast to the experiments with Ca-bentonite, the sorption of U(VI) on

synthetic kaolinite is decreasing dramatically at pH > 10 in the absence of Ca?". At pH 12, sorption
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reaches 0%, supporting the hypothesis that high U(V1) retention at pH 10-12 cannot be sustained in
the absence of Ca?*. Measured Ca?* concentrations in the supernatant after the sorption experiment
were as low as 4x10°® M. This seems to be sufficiently low to prevent U(VI) sorption to the mineral
surface at hyperalkaline conditions. The origin of trace amounts of Ca* in the supernatant could be
contamination of laboratory equipment such as the pH electrode, or impurity of the NaCl electrolyte.
Experiments with added CaCl, were performed in order to verify that the decreased U(VI)
retention at pH > 10 is really associated to the lower Ca?" concentration and not to the different
mineral structure of kaolinite compared to Ca-bentonite. In 0.1 M NaCl + 0.02 M CaCl,, U(VI)
sorption on kaolinite is very high (> 80%) up to pH 12.7 (Fig. 4a). Therefore, it can be unequivocally

concluded that the presence of Ca significantly enhances U(V1) retention between pH 10 and 13.

B Ca-bentonite, dil. Gipshut solution
= Ca-bentonite, dil. Gipshut solution A Muscovite, 0.1 M NaCl
A Kaolinite, 0.1 M NaCl < Muscovite, 0.1 M NaCl + 0.02 M CacCl,
<& Kaolinite, 0.1 M NaCl + 0.02 M CaCl, ® Muscovite, 0.1 M NaCl + 0.02 M SrCl,
100 + E B B § = 100 - = e = =
-
= g & A A > @ $ & s
(o3 e &~ -
80 - 'y < 80 - x
X X
§ 60 § 60 ®
5 = 5 4 o
» 7]
~ 40 = 40+
2 s
) -] <
20 a 20 A
o4 @ A A o] B 7y 7S
T T T T T T T T T T T T T T T T
8 9 10 11 12 13 8 9 10 11 12 13
pH pH

Figure 4: U(VI) sorption (JU(VI)] = 5x107 M) on synthetic kaolinite (0.5 g/L) (a) and muscovite
(3¢g/L) (b) in 0.1 M NaCl, 0.1 M NaCl + 0.02 M CaCl; and 0.1 M NaCl + 0.02 M SrCl; as a function
of pH. The U(VI) sorption on Ca-bentonite ([U(VI)] =5x10~" M, 10 g/L) in diluted Gipshut solution is
shown for comparison (Philipp et al., 2019).

3.2.3.  U(VI) sorption on muscovite

The U(VI) sorption on muscovite is comparable to that of kaolinite (Fig. 4b). In 0.1 M NaCl,
U(VI) sorption decreases first slowly at pH > 8 and then rapidly at pH > 10, reaching 0% at pH 12.
Measured Ca?* concentrations in the supernatant after the sorption experiment were about 6.3x107° M,

apparently low enough to not trigger substantial U(V1) retention.
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The experiments with addition of CaCl; exhibit a high U(VI) sorption up to pH 12 and follow a
similar trend as sorption experiments with Ca-bentonite (Fig. 4b). Thus, as already concluded for
synthetic kaolinite, the low retention at pH > 10 in 0.1 M NacCl is not a consequence of the different
mineral structure but is directly related to the absence of Ca?".

A complementary pH-dependent U(VI) sorption experiment was conducted in 0.1 M NaCl +
0.02 M SrCl; in order to investigate if the presence of Sr?* can have the same positive effect on U(VI)
retention as Ca. As shown in Fig. 4b, in the presence of Sr?* indeed an almost identical U(VI) sorption
behavior was observed, with very high U(VI) retention up to pH 12. This suggests that the effect of
enabling U(VI) adsorption is not attributed to exclusive properties of Ca?* but to the charge of bivalent

cations in general. The underlying retention mechanisms are further discussed in section 3.4.

3.2.4.  Np(VI) sorption on kaolinite KGa-1b

The sorption of Np(V1) on natural kaolinite (KGa-1b) was studied in the pH range 8—12 using
two different electrolytes, i.e., 0.1 M NaCl without and with addition of 0.02 M CaCl, (Fig. 5). To
ensure the stability of the +VI oxidation state of Np, strongly oxidizing conditions were provided by
the addition of 0.02 M NaClO. As can be seen from the Pourbaix diagram (Fig. S3), the measured En
values indicate the dominance of Np(V1) in the pH range studied.

