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Solubility and stability of liebigite, Ca,UO,(C0Os3)s- 10H,0(cr), in dilute to concentrated NaCl and
NaClO, solutions atT = 22— 80 °C

J.-Y. Leé?* S. Amayrf, V. Montoyd" , D. Fellhauer, X. Gaond*, M. Altmaier*
IKarlsruhe Institute of Technology, Institute fordiear Waste Disposal, P.O. Box 3640, 76021, KaHsfuGermany.

2pysan National University, School of Mechanical ieegring, 2, Busandaehak-ro 63beon-gil, GeumjeamgByisan, Republic
of Korea.
3Johannes Gutenberg University Mainz, Institute o€ldar Chemistry, Fritz-Strassmann-Weg 2, 55099nklaGermany.

Abstract: The solubility and thermodynamic stability of a #hetic liebigite was investigated in NaCl and
NaClQ, solutions within a wide range of ionic strengttO@m< I, < 5.61 m), pH (& pH, <9, with pH,

= —log [H']) and temperature (22 °€ T < 80 °C) conditions. A comprehensive characterizatb the
synthetic solid phase using XRD, quantitative cleamanalysis, TG-DTA, SEM-EDS, IR and Raman
spectroscopy confirmed the stoichiometry of,l@@,(COs)s- 10H,0O(cr). At room temperature, liebigite
remains stable and controls the solubility of U(Milthe investigated NaCl and NaGl€ystems with,,, <
0.51 m. For the same temperature but high ioniength (5.61 m NaCl), liebigite transforms into
andersonite (N£aUQ(COs)s- 6HO(cr)). This solid phase transformation results andecrease in
solubility of approximately 2 log-units at pH, ~ 8. Solubility data in combination with solid phase
characterization (XRD, quantitative chemical anialy$ikewise confirm the transformation of liebigit
into CalbO,XH,O(cr), NaU,0;XH,O(cr) and/or other sub-stoichiometric Na-uranatmgounds in all
systems investigated @t= 80 °C.

On the basis of solubility data at room temperatdetermined in this work, in combination with
thermodynamic and activity models available inlitezature for the aqueous speciation in the system
U(VIl)—carbonate, solubility products for liebigiéad andersonite are derived:

CaUO,(COs)s 10HO(cr) = 2 C&* + UG,* + 3 CQ* + 10 HO(l) logK°s0=—(32.3 £0.3)
Na,CaUQy(COs)s- 6H0(cr) « Ca* + 2 Nd +UO*" + 3 CQ* + 6 H0(I) log K°0=—(31.8 £ 0.5)

These results complement previously reported thdymamic data, now allowing complete
thermodynamic and geochemical calculations forsystem UG *—C&*—Na—H'—CO,(g)-HCO; —CO;*
—H,0O(), including U(VI) aqueous species and solid poomds, in the context of environmental uranium

chemistry and nuclear waste disposal.
Keywords. uranium, liebigite, andersonite, solubility, thesdynamics, elevated temperature
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1. Introduction

Uranium is an important actinide element in thetewnof nuclear waste disposal mostly due to itgda
inventory in high-level radioactive waste and islox-sensitive character, which can led to impartan
changes in its chemical behavior with the alteratibthe redox boundary conditions. Although uramiu
is expected to be present as U(IV) under the veducing conditions foreseen in deep underground
repositories (Guillaumont et al., 2003), the oxiolatto U(VI) with the consequent increase in sdityi
can be promoted under specific boundary conditieng, intense radiolytic field, contact with an
oxidizing plume €.g. nitrate), presence of complexing ligands stalnifizlJ(VI1), etc. Carbonate is a
ubiquitous component in groundwater, and it is efgain moderate concentrations (1 to 10 mM) in the
pore- and groundwaters of clay- and crystallineesdagpositories for nuclear waste disposal (Chal.et
2008; Gaucher et al., 2006; Grivé et al., 2010; €lanet al., 2017). Although both U(IV) and U(VI)rio
aqueous complexes with carbonate, more stable U¢siponate complexes are described to form under
near-neutral pH conditions. This is mostly dueh® very stable U(VI) moiety “UgCOs);*”, and to the
stronger hydrolysis controlling the solution chemyisof U(IV) in this pH-range compared to U(VI)
(Altmaier et al., 2017; Cevirim-Papaioannou et #018a; Cevirim-Papaioannou et al., 2018b;
Guillaumont et al., 2003). In Ca-containing systemgarge body of experimental studies has provided
sound evidence on the formation of very stableatgricomplexes Ca—U(VI)—carbonate (Cal(@0s)s>
and CaUO,(C0xs)s(aq)) (Bernhard et al., 2001; Dong and Brooks, 2@0®irizzi and Rao, 2014; Geipel et
al., 2008; Lee et al., 2017; Lee and Yun, 2013ksEhspecies play also a predominant role in cdingol
the aquatic chemistry of uranium in marine envirents (Beccia et al., 2017; Endrizzi et al., 2016;
Maloubier et al., 2015). Furthermore, several eixpental studies have been dedicated to investityate
impact of the ternary complexes Ca—U(VI)—carbormtethe sorption properties of U(VI) on clay and
granite rock, lacustrine sediments, ferrihydriteir@na or silica, among other materials (Amayrip20
Fox et al., 2006; Jo et al., 2018; Maia et al.,2@aleh et al., 2018; Seder-Colomina et al., 2018)

A number of ternaryRIUO,(COs)5]MH,O minerals R = Ca (liebigite), NaCa (andersonite), Mg
(bayleyite) and CaMg (swartzite), with= 10, 6, 18 and 12, respectively) are observethtare and have
been characterized in the literature, thus reftgcthe potential stability of these ternary solithpes
(Vochten et al., 1993). In spite of this, the humbkexperimental studies investigating their sdityb
and reporting their thermodynamic properties arg limited (Alwan and Williams, 1980; Amayri, 2002;
Chernorukov et al.,, 2009). Alwan and Williams inigated the solubility of liebigite, andersonite,
bayleyite and swartzite & = 274 — 294 K in the absence of £€), and reported their solubility
constants (lod&°; ), Gibbs energies and enthalpies of formatiy&{ andAH°) (Alwan and Williams,
1980). These authors were unaware of the formaifahe ternary aqueous complexes Ca(@s);*
and CaUO,(COs)3(aq), and thus interpreted their solubility datauasing the predominance of binary
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72  U(VI)—carbonate complexes in the aqueous phase.ofiginal data reported by Alwan and Williams
73  were later re-evaluated by Gorman-Lewtsal. (Gorman-Lewis et al., 2008) and Endrietial. (Endrizzi

74 et al.,, 2016) accounting for the formation of theicated ternary agueous species. In his PhD thesis
75  Amayri synthesized and characterized the solid ghd$[UO,(COs)5] XH,O(cr) with M = Mg, Ca, Sr and
76  Ba (Amayri, 2002). The author also investigated ghiibility of these solid phases ak®dpH < 9, and

77  reported the corresponding solubility constantsttier equilibrium reaction MUO,(COs)s] XH,O(cr) + 3

78 H' = 2 M* + U0 + HCOy + x H,O(l). Chernorukov and co-workers synthesized tHil szhases
79  M,UO,(COs)3)XHO(cr) with M = Mg, Ca, Sr and Ba, and extensivehamacterized them by X-Ray
80 Diffraction (XRD), Infrared spectroscopy (IR) andi@rmogravimetry — Differential Thermal Analysis
81 (TG-DTA) (Chernorukov et al., 2009). The authorsedmined the dissolution enthalpy of these solid
82 phases by calorimetric measurements, and reponedcarresponding formation enthalpies using the
83 thermochemical cycle UL Os(cr) + 2MCQOs(cr) +n H,O(l) = M,[UO,(COs)5] MH,O(cr).

