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1. Supporting Information for Experimental Section

1.1. NMR characterization of ISA used in this work
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Figure SI-1. 'H NMR spectra of isosaccharinic acid solution with [ISA] = 0.02 M prepared
from ISA4-lactone in 0.1 M NaOH.
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1.2.  Separation of niobium isotopes from the irradiated Zr foil

The irradiated Zr foil was placed and dissolved in a solution containing 1.5 mL of Milli-Q water
and 0.6 mL of 48 % HF. The dissolution was conducted in Teflon FEP centrifugal tubes
immersed in ice to avoid the evaporation of the solution due to the reaction heat. Additional 3.9
mL of 48 % HF were added after the total dissolution of the Zr foil. 300 mg of DOWEX® 50X8
resin (50—100 mesh) were soaked for 30 min, and later transferred into a PP + PE column.
Additional 2 mL of 48 % HF were used to rinse the resin in the column. The solution containing
active Zr and Nb was passed through the DOWEX® 50X8 column, and the column was washed
with fresh 3 mL of 48 % HF. Undesired divalent and trivalent cations and particulates were
collected in the DOWEX® 50X8 resin, whereas anionic Nb- and Zr-fluoride complexes
remained in the aqueous phase (“1* eluate”) [1-3].

600 mg of DOWEX 1X8 (200400 mesh) were soaked in 4 mL of 48% HF for 30 min,
transferred into a new PP + PE column, and washed with additional 4 mL of 48% HF. The 1*
eluate was passed through the DOWEX 1X8 column, and the resin was washed with additional
18 mL of 48 % HF. In this process, Nb was retained in the DOWEX 1X8 resin and Zr was
removed with the eluate [4]. After the elution, the resin was washed with 2 mL of 1 M HCl in
order to remove the HF remains from the resin, and afterwards Nb in the column was eluted
using a 2 mL solution of 6 M HCl and 1 % H20:. The eluate with Nb was collected and heated
at about 120 °C to remove H20:> for 10 min, and then 2.1 mL of 37% HCI were added in the
remaining solution (“Nb-HCI solution™).

300 mg of UTEVA resin (TRISKEM) were soaked into the 2 mL 37 % HCI for 30 min. The
mixture of UTEVA and HCI was transferred into a new PP + PE column. The column was
washed with additional 2 mL of 37 % HCI. The Nb-HCI solution was passed through the
UTEVA column, and the column was washed with 90 mL of 5.5 M HCI, which removed the
trace amounts of Zr remaining in the column. Afterwards, the Nb retained in the column was

eluted with 36 mL of 2 M HCI. These HCI concentrations were optimized to separate Zr and
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Nb with UTEVA resin [5]. The final eluate was evaporated to dryness. To remove organic
materials possibly leached from the resins, the residue was dissolved in 10 mL of 8 M HNO3,
boiled, and evaporated to dryness. The final Nb solution was obtained by the dissolution of the
residue in 10 mL 2 % HNOs. During the separation, dryness of resins before completing elution
was avoided. All separation procedures were conducted in the glove box with filter, ventilation,

and lead blocks. The separation scheme is provided in Fig. SI-2.

DOWEX 50X80
wash with 3 mL more HF
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Figure SI-2. Scheme of the procedure used in this work for the separation of active Nb isotopes
from the irradiated Zr foil.
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1.3.  Zr effect on Nb sorption
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Figure SI-3. Effect of Zr concentration on the uptake of Nb by C-S-H phases with Ca:Si =
1.4. (["’NbJo=10"""M; S:L = 0.5 g'L™'; t = 5 days).
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1.4. Unhydrated cement

Table SI-1. Composition of the CEM I1I/C cement used in this work. The elemental composition
was determined by XRD, whereas the phase composition was determined by XRD with Rietveld
analysis.