The sorption of Np(VI) on kaolinite in the pH range 8.0-10.5 is between 89-97% and
independent of the presence of Ca?* (Fig. 5). Above pH 11.0, Np(V1) sorption decreases strongly in
the absence of Ca?*, from 79% to 17% at pH 12. In the experiments with 0.02 M CaCl, in the
background electrolyte, sorption remains above 80% in the pH range 11.0-11.5, reaching 90% at pH
12. The shallow minimum in the sorption curve between pH 11 and 12 in the presence of Ca?" can be
explained by two competing effects, i.e., decreasing sorption in 0.1 M NaCl and increasing Np(V1)
retention under the influence of Ca?*. A similar shallow minimum can be seen in the sorption data of
U(VI) on synthetic kaolinite (Fig. 4a).

The precipitation of Ca neptunates in this pH range can be excluded under the experimental
conditions. Fellhauer et al. (2018) studied the solubility of CaxNpOs«(hyd,s) in alkaline CaCl,

solutions. For example, the Np(V1) equilibrium concentration in 0.25 M CaCl; in the pH range 8.8—
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12.0 was equal to approximately 5x107 M Np(VI) (see Fig. 6a in Fellhauer et al. (2018)). The
equilibrium concentration in the present batch experiment with 0.1 M NaCl + 0.02 M CaCl; at pH 12.0
was about one order of magnitude lower, i.e., approximately 1x10°8 M Np(VI).

The decrease of Np(VI) sorption at pH > 10 in the Ca-free background electrolyte is not as
pronounced as observed for the U(VI) sorption on synthetic kaolinite (Fig. 4a). This can be explained
by the fact that, in contrast to the synthetic kaolinite, the natural kaolinite contains small amounts of
Ca (see Table S1) that can be leached during the sorption experiment.

Nonetheless, the sorption experiments with Np(V1) confirm the strong influence of Ca?* on the
retention of hexavalent actinides on kaolinite in the hyperalkaline pH range. Due to the similar
chemistry and aqueous speciation of Np(V1) and U(VI) (Fig. S4), underlying retention mechanisms
are expected to be equivalent. These are elucidated with the help of U(VI) luminescence spectroscopy

in the following section.
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Figure 5: Np(VI) sorption ([Np(VI)] = 1x107 M) on kaolinite KGa-1b (3 g/L) in 0.1 M NaCl and
0.1 M NaCl + 0.02 M CacCl; as a function of pH under oxidizing conditions (0.02 M NaCIO) and Ar
atmosphere.

3.3. Site-selective TRLFS of Ca-induced U(V1) surface complexes

The site-selective TRLFS investigations of U(VI1) sorption on the various alumosilicate minerals
were conducted in two pH regimes: at pH 10 (kaolinite) or 11 (Ca-bentonite, muscovite), where the
effect of Ca?* on U(VI) sorption on the solid phases is small or negligible, and at pH 12-12.5, where

Ca*" has a strong effect on U(VI) retention. In case of muscovite and kaolinite, the sorption
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experiments were performed in the absence (pH 10-11) and presence of 0.02 M Ca (pH 12-12.5),
whereas diluted Gipshut solution was applied as background electrolyte in case of Ca-bentonite
experiments. From the recorded emission spectra presented in Fig. 6, a different U(VI) speciation in
the mineral suspensions at the two different solution conditions is apparent. A direct comparison of the

recorded emission spectra of the alumosilicate samples in the two different pH-regimes can be found

in Fig. S5.
Species 1
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Figure 6: U(VI) emission spectra obtained from wet paste alumosilicate samples at pH 10-11 (a) and
at pH 12-12.5 (b). The excitation wavelength used to obtain the emission spectrum and the pH value
of the sample suspension were (a) kaolinite (Aex = 499.7 nm, pH 10), muscovite (Aex = 499.7 nm,
pH 11), Ca-bentonite, sorbate and precipitate (hex = 499.7 nm, pH 11) and (b) kaolinite (Aex =
499.7 nm, pH 12), muscovite (Aex = 499.7 nm, pH 12), Ca-bentonite (Aex = 496.7 nm, pH 12.5), C-S-H
(Mex = 342.0 nm, pH 12.1; Ca/Si = 1.2). The U(VI) loading of Ca-bentonite, muscovite and kaolinite
was 1.67x10°2 mol/kg, that of the C-S-H phase was 8.3x10* mol/kg and that of the ‘precipitate on Ca-
bentonite’ was 1.7x10! mol/kg.