84 The ternary solid phases discussed above (espetigigite and andersonite) can be responsible of
85 controlling the solubility of U(VI) within boundargonditions where the ternary species M{(Ds);>

86 and MUO,(COs)s(aq) prevail in the aqueous phase. Although equilibb constants for the formation of
87  such ternary aqueous complexes are properly desciibthe literature, a systematic study invesiigat
88 the thermodynamic properties of the correspondlgl phases is so far missing. In this context, the
89 present work aims at investigating the solubility astability of liebigite, CAJO,(COs)s- 10HO(cr), over

90 a broad range of ionic strength (0.03<nh < 5.61 m), pH (< pHn, < 9) and temperature (22 €T <

91 80 °C) conditions of potential relevance in theteahon nuclear waste disposal (Altmaier et al1320
92 Altmaier et al.,, 2017; Neck et al., 2009). The finmal is to determine the solubility product of
93 CaUO0y(C0s)s 10HO(cr) and its temperature dependence, consistenitii the state of the art
94  thermodynamics available for the ternary systemUg¥h—carbonate in the aqueous phase.

95

96 2. Experimental

97 2.1. Chemicals

98 All solutions were prepared with ultrapure wate8.2L MQ-cm, Milli-Q®, Merck Millipore), and were

99 handled under air &t = 22 — 80 °C (see description of solubility expeeits in Section 2.3). NaCl (ACS
100 Reagent, Merck), NaOH (Titrisol®, Merck), HCI (Tgol®, Merck), HCIQ (Suprapur®, Merck),
101 NaCIQ, (p.a., Merck), Ca(Ng).[4H,O (p.a., Merck) and N&O; (p.a., Merck) were used without further
102 purification. A crystalline calcium uranyl carboaatolid was synthesized following a modificationttud
103 method originally described by Meyrowi&t al. (Meyrowitz et al., 1963). A 1.0 M U(VI) solutionas
104  prepared by dissolving 5.02 g of L@ Os),- 6H,0 (p.a., Merck) in 10 mL of Milli-Q water. This adlon
105 was slowly added to 100 mL of a solution 0.3 MyGi@:. Then, 10 mL of 2.0 M Ca(N{» were added
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dropwise under continuous agitation. Finally, th& qf the resulting solution was adjusted to pH I8y0
slow titration with 0.1 M NgCQO;, resulting in the fast formation of the targetattimm uranyl carbonate
solid. The fine crystalline, yellow-green solid widered (0.125um pore size) and washed 3 times with
Milli-Q water. The wet solid was dried over 24 heumder air. The dry weight of the resulting maieri
yielded (72 £ 5) % of the theoretical value. Theutdng solid phase was characterized by the multi-
method approach described in Section 2.4.

2.2. pH measurement

A combination pH electrode (ROSS Orion or Mettlavledo, with 3.0 M KCI as filling solution)
calibrated against commercial pH buffers (pH = 7-Ml&rck or HANNA Instruments) was used for the
quantification of proton concentrations in molaitsr(as pH, with pH,= —log [H']). The calibration of
the electrode was performedTat (22 + 3), (25 £ 1) and (80 + 5) °C. pH measuretaatT = 25 and
80 °C were performed with tempered vessels usingater circulating cooler (WOBSER GmbH,
experiments al = 25 °C) or a dry block heater system (IKA, expemts afl = 80 °C), respectively,
coupled in both cases with a customized aluminuotkbl The values of pklwere obtained from the
measured pH values (pf and considering pH= pH, + Am, Where A, is a correction factor entailing
both the activity coefficient of Hand the liquid junction potential of the electrddea given background
electrolyte concentration and temperature. Empidoaection factors A for NaCl systems & = 22 and
80 °C were reported previously in Altmaigtral. (Altmaier et al., 2003) and Endrizzi al. (Endrizzi et al.,
2018), respectively. A correction factop,A —0.02 was experimentally determined in this wiork0.1 m
NaClQ, solutions following the approach described in (#dier et al., 2003).

2.3. Solubility experiments

Two independent series of batch solubility samplege prepared in NaCland NaCl solutions in PTFE
vials. In the first series, 5 g of the startingctain uranyl carbonate solid (per sample) were datled in
50 mL of 0.1 m NaCl@solutions afl = (25 + 1) °C. In four independent samples, theg, plds set to 7.0,
8.0, 8.3 and 9.0, and adjusted with 0.1 m HG®NaOH whenever necessary. Concentrations ofdJ an
Ca after ultrafiltration (25 nm pore size filteBghleicher and Schuell) were monitored for up t0 d8ys
by means of Inductively Coupled Plasma — Mass $peetry (ICP-MS, Perkin ElImer Elan-5000) and
Atomic Absorption Spectroscopy (AAS; Perkin EImeA$.4100, with GH»-N,O flame). After attaining
equilibrium conditions, the total carbonate concatin in the aqueous phase of the investigateglesm
was determined using an equipment Analytik Jena I&fbC, 98704 Langenwiesen XII/95). A second
series of solubility experiments was conducted dpyildbrating ca. 250 mg of the starting calcium uranyl
carbonate solid (per sample) in 5 mL of solutiah:Milli-Q water, (i) 0.51 m NaCl, and (iii) 5.6In

NaCl. Due to the pH titration with HCI and NaOHpgae (i) resulted in approximately 0.03 m NacCl.
4
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Each sample was prepared in duplicate and equ#ithratT = 22 and 80 °C (six samples in total). The
pH: of the resulting samples was adjusted to-782 with the addition of HCI-NaCl and NaOH-NacCl
solutions of the same ionic strength. This rangetsf was chosen to minimize both g@) degassing
and calcite precipitation in the experiments atmotemperature, according with model calculations
conducted using thermodynamic data summarized bie$aA-1 and A-2 of the Appendix. A compact
laboratory oven (Falc Instruments) was used forbditehes equilibrating dt = 80 °C. Concentrations of
uranium and pK were monitored for 132 days until attaining eduilim conditions (defined as constant
values of [U] and pk). Calcium concentrations were also measured aftaining equilibrium conditions.
Total concentration of uranium and calcium weredatned by ICP-MS (Perkin EImer ELAN 6100) and
Inductively Coupled Plasma — Optical Emission Spemetry (ICP—OES, Perkin Elmer OPTIMA
2000™), respectively, after phase separation anggomonding dilution with 2% HNOPhase separation
was achieved by rapid syringe filtration (Pall Adisz® filters, pore size 0.Adm, PTFE membrane), both
for samples equilibrated @t= 22 and 80 °C. This approach has been shownnonizie the temperature
drop within the filtration process at elevated tengpures (Endrizzi et al., 2018). Values of coneditn
obtained in molar (M) units were converted to m@ha) units using the conversion factors reportethn
NEA-TDB for different background electrolytes (Gailmont et al., 2003).

2.3. Solid phase characterization

The starting calcium uranyl carbonate solid wasrattarized by XRD, quantitative chemical analysis,
TG-DTA, IR and Raman spectroscopy. A fraction of #ynthesized solid phasea( 100 mg) was
characterized by XRD using a Universal-Rontgen+s@kfometer (URD 6, Freiberger Prazisionsmechanik,
Freiberg, Germany) (Cudradiation). Diffractograms were collected withih<520 < 60°, a step size of
0.05° and accumulation times of 60 s per singlp.dffraction patterns obtained in the present kvor
were compared with reference patterns availablehénJCPDS database (Joint Committee of Powder
Diffraction Standards, JCPDS 2001). An exact am@2itl g) of the calcium uranyl carbonate solid was
dissolved in 0.1 M HN@ and the concentrations of U and Ca measured IB~MS and AAS,
respectively. TG-DTA measurements of the startaigiam uranyl carbonate solidg. 30 mg per sample)
were performed with a Thermoanalyzer STA 92 (SetarBrance) using an aluminum crucible. The
investigated temperature range covered 20-1100wi@ a temperature increase of 10 M@
Measurements were conducted under an oxygen steé8mti™. The buoyancy correction for the TGA
was done by measuring a blank. The reference saimpBTA was AbOs. FT-IR spectra were recorded
using a Perkin EImer GX-2000 instrument equippati @wiMercury Cadmium Telluride (MCT) detector.
Spectral resolution was 4 chin the frequency range from 4000 to 600 tniR measurements were
conducted with 50 mg of the starting material mixagth KBr and pressed as pellet. Diffuse-reflectanc

infrared Fourier transform (DRIFT) measurements eveiccomplished by mixing the crystalline
5
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compounds with solid KBr at approximately @®6. Raman spectra were recorded using a Bruker RFS
100 FT-NIR Raman spectrometer (Bruker Analytik GmBldrisruhe, Germany). The source of excitation
for Raman spectroscopy was a 250 mW Nd:YAG lasstesy. The excitation wavelength was 1064 nm
and the resolution of the system was 4'ci®pectra were recorded within 3500 and 100'cm

U(VI) solid phases were also characterized aftealifzing the solubility experiments. A fraction thfe
samples equilibrated in NaCJ@olutions ¢a. 100 mg) was washed 5 times with Milli-Q water, aind
over 24 hours under air atmosphere. The dried sl characterized by XRD as described above ér th
starting calcium uranyl carbonate solid. Solid gisasollected after completing the solubility expesnts

in NaCl systems af = 22 and 80 °C were characterized by XRD, quaitgéachemical analysis and
Scanning Electron Microscopy coupled with Energgqigirsive X-ray Spectroscopy (SEM-EDS).
Approximately 10 mg of each solid phase were sépdrand washed 3-5 times with 1 mL ethanol to
remove any residuals from the background electoljfthe largest fraction of the washed solid was
characterized by XRD using a Bruker D8 Advancerddfometer (Cu K radiation) equipped with a Sol-

X detector. An air-tight sample holder with domey®er) was used for the measurements. XRD data
were collected within 5% 20 < 60°, a step size of 0.02° and accumulation tinfiels-21 s per single step.
The solid used for XRD measurements was dissolvéd% HNQ, and the resulting solution used for the
guantification of uranium (ICP-MS), calcium and ismd (ICP-OES). A small fraction of the washed
solid (ca. 20 pg) was further characterized by SEM-EDS (Cambridgéruments, CamScan CS 44 FE),
which provided information on the morphology, peldi size and elemental composition of the
investigated uranium solid phases. Elemental coitippsietermined by EDS was obtained as average of

6-9 spots in each solid phase.

2.4. Thermodynamic calculations

Thermodynamic data selected within the Thermochandatabase project of the OECD Nuclear Energy
Agency (NEA-TDB, (Guillaumont et al., 2003)) werensidered to calculate the aqueous speciation of
uranium in the presence of carbonate (binary umanhydroxide and uranium carbonate species).
Although not yet selected in the NEA-TDB (Guillaumicet al., 2003), the ternary aqueous species
CaUQ,(COs);* and CaU0,(COs)s(aq) have been shown to play a relevant role ineags solutions
containing calcium and carbonate under near neptiaconditions (Bernhard et al., 1996; Dong and
Brooks, 2006; Endrizzi and Rao, 2014; Lee and Ya01,3; Prat et al., 2009). The possible formation of
these ternary species in the conditions of our exm@mts was accordingly considered in the
thermodynamic calculations using the correspondiggilibrium constants previously reported in the
literature (Lee and Yun, 2013). The aqueous speniatf carbonate in the presence of calcium was
calculated using thermodynamic data selected in NBEA-TDB (Guillaumont et al., 2003) and in

ThermoChimie v.9b (Giffaut et al., 2014). Table Arlthe Appendix summarizes all chemical reactions
6
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and corresponding equilibrium constants includedhi thermodynamic calculations performed in this
work.

The specific ion interaction theory (SIT) (Ciavati®80; Grenthe et al., 2013) was used to accaunt f
ionic strength corrections in the equilibrium réais involved in the thermodynamic calculationstha

SIT formalism, the activity coefficients of (chatheaqueous specieg)(are calculated as described in (1):

logy; = —z7D + Xe;jm; (1)

where z represents the charge of the given ionic spediesis the Debye-Huckel termD( =
(0.5091,)/(1+1.5Vl,)) at 25 °C),g; is the specific ion-interaction coefficient forpair of oppositely
charged ionsm corresponds to the molal concentration of thejj@ndl,, is the ionic strength in molal
units. Table A-2 in the Appendix summarizes all Sidn interaction coefficients used in the
thermodynamic calculations performed in the presemk. The validity of SIT is normally delimited to

Im < 3.5 m, although a number of experimental stud@shdemonstrated the correct performance of the
SIT approach to ionic strength conditions well beyahis limit (especially in 1.1 electrolytes liéaCl)
(Altmaier et al., 2017; Gaona et al., 2013; Nec&lgt2009; Yalcintaet al., 2016).

3. Results

3.1. Solubility data atT = 22 — 80°C

Figure 1 shows the experimental solubility dat&J§¥1) (as log [U]vs. pH,) determined in NaCI(T =

25 °C) and NaCIT = 22 and 80°C) systems. Table 1 and Table 2 suirenadditional information on the
pH: (initial and final for NaCl systems), [U], [Ca],aC U ratio and { (total inorganic carbon, in M) in
the aqueous phase after attaining equilibrium dirdi. Rather high concentrations of uraniunil(? m)
are measured at room temperature for the calciamylicarbonate phase equilibratedzif.03 m NacCl,
0.1 m NaClQ and 0.51 m NaCl systems (Figure 1). A significdrip in solubility is observed for the
system in 5.61 m NaCl equilibratedTat 22 °C, as well as for all systems equilibrated a 80 °C. The
drop in solubility at elevated temperature is acpganied by a clear change in the visual color ofsthlél
phase, from yellow to orange. Both observationgngfiy hint towards a solid phase transformation. A
remarkable shift in pl towards more alkaline conditions is also obseriredhe solubility samples
equilibrated af = 80 °C (0.5 to 0.8 pktunits, see Table 1). According to Henry's law, tliesolution of
COy(g) in water is less favored at elevated tempeeatfGordon and Jones, 1973). This promotes the
degassing of Cg)g) from the aqueous solution and the consequemtase of pk] observed in our

experiments at elevated temperature. On the cgntnar significant changes in pHare observed in the
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solubility experiments af = 22 °C, thus supporting that @@) equilibrium is maintained in this range of
pH,» and [Ca], as predicted by the thermodynamic catims described in Section 2.4.

o(m—m—
T=22-25°C T=80°C
| ¥ =0.03mNaCl W =0.03m NaCl
O 0.51 m NaCl Il 0.51 m NaCl
O 561mNaCl @ 5.61m NaCl
" O 0.1mNaClo,

i g o

2EN |
\

Ca,U0,(CO,),[10H,0(cr) M I

log [U]

'.V
| O

Na,CalO,(CO,),BH.O(cr)

. Closed CO,(g)systern

70 75 80 85 9.0
pH_

Figure 1. Experimental solubility of GRIO,(COs)s-10HO(cr) equilibrated in= 0.03 m NacCl, 0.51 and
5.61 m NaCl solutions (T = 22 and 80 °C), as wslim0.1 m NaCIQ(T = 25 °C). Solid lines represent
the calculated solubility at room temperature usiog K% {Ca,UO,(COs)3-10H0O(cr)} (= 0.03 m NaCl,
0.1 m NaClQand 0.51 m NaCl systems) and log &Ra,CaUG0,(C0s)3-6H0(cr)} (5.61 m NaCl system)
determined in this work, in combination with thedyoamic and activity models summarized in Section
2.4 for aqueous species. Thermodynamic calculatm@rformed assuming closed &@) systems and
excluding calcite precipitation.