As described previously (Philipp et al., 2019), the emission spectrum of the Ca-bentonite sample
at pH 11 (top, black spectrum) shows pronounced luminescence line-narrowing as a result of resonant
excitation of single U(VI) species in the sample, using an excitation wavelength of 499.7 nm. For this
sample as well as for the other alumosilicate ones, a low total U(VI) concentration of 5x10~7 M was

used, corresponding to a U(VI) loading of 1.67x102 mol/kg, to suppress U(V1) (surface) precipitation.
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For the sample ‘precipitate on Ca-bentonite’ with 5x10° M U(VI) (loading 1.7x10°! mol/kg),
however, a broad spectrum (red trace) is obtained, indicative of surface precipitation as a result of the
much higher U(VI) concentration.

From the emission spectrum of Ca-bentonite with 5x107 M U(VI) at pH 11, two U(VI) species
could be identified (Philipp et al., 2019). Species 1 is characterized by a resonant electronic transition
line (Ea1), followed by the lines of vibronic progression on E; (Sn,e1, only Sie1 is indicated in the figure)
caused by the vibronic degeneracy of the electronic ground state. The same is true for species 2,
however, here a non-resonant excitation takes place. The electronic transition line and the first
vibronic progression line are indicated in the figure with E; and Sigz, respectively. The calculated
stretch vibration frequencies (vs), obtained from the spacing between the first two peaks of each
species (i.e., between E; and Si g1 and between E; and Sy g, respectively) are 781 + 5 cm™ for species
1 and 758 £ 12 cm™ for species 2. Based on the lower stretch vibration frequency of species 2,
implying a stronger coordination in the equatorial plane by coordinating ligands, this species has been
assigned to an inner-sphere sorbed U(VI) complex. Species 1, on the other hand, was assigned to a
U(VI) complex with outer-sphere character, based on additional X-ray absorption spectroscopic
investigations. More specifically, the EXAFS data showed the presence of a surface complex with a
structure resembling that of the UO,(OH)4?" aqueous species and no backscattering signal from surface
Al/Si atoms. In the light of the results obtained in our batch sorption experiments, and the adsorption
of Ca?* on the bentonite surface, it is very likely that the sorption of the uranyl species is mediated by
Ca?". Thus, the term Ca-mediated complex (species 1) will be used in the following text to describe
this U(VI) species.

In comparison to the Ca-bentonite sample, the line-narrowing of muscovite and kaolinite at pH
10-11 (absence of added Ca?"), is much less pronounced at the same excitation wavelength of
499.7 nm, Fig. 6a. Such inhomogeneous line broadening following selective excitation has previously
been observed for U(VI) sorbed on TiO, by Tits et al. (2015). In the same study, the authors
investigated U(VI) association with C-S-H phases, for which clear line-narrowing could be observed.
As both the set-up for the spectroscopic studies as well as the aqueous chemistry and the total UO,?*