254  Table 1. Summary of pH (initial and final in NaCl systems, see text), amglieous concentrations of
255 uranium and calcium after attaining equilibrium abtions. Relative standard error in measured uramiu
256 and calcium concentrations are typically < 10%, or20% in 5.61 m NaCl. Uncertainty in pH
257 measurements is £0.05.
258
Sample T (°C) pH. [NaClOj] (m) [U](x10°m) [Ca] (x10°m) Ca: U ratio
A 7.0 0.1 119 23.9 2.0
8.0 0.1 13.9 27.5 2.0
(25 + 1)
C 8.3 0.1 14.7 29.5 2.0
D 9.0 0.1 15.8 31.6 2.0
Sample T (°C) Initial pHy,  Final pH,  [NaCl] (m) [U] (x10°m) [Ca] (x10°m) Ca: U ratio
E 8.1 8.3 ~0.03 8.5 17.9 2.1
F (22+3) 8.1 7.8 0.51 21.6 40.0 1.9
G 8.1 7.9 5.61 0.08 65.4 785
H 8.2 9.0 ~0.03 0.05 n.d. n.d.
| (80+5) 8.2 8.7 0.51 3.6 n.d. n.d.
J 7.9 8.4 5.61 0.15 0.18 1.2
259 a. kept constant throughout the solubility experiveith HCIO/NaOH titrations; b. resulting from the gHdjustments; Milli-Q
260  as original solution.
261
262 Table 2. Total carbonate concentration {J measured in the aqueous solution of the solyb#litmples
263 A-D after attaining equilibrium conditions and calated using two different approximations.
264
Ciot (M) (x10°
sample  ph ¢ (M) (x10%)
Experimental Calculated | Calculated fi
A 7.0 (33.8 £3.3) 35.7 15.8
B 8.0 (45.0£4.3) 41.7 38.6
C 8.3 (45.5+5.0) 441 40.2
D 9.0 (51.9+7.0) 47.4 54.8
265 a. calculated assuming congruent dissolution gfJ0a(COs);- 10H,0(cr), Go; =
266 3xX[Ulexy b. calculated assuming equilibrium of carbonaith atmospheric CO
267 (|Og PC02: —35)
268
269 Remarkably high agueous concentrations of uraninth @lcium are measured for the calcium uranyl
270 phase equilibrated at room temperature in 0.1 mi@aGamples A-D)z 0.03 m NaCl (sample E) and
271 0.51 m NaCl (sample F), in all cases showing ar&& : U~ 2 : 1. This observation indicates: (i) a
272  congruent dissolution of the calcium uranyl phasepectedly CAJO,(COs)s- 10HO(cr), and (ii) no
273  precipitation of other phases containing €ay. calcite. Sample G (equilibrated in 5.61 m NaCllat
274 22 °C) shows a significant decrease in uranium eotmation, whilst retaining a rather high concetidra
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of calcium in solution. These observations strorght towards the formation of a new solid phasthwi
significantly lower solubility (within these boungeconditions) and with a ratio Ca : U < 2.

A significant drop in the concentrations of uraniamd calcium is observed for samples#0(03 m
NaCl, T =80 °C) and | (0.51 m NaCT, = 80 °C), compared to the analogous samples iigatst afl =
22°C. Somehow similar uranium concentrations are medsfor 5.61 m NaCl systems &t= 22 and
80 °C, whereas a significantly lower concentratidrralcium is measured in the latter system (Table
Besides the likely transformation of the originahnium solid phase, these observations hint towtels
precipitation of calcite in the system equilibrattdelevated temperature. This hypothesis is aldmé
with the increase in pklobserved in the solubility samples equilibratedlavated temperature.
Experimental measurements of the total carbonatgcerdration (G in solution after attaining
equilibrium conditions in samples A-D are in goaptement with calculatedfcassuming a congruent
dissolution of the calcium uranyl phase {C= 3X[U]wx = 3/[Cal.), expectedly
CaUO,(COy);s- 10H,0(cr). Experimentally measured,dn samples B-D (pH = 8-9) also agree with
carbonate concentration calculated assuming equitibwith air (with log Ro, = —3.5). On the contrary,
Cwt measured in sample A (pH= 7) is significantly larger than the total carbt® concentration
calculated for this pHassuming equilibrium with air. These results supgwmt equimolar dissolution of
carbonate should be expected also for samples B+Gyhich the calcium uranyl carbonate solid was
equilibrated in NaCl solutions with pH= 7.8-8.3 afl = 22 °C.

3.2. Solid phase characterization

XRD patterns of the starting calcium uranyl carliersolid shown in Figure 2a are in excellent agesgm
with reference patterns reported in the JCPDS datalfor liebigite, GAJO,(COs)s- L0H,O(cr) (JCPDS
file number 49-1056). Quantitative chemical analyxithis solid resulted in (33.9 + 036)% U and (11.5

+ 0.5) wt% Ca, consistent with the theoretical values 3@ and 11.3wt% calculated for
CaUO,(COs)s- 10HO(cr). TG and DTA data obtained for the startintzicen uranyl carbonate solid are
summarized in Figure A-1 and Table A-3 in the Apign The quantitative evaluation of these data
indicates a content of (10.1 £ 0.3) mol ofCHand (3.4 = 0.3) mol of COn the starting solid. The IR
spectrum of the calcium uranyl carbonate solichisas in Figure A-2 of the Appendix, together wittet

IR spectra of the reagents used in the synthesis(NDs),BH,0, Ca(NQ),[4H,O and NaCQs). The IR
spectrum collected in this work agrees well witleyious IR data reported for liebigite (Cejka and
Urbanec, 1999; Chernorukov et al., 2009; Urbanec@egijka, 1979), and provides additional evidence on
the absence of impurities in the synthesized calaiwanyl carbonate solid. Raman data collectedher
calcium uranyl carbonate solid investigated in thiwk is shown in Figure A-3 of the Appendix. The
thorough solid phase characterization describedealzonfirms the stoichiometry of the starting solid

phase used in this solubility study asl@@,(COs)s- L0HO(cr).
10
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Solid phases equilibrated in NaGl®olutions were characterized by XRD after finalizithe solubility
experiments. XRD patterns shown in Figure 2a fonpdas A-D are consistent with those collected for
the starting CAJO,(COs)s- 10HO(cr) solid, thus confirming that no solid phasensformation occurred
in the course of the solubility experiment.

XRD patterns of solid phases recovered from sdtybéxperiments in NaCl solutions at = 22 °C
(samples E-G) and 80 °C (samples H-J) are showigire 2b and 2c, respectively. Table 3 summarizes
the ratio Ca : U and Na : U determined for the saoliel phases by SEM-EDS and quantitative chemical
analysis. XRD patterns collected for samples E Bnohatch with those available for the reference
CaUO,(COy)s- 10H0(cr) (JCPDS file number 49-1056) very well. Thgngicantly poorer signal-to-
noise ratio in the XRD of these samples, compaoethat of the starting material and samples A-D is
potentially caused by a combination of severaldiegie.g. equipment configuration, accumulation time
and amount of sample material used for XRD acdaisitXRD patterns of the U(VI) solid phase
equilibrated in 5.61 m NaCl &= 22 °C (sample G) are strikingly different, aitw a good agreement
with reference patterns reported for andersoni@CBRUQ(COs)s- 6H,O(cr) (JCPDS file number 46-
1368). These data are also in agreement with thmphensive characterization of a synthetic
andersonite previously conducted by Amayri and ocokers (Amayri et al., 2004). The predominance of
two different solid phases at= 22 °C (depending upon background electrolyteceatration) is in line
with solubility data discussed in Section 3.1.