concentration in the samples were identical for both TiO, and C-S-H, no apparent reason for the less
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pronounced luminescence line-narrowing for U(V1) sorption on TiO, could be given. Combining the
results obtained in the present study and those by Tits et al. (2015), only the spectra of U(VI) sorption
experiments with Ca-bentonite and C-S-H phases show pronounced line-narrowing, while the spectra
of U(VI) sorption samples with TiO,, muscovite, and kaolinite do not. Common for Ca-bentonite and
C-S-H phases is a swellable structure with an interlayer space that can accommodate water molecules
and various counter ions for charge compensation. U(VI1) has been shown to sorb in this interlayer
space (Kowal-Fouchard et al., 2004; Kremleva et al., 2020; Olivelli et al., 2013). The other minerals,
for which the pronounced line-narrowing could not be observed, do not feature such an accessible
interlayer space. In muscovite, the interlayer is occupied by potassium cations, while in kaolinite the
octahedral and tetrahedral sheets are held together with hydrogen bonds, without any interlayer
cations. Thus, in muscovite and kaolinite U(VI) sorption is restricted to the edge sites, significantly
reducing the reactive surface area in comparison to Ca-bentonite and C-S-H phases. The reduced
reactive surface area causes the distance between the adjacent uranium species to approach the critical
Forster distance (Hink et al., 2003), leading to homo-resonance energy transfer. Knowing the U(VI)
loading of 1.67x10* mol/kg and the specific surface area of the minerals, it can be calculated that
approx. 1.3, 10.1 and 4.5 uranium atoms are adsorbed on a 10 nm? surface area of Ca-bentonite,
muscovite and kaolinite, respectively. Assuming that the sorbed atoms are homogeneously distributed
at the surface, the distance between the single adsorbed U(VI) complexes is approx. 2.76 nm on Ca-
bentonite, 0.99 nm on muscovite and 1.49 nm on kaolinite. Hence, the distance between the U atoms
on muscovite and kaolinite is much closer to the critical Forster distance of 0.7 nm, calculated by Tits
et al. (2015), compared to Ca-bentonite, where line-narrowing could be observed.

At pH 12 and in the presence of added Ca®*, all recorded emission spectra, independent of the
excitation wavelength, are broader than at pH 10-11, and for kaolinite a clear red-shift to higher
wavelengths has occurred (Fig. 6b). This shift could be due to precipitation from oversaturated
solutions, similarly to what was observed for the higher U(VI) concentration in contact with Ca-
bentonite (sample ‘precipitate on Ca-bentonite’). For a direct comparison of these emission spectra,
the reader is referred to Fig. S6. The spectra are discussed in more detail below, but this result
corroborates the role of the interlayer space for additional uranium uptake, which is not available in
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the case of kaolinite, thus leading to surface saturation and precipitation of non-sorbed uranium from

487
488  solution.
489 To get a better insight into the U(VI) speciation of the alumosilicate phases, a decomposition of
490  the measured U(VI) emission spectra of the Ca-bentonite suspension at pH 11 and of the C-S-H phase
491  with a Ca/Si ratio of 1.2 (pH 12.1) was performed to extract spectra of single species. The well-
492  resolved emission spectrum of U(VI) sorption on Ca-bentonite at pH 11 in diluted Gipshut solution
493  can be described with two single components, denoted species 1 and species 2 (Fig. 7a). From the
494  U(VI)-doped C-S-H phase, two species (species 3 and species 4) with clearly broader emission bands
495  were obtained, Fig. 7b.
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497  Figure 7: Extracted pure components from the decomposition of the measured U(VI) emission spectra
498 in the Ca-bentonite suspension at pH 11 (a) and the C-S-H phase (Ca/Si = 1.2) at pH 12.1 (b).
499 Interestingly, the emission peak positions of species 1 and species 3 in the Ca-bentonite and the
500 C-H-S sample, respectively, are very similar, pointing towards a similar U(VI) species in these
501  systems (Fig. S7). The calculated stretch vibration frequency of this C-S-H species is 799 cm™, i.e.,
502  slightly higher than the vs for species 1 on Ca-bentonite (781 cm™?). The second species in the C-S-H
503  sample is slightly more red-shifted and has a stretch vibration frequency of 771 cm™.
504 In previous studies investigating U(VI) uptake by C-S-H phases with varying Ca/Si ratios, three
505  types of U(VI) species were identified: (i) a surface complex, (ii) a species absorbed in the interlayer
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region of C-S-H, sometimes referred to in the literature as an incorporated species and (iii) a
precipitate, which is observed at increased U(VI) concentration (Tits et al., 2011; Tits et al., 2015;
Wolter et al., 2019b). In C-S-H with Ca/Si 0.75-1.65 (Tits et al., 2011), the adsorbed species was
characterized by an electronic transition line at 20,150 + 60 cm™ (496 nm) and vs ranging between 741
and 799 cm™. The interlayer sorbed species was clearly more red-shifted with E; = 19,824 + 52 cm™
(504 nm) and vs = 742-769 cm 2. Its proportion was found to increase with time. By Tits et al. (2015),
a C-S-H phase with a Ca/Si ratio of 1.07 was investigated with site-selective luminescence
spectroscopy. As already mentioned, the samples showed pronounced line-narrowing allowing for a
very precise determination of the stretch vibration frequencies of the two identified U(VI) species
associated with the solid phase. The first species, which was assigned to an inner-sphere sorbed U(VI)
species on the C-S-H surface yielded a vs of 758 + 10 cm™. The second species, incorporated in the C-
S-H structure, had a lower stretch vibration frequency of 744 + 10 cm™. Thus, both species from Tits
et al. (2015) have vs values which are lower than those of the species identified in the present study.
However, the stretch vibration frequencies were found to increase with increasing excitation energy
(vex) (see Fig.5 in Tits et al. (2015)), i.e., with decreasing excitation wavelengths (Aex). Thus, the
differences in stretch vibration frequencies could be explained by the different excitation wavelengths
applied in the respective studies: 476-530 nm for C-S-H (Tits et al., 2015), 499.7 nm for Ca-bentonite
and 342 nm for C-S-H in the present investigation. Alternatively, a slightly different aqueous U(VI)
speciation, arising from the different Ca/Si ratios and subsequently different equilibrium pH values in
the study by Tits et al. (2015) and the current one, results in a slightly different U(VI) speciation on/in
the C-S-H phase. At pH 12.1 (the equilibrium pH value of the C-S-H suspension in this study), the
U(V1) speciation is dominated by the UO2(OH)4>" hydrolysis complex, while the UO2(OH)s™ species is
prevailing at slightly lower pH (10 < pH < 12).

Since species 3 in the C-S-H sample has a comparatively high stretch vibration frequency,
indicating weaker binding in the equatorial plane by the surrounding ligands, and since the emission
peak positions agree very well with those of species 1 found in our Ca-bentonite sample, we

tentatively assign species 3 in the C-S-H sample to a Ca-mediated sorption complex on the C-S-H
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surface. Species 4 in the C-S-H sample, on the other hand, is assumed to be absorbed in the C-S-H
interlayer space, in agreement with previous studies.

To describe the measured spectra of the alumosilicate minerals obtained in the presence of
0.02 M Ca?* at pH > 12, the pure component spectra extracted from the Ca-bentonite and C-S-H
samples (Fig.7) as well as the spectrum of the surface precipitate on Ca-bentonite (as a pure
component, without further spectral analysis) were used. Figure 8 shows that the composite emission
spectra of the three different alumosilicates can be reproduced with the help of all four extracted
emission spectra (species 1 and 2 on Ca-bentonite and species 3 and 4 on C-S-H) as well as the

spectrum of the surface precipitate on Ca-bentonite.

precipitate - - - - cumulative fit

——species 1 (Ca-bentonite) ——— species 2 (Ca-bentonite) species 3 (CSH) species 4 (CSH)

(a) (b) (c)
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Figure 8: Results of spectral decomposition of the measured U(VI) emission spectra of Ca-bentonite,
pH 12.5 (a), muscovite, pH 12 (b) and kaolinite, pH 12 (c) in the presence of 0.02 M CaCl..

In all cases, a very minor amount of the inner-sphere sorbed surface complex (species 2,
Ca-bentonite) is present. In the kaolinite sample, the majority of the U(VI) signal stems from a surface
precipitate, as already assumed based on the pronounced red-shift of this spectrum. In the muscovite
and Ca-bentonite samples at pH 12, the Ca-mediated surface complex (species 1, Ca-bentonite) and
both sorption complexes in the C-S-H sample (species 3 and 4) are required to explain the data. In
both mineral suspensions, the major species is C-S-H species 4, closely followed by the Ca-mediated
Ca-bentonite and C-S-H complexes (species 1 and 3, respectively). Note, exact percentages of the
present species cannot be given due to the different excitation wavelengths used in the present study
and the different luminescence quantum yields of the species. These results, however, clearly indicate
that C-S-H phases are formed in all mineral suspensions when Ca is present in the system, and

consequently, the U(VI) speciation is a mixture of Ca-mediated surface complexes on either the
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alumosilicate mineral and/or the newly formed C-S-H phase (species 1 or 3), and species absorbed in
the C-S-H interlayer space (species 4). A detailed discussion of the underlying retention mechanisms,
combining the results of the batch sorption experiments and luminescence spectroscopy, follows in

section 3.4.