A clear transformation of the original €#0,(COs)s- 10HO(cr) is observed in the diffractograms of all
solubility samples equilibrated & = 80 °C (Figure 2c). XRD patterns support the fation of
NaU,0;- HO(cr) in the solubility samples equilibrated atvalied temperature in 0.51 m and 5.61 m of
NaCl solutions (samples | and J). Well-defined eledrly changed XRD patterns are observed for sampl
H (= 0.03 m NaCl;T = 80 °C), compared to samples | and J. Hencefjrdteand most prominent peak in
the XRD of sample H is significantly shifted towarkbwer ® values, compared to reference patterns of
Na,U,0,-H,O(cr) (D = 13.4 vs. 20 = 14.9- 15.0). Indeed, XRD patterns of sample H show close
similarities with patterns reported by Altmaier arwworkers for CakD;- 3H,O(cr) (Altmaier et al., 2005)
(see Figure 2c). The latter phase was reportecbimdral the solubility of U(VI) in alkaline, dilutéo
concentrated Caghbolutions (in the absence of carbonate) (Altmateal., 2005). We note further that
XRD patterns collected for sample H disregard tles@nce of becquerelite, C#Jo[11H,O(cr).

Sharp XRD peaks located at 2 29.4 are systematically observed for all solid phaspslierated at
elevated temperatures, whereas such a featuressngiin the diffractograms of solid phases equitiéd

at room temperature. This peak can be assigndwtmain reflection of calcite (104), thus indicgtihe
formation of this solid phase only in the samplgsilérated afl = 80 °C. These observations agree with

calcium concentrations in the aqueous phase meahsutiee solubility experiments &t= 22 and 80 °C.
11
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Figure 2. Powder X-ray diffraction patterns of solid U(VI) agdes: (a) starting material,
CaUO,(COs)3-10H:,0(cr), and solid phases after terminating solupilitxperiments in 0.1 m NaGj@t T

= 25 °C; (b) solid phases after terminating solitlgilexperiments at T = 22 °C; (c) solid phases rafte
terminating solubility experiments at T = 80 °Cn®pls corresponding to reference patterns repoied
the JCPDS database for €#0,(CGOs)s:10HO(cr), NaCaUO,(COs)s-6H,0(cr) and NaU,O,H,0(cr).
XRD patterns reported by Altmaier and co-worker#nfaier et al., 2005; Altmaier et al., 2017) for
CaU,0,83H,0(cr) and NaU,O,H,0(cr), respectively, are appended for comparisoed Rrosses in
figure (c) mark the main reflection of calcite (104
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Table 3. Ca : U and Na : U ratios in the solid phases afetubility experiments (NaCl systems, T = 22

and 80 °C) as quantified by SEM—EDS and quantigatiremical analysis (U: ICP-MS/OES; Ca: ICP—

OES). Relative standard errors for ratios quantfiey SEM—EDS are < 10 %, except for samples at T =
80 °C (relative standard errors < 20%) due to thetdrogeneous distribution of calcite precipitates.

Relative standard errors for atomic ratios quamtifiby ICP—MS/OES are < 10% (dilute systems) or %20
(5.61 m NaCl).

Sample SEM-EDS ICP—MS/OES
Ca:U Na: U Ca:U Na: U

E,~0.03 m NaCIT =22 °C) 2.3 - 21 -
F, 0.51 mNaCl T=22°C) 1.8 - 2.0 -
G,5.61mNaCl T=22°C) 1.0 2.0 1.1 1.9
H,~0.03 m NaCIT =80 °C) 0.5 0.4 2.3 0.2
[,0.51mNaCl T=80°C) 0.6 1.2 2.3 0.9
J,5.61 mNaCl T(=80°C) 0.2 1.6 2.3 1.7

Ratios Ca : U and Na : U determined by SEM—-EDS @umhtitative chemical analysis are in excellent
agreement with XRD data and support the predommancCalUO,(COs)s- 10H0(cr) (samples E and F)
and NaCaUQy(CGQ,)s- 6H,0O(cr) (sample G) at room temperature. A more corpieture arises in the
SEM-EDS and quantitative chemical analysis of samplquilibrated at = 80 °C. For these systems,
significantly higher Ca : U ratios are measuredjbgntitative chemical analyses than by SEM-EDS. The
first method provides an average Ca : U ratio b$alid phases present in the system, whereas SBI8—E
gives insight mostly (although not exclusively) thie compaosition of the uranium phases targetedhguri
analysis. Hence, the ratio Ca AR measured for these samples by quantitative dadmnalysis reflect
that the inventories of U and Ca are mostly foundsalid phases, expectedly in the form of uranium
compounds and calcite. A ratio Na ~U.5 is measured for sample J, both by SEM-EDSyaadtitative
chemical analysis. In combination with XRD dataggh results provide additional support on the
formation of NaU,O--H,O(cr) in 5.61 m NaCl solutions equilibratedTat 80 °C. SEM—EDS of samples
H and | suggest the co-existence of Na and CaerUifvl) solid phases forming at elevated tempegatur
In combination with XRD data, these results strgrgipport that the original @a0,(C0Os)s- 10H0(cr)
transformed to Na- and Ca- uranate$ at80 °C.

Figure 3 shows the SEM images of all solid phasesstigated in the present work. The original U(VI)
material (Figure 3a), sample E (Figure 3b) and $arfp(Figure 3c) show a similar morphology and
particle size, in good agreement by the confirmeedpminance of GRO,(CQOs)s- 10HO(cr). The
morphology of sample G (Figure 3d) shows a distiectcrystalline structure, in line with the
transformation of C&JO,(COs)s- 10H,0(cr) into NaCaUQy(COs)s- 6H,0O(cr) indicated by XRD. All
samples equilibrated dt= 80 °C show smaller particle size and a lesstalliyrse character (Figures 3e—Q),

13



382 compared to the morphology of the original U(VI)teréal shown in Figure 3a. These observations are
383 also in line with XRD data supporting the transfatimn of CaUO,(CGO;3)s- 10H0(cr) into less crystalline
384 Na- and Ca- uranates at elevated temperatures.

385
386 Figure 3. SEM images of (a) initial U(VI) material, @30,(C0s)s-10H0(cr); solid phases equilibrated

387 atT =22 °C: (b) inc 0.03 m NaCl, (c) 0.51 m NaCl, (d) 5.61 m NaCljsphases equilibrated at T =
388 80 °C: (e) inr 0.03 m NacCl, (f) 0.51 m NacCl, (g) 5.61 m NaCl.
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4. Discussion

4.1. Thermodynamic model for the system U@'—Ca?—Na'—H'—CO,(g)-HCO;—CO:*—H,0(l) at
room temperature

Solid phases controlling the solubility of U(VI) the investigated background electrolyte solutiahs
room temperature are identified as,@@,(CO;s)s- 10H0(cr) (in= 0.03 m NaCl, 0.1 m NaClcand 0.51

m NaCl solutions) and N@aUG,(COs)s- 6H,0(cr) (in 5.61 m NaCl solutions). Accordingly, exipeental
solubility data obtained in these conditions in bdamation with thermodynamic data available for the
aqueous speciation of U(VI) in the presence of@aabe and calcium (see Section 2.4, and Tablendl a
A2 in the Appendix) are used to derive the valuédog K°s {Ca,UO,(COs)s-10H,0(cr)} and log
K°s {Na,CaUQ(COy)s- 6H,O(cr)} at infinite dilution. Solubility data colléed in 0.1 m NaCl@at pH, =

7 and 9 have been disregarded in this thermodynawgiluation because of the large oversaturatioh wit
respect to Cglg) in air and to calcite, respectively. Indeedubility samples at pH ~ 8-8.3 are also
slightly oversaturated with respect to calcite {sation index, Sl < 0.4, see Table A-4 in the Appirp
although calcite was not observed (by XRD) in ahthese samples. This fact in itself does not affee
calculated thermodynamic data, provided that rédiabolid phase characterization and accurate
quantification of [U}y, [Ca].: and G are available. Furthermore, the calculation ofShef calcite in the
investigated system is strongly affected by theahinJ(VI)-CGO; and ternary Ca—U(VI)-C{complexes
forming in the aqueous phase. We draw the attentmnthe relevant impact of the species
(UO,),CO5(OH)s in the calculated Sl of calcite, and the posstdierestimation of its stability with the
thermodynamic data currently selected in the NEABT({@uillaumont et al., 2003). Solubility data
obtained afl = 80 °C are disregarded for the determinationngfthermodynamic function because of the
ill-defined solid phases controlling the solubility U(VI) and the unknown carbonate concentration i
agueous solution after the partial loss of,@Pobserved in all samples equilibrated at thisgerature.