3.4. Discussion of underlying retention mechanisms

The batch sorption experiments with Ca-bentonite, synthetic and natural kaolinite, and muscovite
in different background electrolytes demonstrate that certain amounts of dissolved Ca?* enable U(VI)
and Np(VI) retention at pH 10-13 despite the anionic character of prevailing aqueous species.

The TRLFS results reveal that the underlying U(VI) retention mechanisms are (i) sorption onto
the alumosilicate minerals, apparently facilitated by a bridging effect of Ca between the anionic
actinide complexes and the negatively charged mineral surfaces (Ca-mediated sorption), and (ii) inner-
sphere sorption in the interlayer region of C-S-H phases, which most likely form as secondary mineral
phases in the presence of Ca?". The inner-sphere sorption of U(VI) onto the primary alumosilicate
minerals plays only a minor role at hyperalkaline conditions. The retention mechanisms are discussed
below.

The proposed mechanism of Ca-bridging uranyl sorption is similar to so called type B ternary
surface complexation (Bradl, 2005; Hubbard, 2002). Such ternary type B surface complexes form by
coordination of a metal to a sorbed ligand, thus have the configuration surface = ligand — metal. In
contrast to type B surface complexes, in the present study the metal (U(VI) or Np(VI)) is not only
bridged via the ligand (OH) but also via an additional metal cation (Ca?* or Sr?*) (surface = Ca?*/Sr?* —
ligand — metal). Such complex systems, exceeding simple coordination of a metal to the surface or
ternary surface complexation, have not been studied thoroughly so far. Moreover, conventionally the
adsorption of ions to surfaces of opposite charge is studied. Sorption of anionic actinide complexes to
a negatively charged surface, as observed in the present work, is a rarely considered scenario. For
example, Yamaguchi et al. (2004) ruled out the sorption of anionic actinide complexes on negatively

charged mineral surfaces (pH 11-13.6), but suggested that only neutral actinide species sorbed.
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A few studies already described the potential of Ca?* to enhance anion retention in general. Allen
et al. (2019) and Griffin et al. (2016) described a Ca-bridging between the anionic surfactant bis(2-
ethylhexyl) sulfosuccinate and mica surfaces. The bridging effect was only observed in the presence of
divalent cations and was absent in monovalent electrolyte solutions. Also Arnarson and Keil (2000)
pointed out an increased sorption of natural organic matter to montmorillonite due to Ca-bridging.
Furthermore, sorption experiments by Androniuk et al. (2017) revealed a mediating effect of Ca?*
between gluconate and C-S-H mineral surfaces, as the retention of the organic molecules strongly
depended on the surface charge and Ca?* concentration. For Np(V) and Np(V1), Tits et al. (2014)
obtained higher retention on TiO; in the presence of Ca?* at pH 13.3. The Ky value of Np(VI)
increased by two orders of magnitude upon introduction of 10°° M Ca?". The authors stated that
additional experiments, especially spectroscopy, were necessary to draw conclusions regarding the
underlying retention mechanisms.

The effect of Ca?* on U(VI) adsorption was widely studied in the near-neutral to slightly alkaline
pH range: Ca can either sorb to minerals, thus competing with RNs for surface sites, or the presence of
Ca** might affect the aqueous RN speciation by forming stable ternary aqueous complexes (e.g.,
Ca,U02(CO3)3aq), CalO,(CO3)s?*") which show a decreased retention on minerals (Dong et al., 2005;
Joseph et al., 2013a; Meleshyn et al., 2009; Philipp et al., 2019; Richter et al., 2016; Stockmann et al.,
2022). In contrast, there are only few published and peer reviewed data in the alkaline to hyperalkaline
pH range. In the batch sorption data of two Ph.D. theses, a Ca-induced increase in U(VI) sorption at
(hyper)alkaline conditions was observed: Schnurr (2015) noticed a difference between U(VI) sorption
on lllite du Puy in NaCl and CaCl; at pH 10-12. Mayordomo (2017) needed to introduce a Ca-
mediated surface complex SWO-Ca-UO2(OH)s to be able to model elevated U(V1) sorption on smectite
at pH 9.5-10. Only recently, Brix et al. (2021) described an increased U(V1) retention on Ca-bentonite
in the presence of Ca?" at pH 12.5 and 13 and proposed a bridging effect of Ca. The results of Philipp
et al. (2019) and of the present study also strongly suggest such Ca-mediated surface complexes, even
over a wider alkaline pH range.