At room temperature, the solubility of L£H,(COs)s- 10HO(cr) and NaCaUG,(COs)s- 6H,0(cr) within
the investigated boundary conditions is mostly maled by the equilibrium reactions (2) and (3),

respectively:

CaU0,(CO;)s 10HO(cr) = x C&” + Ca,U0,(COs)s ™ + 10 HO()) )
Na,CaUQy(COs)s- 6H,0(cr) +y C&* = CaUO,(CO3):¥ >+ 2 Nd + 6 HO(l) (3)

with 0<x < 2 and - y < 1. The use of thermodynamic data summarized iteTAHL of the Appendix
allows to calculate [USTiee [C& Tiree and [CQ* Jiee from the values of pH [Ulws [Calo: and Gy
described in eq. (4),

Ciot = [H.CO5] + [HCOy] + [CO;”] + [CaHCQ] + X ¢+ [Ca(UO,)5(CO3) %% 4)
15
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with 0<a <2, 0<b <3, and 0< ¢ < 6. Reactions (2) and (3) can be then redefinethénform of
solubility reactions (5) and (6), resulting in tte@responding solubility productslat 0, eq. (7) — (8), and
at infinite dilution, eq. (9) — (10):

CaU0,(COs)s 10H0(cr) = 2 C&* + UO,% + 3 CQ* + 10 HO(I) (5)
Na,CaUOy(COs)s- 6H0(cr) = 2 Na + Ca&* + UG,%" + 3 CQ* + 6 HO(I) (6)
with

Iog K’S,O{C&2UOZ(CO3)3' 10|'EO(CI’)} =2 Iog [Céjfree"' |0g [Uozzjfree +3 IOg [CQZ_]free (7)

Iog K’S,O{NazcaUQ(Co3)3'GHZO(Cr)} =2 Iog [Nér] + Iog [CE?]free + IOg [Uozzjfree +
+3 Iog [C(az_]free (8)

and

log K®s {Ca,UO,(COs)s- 10HO(cr)} = log K’ s {Ca,U0,(COs)s- 10HO(cr)} +

+ 2 log fCa’®"} + log KUO,*"} + 3 log fCO5*} + 10 log a, 9)
log K® {Na,CaUQ(COs)s- 6HO(cr)} = log K’ s {Na,CaUQy(CO;)s- 6H,0(cr)} +
+ 2 log Na'} + log )Ca®*} + log KUO,*'} + 3 log 4CO4*} + 6 log a, (10)

Activity coefficients required for the determinaticof log K°s{Ca,UO,(COs)s- 10H,O(cr)} and log
K°s {Na,CaUQy(COy)s- 6H,O(cr)} are calculated using the SIT formalism déssul in Section 2.4 and the
SIT interaction coefficients summarized in Tabl&2 AThe activity of water in 0.5 and 5.0 M NaCl was
taken as reported in the NEA-TDB tables (Guillauimetral., 2003). The values of pHU]t, [Ca}e: and

Cit Were determined experimentally in NaGl€ystems. In= 0.03 m and 0.51 m NaCl systems, total
carbonate concentrations are calculatedas@ x [U]:, Which assumes a congruent dissolution of the
starting CauO,(COs)3- 10H0(cr) solid. In 5.61 m NaCl and due to the formatad the secondary phase
Na,CaUQ,(COs)s- 6H,O(cr) with lower solubility, total carbonate conteation was calculated from the
mass-balance with the known [LJand [Ca}.

The contribution of charged uranium, calcium andbonate species to the overall ionic strength was
calculated using an iterative process with theven MATLAB. This contribution is mostly relevararf
the system equilibrated m 0.03 m NaCl. Conditional solubility products of O&,(COs)3- 10H,O(cr)
and NaCaUGQy(CGOy)s- 6H,0(cr) determined at each ionic strength and cooedipg extrapolation tb=0
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using SIT are summarized in Table 4. We note timailar results of logk°s {Ca,U0,(CO;);- 10H0(cr)}

and logK°; {Na,CaUQy(COs);- 6H,0(cr)} were obtained assuming open systems (witD4) = 10°°
atm) to calculate . The excellent agreement in [8§s {Ca,UO,(COs)s- L0H0(cr)} determined in three
independent solubility datasets~r0.03 m NaCl, 0.1 m NaClJat two different pH) and 0.51 m NaCl
provides additional confidence in the proposed débahand thermodynamic models. The value of log
K°s {Na,CaUQy(COs)s- 6H,O(cr)} in Table 3 is provided with an increased emainty (+ 0.5 instead of +
0.2) to account for the fact that only experimentiata in 5.61 m NaCl are available and that
g(CaUO(COy)s%, N&) (predominant aqueous species in these condittogsther with UQ(CO):") is

an estimated value obtained by analogy w{thO,(COs),>, N&a’) = —(0.02 + 0.09) kighol™ as reported in
the NEA-TDB (Guillaumont et al., 2003).

Solubility products determined in this work for DO,(COs)s- 10HO0(cr) and NaCaUQy(COs)s- 6H,O(cr)

are used in combination with thermodynamic datailavie for the aqueous speciation of U(VI) to
calculate the solubility of U(VI) at room tempenawnder the investigated experimental conditices (
Figure 1) and assuming closed £g) systems. The figure shows an excellent agreermetween
experimental and calculated solubility for the elifnt background electrolytes and background
electrolyte concentrations.