Molecular dynamics (MD) and potential of mean force (PMF) calculations, performed for

potential interactions in the system U(VI) — gluconate — C-S-H by Androniuk and Kalinichev (2020),
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revealed several aspects that are important for the discussion of the proposed complexes in the present
paper: (i) the interaction between UO,(OH); and Ca?* ions in solution is strong, showing two main
energy minima at interionic distances of ~4.1 A and ~3.6 A that correspond to the formation of one
and two OH~ bridges, respectively. The interaction of U(VI) with Ca(OH)" and Na* is considered
weak. (ii) The binding of Ca?* on deprotonated silanol groups of the C-S-H surface is strong, can
occur via inner- and outer-sphere coordination, and a relatively high energy is required to replace the
bound cation by another ion or molecule. Ca(OH)* binding is less favorable. (iii) Compared to Ca?*
sorption, the sorption of CaUO,(OH)s* is weaker. (iv) U(VI) can bind directly to unoccupied
deprotonated silanol groups and by the formation of ternary surface complexes between UO2(OH)s™
and Ca?* cations sorbed to negatively charged silanol groups on the aqueous C-S-H interface.

From these MD simulation results, we derive structures for two ternary surface complexes
showing the Ca-bridge between silanol surface sites of the minerals and uranyl hydroxide species
(UO2(OH)s~, UO2(0OH)4*) that represent our hypothesized retention mechanism (Fig. 9). These
structures are further supported by our EXAFS results (Philipp et al., 2019), which demonstrated 4-
fold coordination in the equatorial plane of U(VI) for the species. Moreover, the EXAFS results did
not allow fitting of the U-Si/Al scattering paths for these species, which is indicative of a larger
distance of the U(VI) moiety to the mineral surface. Our current luminescence spectroscopic study
provides the so far missing spectroscopic evidence for the existence of such ternary U(VI) surface
complexes at hyperalkaline conditions for Ca-bentonite and C-S-H phases, and in the presence of Ca?*
also for the clay minerals kaolinite and muscovite (see section 3.3.).

In the presence of Sr?* instead of Ca?*, similar surface complexes with Sr-bridges are conceivable
since the speciation of Ca?* and Sr?* as a function of pH is very similar, with onset of hydrolysis at
about pH 11.5 and dominance of CaOH* and SrOH* species above pH 13.1 and pH 13.7, respectively.

Also for Sr?*, inner-sphere sorption onto illite has been detected above pH 11 (Fuller et al., 2016).
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Figure 9: Proposed structure for ternary surface complexes showing exemplary the Ca-bridge between
silanol surface sites of the minerals and uranyl hydroxide species predominant in the hyperalkaline pH
range (see Fig. S4). Color code: uranium (blue), calcium (green), silicon (yellow), oxygen (red).

The second mechanism identified by TRLFS, for how the presence of Ca?* enhances the U(VI)
and Np(VI) immobilization at hyperalkaline conditions, is the formation of Ca-containing secondary
minerals which are able to retain actinides. The contact of clay with hyperalkaline cement pore fluids
results in partial dissolution of clay minerals and subsequent precipitation of secondary minerals such
as calcium (aluminum) silicate hydrates (C-(A-)S-H), whereby also formation of zeolites,
feldspathoids, feldspars and others was shown (Claret et al., 2002; Di Pietro et al., 2020; Fernandez et
al., 2010; Gaucher and Blanc, 2006; Grambow, 2016; Sakamoto et al., 2007; Savage et al., 2007;
Wilson et al., 2021). Enhanced dissolution of quartz, microcline, orthoclase, and albite has been
observed in Ca-containing hyperalkaline solutions (Bagheri et al., 2022). C-(A-)S-H phases have been
shown to form as secondary mineral phases in a so-called pozzolanic reaction in which available free
Ca?" reacts with dissolved mineral components (Bagheri et al., 2022; Cherian et al., 2018). Thus, a
prerequisite for the formation of C-(A-)S-H phases is the partial dissolution of clay and silicate
minerals above pH 10. In leaching tests, we observed significant release of Si and Al from the
muscovite and the synthetic kaolinite at pH > 10. Leaching experiments with Ca-bentonite (Fig. S8)
show a significant release of Si and Al into the solution only above pH 12, suggesting an apparent
stability of the Ca-bentonite between pH 10 and 12. However, given the observed decrease in Ca
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concentration in solution between pH 10 and 12, Si and Al could already be released from the clay
minerals below pH 12, but immediately bound by precipitation of C-(A-)S-H phases. Leached Si and
Al then only appear in the supernatant at pH > 12, when the availability of Ca becomes the limiting
factor for C-(A-)S-H formation.