Alwan and Williams reported the solubility product&G° and AH° of CaUO,(COs)s- 10HO(cr),
Na,CaUQ,(CGs)s: 6HO(cr), MgUO,(COs)s- 18H,0(cr) and CaMgUG(COs)s- 12H,0(cr) based on their
solubility experiments al = 274 — 294 K under a G@ree atmosphere (Alwan and Williams, 1980).
Aqueous concentrations of uranium in equilibriunthwthese solid phases were measured after one week,
whereas stoichiometric (congruent) dissolution wasumed to calculate the concentrations of sodium,
calcium and magnesium. As discussed by Endrizzicandorkers (Endrizzi et al., 2016), the calculatio
of the solubility products in (Alwan and William$980) assumed the predominance of binary U(VI)—
carbonate species in the aqueous phase. The dglgibdducts reported in (Alwan and Williams, 1980)
are recalculated in the present work considerisg #ie formation of the ternary species Cal@®,)s*
and CaUO,(COs)s(aq) in the aqueous phase. No experimental sdiylbidita were provided by Alwan and
Williams, and thus total aqueous concentrationssoflium, calcium, uranium, and carbonate are
calculated in the present work from the reportddisiity products and considering the stability stants
used in (Alwan and Williams, 1980) for the calcidatof the aqueous speciation (see Table A-1 in the
Appendix). The resulting solubility products, 1E§s {Ca,UO,(COs)3- 10H,0O(cr)} = —(32.1 + 1.0) and log
K°s {Na,CaUQy(COs)3- 6H,0O(cr)} = —(31.9 £ 2.9), agree well with the solutyilproducts determined in
the present work (see Table 4).
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490 Table 4. Solubility products of GRJO,(COs)3-10H0(cr) and NaCaUO,(COs)s-6H,0(cr) determined in
491 the present work from experimental solubility dataroom temperature at various ionic strength
492  conditions (see text), compared with literatureadat
Reactions Background medium 168G o logK°s0 Ref.
~0.03 m NaCl —(30.8+0.3) —(324+0.3) pw.
0.51 m NaCl —(27.9+0.1) —(322+0.1) pw.
0.1 m NaClQ —(29.4+0.2) —(323+0.2) pw.
CaU0,(COs3)3 10H,0(cr) = -(323+0.3) pw.
2C&* + UO + 3CQ7 + 10H0(I) (Awan _and
—(29.5+1.0) Williams,
1980)
(Alwan and
-(30.3+1.0) —(32.1+1.0) Williams,
1980), ¢
5.61 m NaCl —(26.8+0.2) —(31.8+0.5) pw.
(Alwan and
Na,CaUO(COs)s- 6H,0(cr) < —(30.2+2.9) Williams,
2Na + C&* + U0t + 3CQ% + 6H,0(1) 1980)
(Alwan and
—(29.0+29) —(31.9+2.9) Williams,
1980, ¢
493 a. Average value from experimental data af,pH8.0 and 8.3; b. Weighted average of Kg, determined from
494 solubility experiments ir 0.03 m NacCl, 0.51 m NaCl and 0.1 m Nagl®© Re-calculated in the present work using
495 solubility data reported in (Alwan and Williams,80) (see text).
496
497
498 We note that thermodynamic data reported in Table fof CaUO,(COs)s-10H0(cr) and
499 Na,CaUG,(COs)s-6H,0(cr) must be used in combination with thermodyrmadata for the binary U(VI)—
500 CG; and ternary Ca—-U(VI)-COaqueous species selected in the NEA-TDB (Guillauned al., 2003)
501 and reported by Lee and Yun (Lee and Yun, 2013jpeetively. The use of other sources for the
502 thermodynamic data of U(VI) carbonate aqueous sgegiay result in inconsistencies and hence large
503 errors in the solubility calculations.
504
505 4.2. Implications of the newly derived thermodynant data on the phase diagrams of the quaternary
506 system Na—-Ca-U(VI)-CQ
507 New thermodynamic data derived in this work for L@@,(C0Os)s-10H0O(cr) and
508 NaCaUQ(COs)s-6HO(cr) in combination with thermodynamic data seddctin the NEA-TDB
509 (Guillaumont et al., 2003) or reported in the Eteire for other relevant U(VI) solid phases (Alteragt
510 al., 2005; Altmaier et al., 2017) are considerethis section to calculate phase diagrams for ¢heary
511 Ca-U(VI)-CQ and quaternary Na—Ca—-U(VI)-G®ystems. Because of the number of variables aftpct
512  this systemi(e. pH, ac#, ana, aico”) and the non-linear relationship among them, tlegyrdms log
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{aByco} vs.log {acs / (&)} (Figure 4) and log &. / ay} vs.log {acs / (ay')?} (Figure 5a, b and c)
with log {ay@nco} = -8, —10 and —12 have been chosen for the reptaon. These boundary
conditions cover the stability fields of the mostevant solid phases in the quaternary system Na—Ca
U(VI)—COs..

-
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Figure 4. Phase diagram for the ternary system Ca-U(VI)zC@lculated using thermodynamic data
derived in this work, selected in the NEA-TDB (fauinont et al., 2003), and reported by Altmaier and
co-workers (Altmaier et al., 2005; Altmaier et &017). Dashed line corresponds to the borderliore f
calcite precipitation.

The phase diagram for the ternary system Ca—U(MD:@ Figure 4 shows a large stability field for
CaU0,(COs)s 10H:0(cr) occurring at high log & @uco} and high log ez / (ay)3. This field is
however confined to a very narrow region by thecipitation of calcite abovg = 1.85 —x (with x = log
{ac | (@)% andy = log {as'Brcor}) (dashed line in Figure 4). This observation eefs a relevant
feature for this system: in the absence of otherfjoma&ations besides Ca, the solid phase
CaUO,(COs)3- 10HO(cr) will control the solubility of U(VI) in thossystems saturated with calcite and
with log {ac# / (ar)%} below =~ 12. However, Figures 5a—5c show that the preseh®a importantly
impacts the phase diagram of the quaternary syslarCa—U(VI)-CQ, especially due to the formation
of NaCaUQ,(COs)s- 6HO(cr), NaUOL(COs)s(cr) and NaJ,O,-H,O(cr). A key feature of this system is
the transition between @30,(COs)s-10H0(cr) and NaCaUQy(COs)s- 6H,0O(cr), which occurs at log
{acz | (ana)?} =~ —(0.5 + 0.6). Note that the values of log{a.co} considered in Figure 5 cover those

reported for seawater, granitic groundwaters, a6 age clay €.g. Callovo-Oxfordian, Opalinus clay),
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536 sedimentary and bentonite porewaters (Berner gP@l3; Chester and Jickells, 2012; Gaucher et al.,
537 2006; Grivé et al., 2010; Millero et al., 2008; @ida et al., 2017).
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Figure 5. Phase diagram for the quaternary system Na—Ca-)J(; calculated for (a) log {a@uco}

= -8; (b) log {a* @icos} = —10; and (c) log {& Auco} = —12, using thermodynamic data derived in this
work, selected in the NEA-TDB (Guillaumont et 2003), and reported by Altmaier and co-workers
(Altmaier et al., 2005; Altmaier et al., 2017). Dasl line corresponds to the borderline for calcite

precipitation.
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Figure 5 highlights the complexity of the quateynaystem Na—-Ca—U(VI)-CO High values of log
{ay@ycos} promote the predominance of the ternary and aoaty solid phases
CaUO,(COy)s- 10H0(cr), NaCaUG,(COs)s-6H,0(cr) and NaUO,(COs)s(cr) (Figure 5a), whereas
NaU,0;-H,O(cr) and Cal;o 11HO(cr) become predominant at low lo@{@.co} (Figure 5c).
Calcite precipitation is a key process that limite formation of CAJO,(COs)s- 10HO(cr) at log
{ay@ycos} > -10. The lower solubilty of N#£aUG(COs)s-6H,0(cr) (compared to
CaUO,(COy);s- 10H0O(cr), see Figure 1) leads to the formation of edpminance field for this solid
phase at logdy@ncos} > —12 and before attaining calcite saturation.

The phase diagrams provided in this section camskbd to evaluate / predict the solid phases cdiniol
the solubility of uranium in the quaternary systhla-Ca—U(VI)-CQ. These diagrams represent also a

valuable tool for the design of future experimetedicated to this system.

4. Summary and conclusions

The solubility and stability of liebigite was int&mted in NaCl and NaClsolutions with 0.03 x|, <
5.61 m, 7< pH, <9 and 22 °C< T < 80 °C. The liebigite solid phase synthesized is thork was
extensively characterized by XRD, quantitative cleafanalysis, TG-DTA, SEM-EDS, IR and Raman
spectroscopy. The information obtained with thesechmniques confirms the stoichiometry
CaUO,(COs)s- 10HO(cr) for the starting material. The solubility G&UO,(COs)s- 10HO(cr) at room
temperature antl, < 0.51 m remains high ([U} 8 — 20x10° m) after attaining equilibrium conditions.
The characterization of the solid phase after teatimg the solubility experiments confirms the only
presence of GBO,(COs)s- 10H0(cr), and thus that liebigite is the solid phasetilling the solubility of
U(VI) in these conditions. This is consistent wille stoichiometric concentrations of uranium, aatfci
and carbonate measured in the aqueous phase, wdnéinm the congruent dissolution of the starting
material. A significant drop in the solubility (4] 8x10° m) is observed in 5.61 m solutionsTat 22 °C.
XRD and gquantitative chemical analysis confirm anptete transformation of liebigite to andersonite,
Na,CaUQ,(CGOs)s: 6H,O(cr), under these conditions. A decrease in slitylin combination with a clear
change in color of the U(VI) solid (from yellow twange) suggest a solid phase transformation dogurr
in all investigated systems @t= 80 °C. This is further confirmed by XRD and qtitative chemical
analysis, which support the destabilization of iligle and predominance of uranate phases
(CaU,0,xH,0(s), NaU,O;XH,O(s) and/or other sub-stoichiometric uranate comgsl in the
investigated pH-range and temperature conditions.