Due to the often amorphous or semi-crystalline character of C-(A-)S-H phases, their formation is
difficult to detect with powder X-ray diffraction, especially when they precipitate as secondary
minerals in multi-mineral solids such as bentonite. Weak diffraction signals from evolving C-(A-)S-H
phases can easily be superimposed by the diffraction patterns of the primary minerals. Nevertheless, a
small but distinct peak (20 =29.3°, Cu Ka) can be observed in the diffractograms of leached Ca-
bentonite at pH 12 and 12.5, which is identified as a C-S-H phase by comparison with the
diffractogram of the synthetically prepared C-S-H phase with a Ca/Si ratio of 1.2 (Fig. S9).

C-(A-)S-H phases show a high sorption capacity for trivalent to hexavalent actinides such as
Cm(l1), Am(lI, Th(IV), Np(I1V,V,VI), Pu(lV), and U(VI) (e.g., (Gaona et al., 2011; HauBler et al.,
2018; Stumpf et al., 2004; Tits et al., 2014; Tits et al., 2015; Wolter et al., 2019a). C-S-H phase
formation in Ca-montmorillonite at pH > 12 with simultaneous incorporation of Cm(lll) was
previously hypothesized by Rabung et al. (2005). Our current luminescence spectroscopic study
provides the spectroscopic evidence for the second retention mechanism in U(VI)-containing clay
systems under hyperalkaline conditions, namely U(VI) absorption in the interlayer region of C-(A-)S-
H phases, and thus also evidence for the formation of C-(A-)S-H phases in clay mineral systems under
hyperalkaline conditions (see section 3.3.).

These results are in good agreement with the observed actinide retention on minerals in Ca-

containing hyperalkaline solutions.

4, Conclusions

The results show that at (hyper)alkaline conditions, the presence of Ca?* and Sr?* has a major
effect on the retention of hexavalent actinides on clay mineral surfaces. Alkaline earth ions can sorb
on the mineral, thus, on the one hand, compete with the RNs for binding sites, but, on the other hand,

mediate retention of anionic actinide species. While actinide sorption tends to be reduced due to
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presence of Ca?" in carbonate-containing solutions at neutral or slightly alkaline conditions, the
actinide retention is enhanced by Ca at hyperalkaline conditions.

Our study verifies the hypothesis that negatively charged species UO2(OH)s~, UO2(OH).* and
NpO2(OH)s~, NpO2(OH)4*, respectively, bind via Ca?" cations to deprotonated surface groups of the
alumosilicate minerals. Moreover, as a consequence of partial dissolution of the alumosilicates under
hyperalkaline conditions, Ca?* can induce a precipitation of secondary phases such as C-(A-)S-H,
which additionally contribute to the retention of anionic actinide species in clayey systems, as
demonstrated for the first time for U(VI) by luminescence spectroscopy. A combination of these
processes leads to an increased U(VI) and Np(VI) retention at hyperalkaline conditions compared to
chemical systems with exclusively monovalent cations in the background electrolytes.

In deep geological nuclear waste repositories, Ca?* and other alkaline earth cations are
ubiquitously present either in the pore water or as leachable ions in the host rock as well as in cement
and bentonite as components of the multi-barrier system and consequently, contribute to the long-term
retention of U(VI) and Np(VI) under the geochemical conditions prevailing in the repository. This
deeper mechanistic understanding of actinide retention processes at hyperalkaline and high ionic
strengths conditions contributes to an improved safety assessment of high-level waste repositories in

deep geological formations.
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