Based on solubility data at room temperature deteythin this work and considering the predominance
of the binary/ternary complexes W@0Os);", CaUQ(COs):> and CaUO,(COs)s(aq) in the aqueous
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phase, the solubility products lod°s{CaUO,(COs)s-10HO(cr)} = —(32.3 + 0.3) and log
K°s{Na,CaUQ(COy)s- 6H,O(cr)} = —(31.8 + 0.5) are derived. These resultsnplement previously
reported thermodynamic data for the system,U@&*—Na'—H'—-CO,(g)-HCO,—CO>—H,O(l), thus
allowing complete thermodynamic and geochemicatuations including U(VI) aqueous species and
solid compounds of relevance in the environment ianthe context of repositories for nuclear waste

disposal.
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Appendix

Table A-1. Chemical thermodynamic data at | = O considered tive present work (p.w.) for

thermodynamic calculations, and used
the aqueous speciation of uranium.

in Alwan antiiads (Alwan and Williams, 1980) to calculate

Reactions

log g°
Alwan and Williams (Alwan

p-w. and Williams, 1980)

H,COy* « HCOy + H' -6.35 -6.379
HCO; = H'+ CQO? -10.33 -10.38
Na' + HCO; = NaHCQy(aq) - -0.250
Na' + CO> < NaCQ - 1.268
2Na + CO% - NaCOs(aq) - 0.672
C&' + HCOy « CaHCQ' 110 1.2¢8
cd'+ COZ - CaCQ(aq) 3.27 3.2
Ca&" + H,0(l) = CaOH + H" -12.78 -12.85
C&* + 2H,0(l) « Ca(OH)(aq) + 2H -3¢ -
UO2* + H,O(l) = UO,OH" + H' —(5.25 + 0.28 -5.8
UO2* + 2H,0(l) = UO,(OH)(aq) + 2H —(12.15+0.09 -
UO2* + 3H,0(l) = UO,(OH)s + 3H —(20.7 +0.40) -
UO2* + 4H,0(l) = UO,(OH),> + 4H* —(31.9+0.2) -
2U02" + 2H,0(l) = (UO,),(OH)?* + 2H" —(5.62 +0.08) —5.62
3UO2 + 4H,0(l) = (UO,)5(OH)2* + 4H" —(11.90 + 0.30) -11.7%
3UQ%" + 5H,0(l) = (UO,)5(OH)s" + 5H" —(15.55 £ 0.1%) -15.63
3UOY + THO(l) = (UO,)5(OH); + 7H' —(32.20 + 0.80) -
4UQ% + THO(l) = (UG,),(OH),* + 7TH —(21.90 +1.00) -
UO* + COZ = UO,COs(aq) (9.94 +0.03) 10.%
UO,%" + 2CQO% = UO,(COy),” (16.61 +0.09) 17.8
UO,%" + 3CQ% = UO,(COy)s* (21.84 +0.08 21.4
3UG% + 6CQZ = (UO,)5(COs)e™ (54.00 + 1.00) -
Ca" + U0 +3CQ7 « CaUG(COy)s> (27.27 £0.14) -
2Ca&" + UO2" + 3CQ% = CalUO,(COs)s(aq) (29.81 +0.19) -
Solubility produc log K’ ¢

CaCQ(s) = C&" + CQO* -8.48

UO52H,0(cr) + 2H o UO,2* + 3H,0(l) (5.35 + 0.13)

0.5NaU,0,-H,0(cr) + 3H & Na' + UO,2* + 2H,0(l) (12.2 £0.2)

0.5Cal,07-3H,0(cr) + 3H" © 0.5C&* + UQ,%* + 4H,0(1) (11.7 £ 0.5)

Cal0;411H,0(cr) + 14H o C&' + 6UO%" + 18H,0(l) (40.50 + 1.60)

UO,COy(cr) & UO,% + COZ —(14.76 £ 0.09

Na,UO,(COy)s(cr) & 4N + UQ,2 + 3CQ% —(27.18 £0.16)

a. (Giffaut et al., 2014); b.(Truesdell and Jon¥374); c. (Baes and Mesmer, 1976); d. (Stumm andghn 1996) e.
(Guillaumont et al., 2003); f. (Altmaier et al.,20); g. (Langmuir, 1978); h. (Lee and Yun, 2013jAitmaier et al., 2005).
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Table A-2. SIT interaction

this work.

coefficientg)(of main aqueous species used for ionic strengthections in

Chemical species

g(i, Na) (kgimol™)

&(j, CI) (kgimol™)

g(j, ClOy) (kgimol™)

H* — (0.12 +0.07) (0.14 £ 0.029)
uo,* — (0.21+0.02) (0.46 % 0.03)
cd* - (0.14 +0.07) (0.27 £ 0.03)
OH (0.04 +0.01) — -
HCOy (0.00 + 0.02) — —
CO” —(0.08 + 0.03) - -
CaHCQ' - (0.05 +0.10) (0.20 +0.10)
UO,OH" — (0.10 + 0.10) —(0.06 + 0.40)
UO,(OH)s —(0.24 £ 0.09) - _
UO,(OH),* (0.01 +0.04) - -
(UO,),(OH),™ - (0.30 + 0.06) (0.57 + 0.07)
(UO2)5(OH),*" - —(0.07 £0.17 (0.89 + 0.23)
(UO,)3(OH)s" - (0.24 +0.15) (0.45 + 0.15)
(UO,)5(OH), —(0.24 + 0.09) i _
(UO,)4(OH),* - (0.17 £ 0.18) (0.45 + 0.15)
UO,(CO5),” —(0.02 +0.09) S —
UO,(CO3)s" —(0.01+0.18 - _
(UO2)5(CO)6™ (0.37 £0.11) Y _
(UO,),(CO3)(OH)y (0.00 + 0.05)
CaUQ(CO3)s~ —(0.02 £ 0.09) — -

a. (Grenthe et al., 2013); b. Estimated by chargdogy as described in Hummel (2009) (Hummel, 2089)Altmaier et al.,
2017); d. In analogy with((UO,)s(OH)s", ClO,) selected in the NEA-TDB; e. In analogy wittUO,(COs),*, N&') selected in

the NEA-TDB.
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738 FigureA-1. TG and DTA data obtained for the starting,0&,(C0s)s- 10H0(cr) solid used in this work.
739

740 Table A-3. Results of the thermogravimetric analysis condlifde the starting CaJO,(COs)s- L0HO(cr)
741  solid used in this work.

Temperature (°C)

Step Mass — DM (%) Release of,8 or CQ (mol)
Tinitial Theak Tinal

1 — endothermic 21.8 45.7 Humidity

2 — endothermic 457 121.5 246.1 24.85 10.60H

3 — endothermic 246.1 309.9 420.4 3.96 0.65 CO

4 — endothermic 420.4 481.7 625.5 13.61 2.26 CO

5 — endothermic 625.5 702.1 800.1 3.12 0.52 CO

> 21.8 800.1 45.54 Remaining L0 = 54.46%
742
743
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745  Figure A-2. IR spectra of the starting GdO,(COs)s- 10HO(cr) solid (A), and the chemical reagents used
746  in its synthesis: UGNGO;),-6H,0 (B), Ca(NQ),-4H,0 (C) and NaCOs (D).
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748 Figure A-3. Raman spectra collected for the starting@@,(C0s)s- 10HO(cr) solid used in this work.
749
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750 Table A-4. Saturation index of calcite calculated for thepesimental conditions in the present work.
751 Calculations performed using thermodynamic datareanzed in Tables A-1 and A-2.

Background medium Sl of calcite

~ 0.03 m NaCl 0.4
0.51 m NacCl 0
0.1 m NaClQ 0.3
5.61 m NacCl -0.6

752

753

754

755

756

757

758
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Highlights

Solubility of liebigite investigated at differergrhperatures and ionic strengths
Transformation into andersonite observed at22 °C and [NaCl] =5.61 m
Destabilization of liebigite and formation of uré@@hases observedft 80 °C
Solubility constants for liebigite and andersowiétermined at = 22 °C

New thermodynamic data used in U phase diagram®levant environmental conditions