Chemical
- Phase composition
composition
(g/100 g) &1002)
Si02 32.31 Amorphous 88.4
Al203 9.33 Alite 59
Fe203 0.65 Belite 0.5
Cr203 <0.003 Aluminate 0.5
MnO 0.222 Ferrite 0.4
TiO2 0.636 Anhydrite 3.5
P20s 0.08 Hemihydrate 0.3
CaO 45.28 Gypsum 0.2
MgO 7.27 Calcite 0.6
K20 0.52 Quartz 0.1
Na20 0.26 Gehlenite 0.2
SO3 3.39
CI* 0.026
Loss on ignition 0.17
Total C 0.15
Organic C 0.09
Inorganic C 0.06
CO2 0.22

*Reported as total chloride determined from dissolution of the cement

The amount of slag in CEM III/C was determined as 84 wt.% according to Sylla and Sybertz
[7]. Determination of the amount of slag is based on counting the fraction of slag and clinker
particles in a sub sample (diameter 32-40 um) of the cement using an optical microscope and a
correction based on the measured XRF composition of the sub-sample and the unfractionated
cement. The slag content determined by XRD with Rietveld analysis corresponded to 88 wt.%.
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Figure SI-4. Thermogravimetric analysis and differential weight loss (DTG) of the unhydrated
CEM III/C cement used in this work as well as of the CEM I11/C and CEM I1I/C+5wt% CaCOj3
hydrated for 91 days. The small weight gain of the unhydrated CEM I11/C cement above 700°C
is due to the oxidation of S(-11) contained in the slag [8].

The degree of reaction of the slag after 91 days was estimated by selective dissolution of the
unhydrated and hydrated CEM III/C cement mixes using a buffered solution of EDTA,
triethanolamine and diethanolamine as recommended in the RILEM TC 238-SCM committee
[9], which is used to dissolve the anhydrous cement and the hydrates but not the unreacted slag,
nor hydrotalcite. The slag reaction degrees (corrected for undissolved hydrotalcite according to
[9]) gave a reaction degree of 13% for limestone free sample and of 31% for the limestone
containing CEM III/C + CaCO3 CEM III/C. The presence of limestone is known to accelerate
the slag reaction [10] as it lowers the Al concentration in the pore solution, one of the main
factors (in addition to low pH) slowing the reaction of siliceous glasses [11, 12]. Based on the
measured slag reaction degree after 91 days and different studies in literature [10, 13, 14], a
reaction degree of around 50wt.% can be expected to be in the samples hydrated for 1.5 years.
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2. Supporting Information for Results and Discussion Section
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Figure SI-5. Sorption kinetics for the uptake of Nb(V) by HCP (CEM I1I/C and CEM I1I/C +
CaCOs) and C-S-H phases with Ca:Si = 1.4. Experimental conditions: [>Nb]o = 107" M, S:L
= 0.5 g-'L!). PW: porewater in equilibrium with hardened cement paste.
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97  Figure SI-6. Solubility of Nb(V) in cementitious porewater solutions containing different Ca

98  concentrations, as determined in this work or reported in the literature, i.e., Jo et al. (2022)[15]

99  and Cevirim-Papaioannou et al. (2022) [16]. Ca concentrations at pH > 13 are mostly < 1073
100 M. PW: porewater in equilibrium with hardened cement paste.
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Table SI-2. Data table of figure 2 (colors correspond to the color of the symbols in the figure)

HCP type Sl (NDlos [l Contacting time log (Cag/mol-L") | uncertainty | log (Csoia/mol-kg™) uncertainty
(gL M) (M) (days)

CEM I1I/C 0.5 5.00x107° 2.41x1073 5 -10.45 0.24 -4.08 0.01

CEM III/C 0.5 1.00x108 2.41x1073 5 -10.07 0.357 -4.04 0.357

CEM III/C 0.5 1.00x107 2.41x1073 5 -9.23 0.357 -3.66 0.357

CEM III/C 0.5 1.00x10¢ 2.41x1073 5 -7.69 0.357 -2.83 0.357

CEM III/C 0.5 1.00x1073 2.41x1073 5 -6.75 0.35f -1.85 0.35f

CEM III/C + CaCOs 0.5 5.00x107° 6.47x1073 5 -10.38 0.35 -4.05 0.01

C-S-H 1.4 (CEM 1II/C PW) 0.5 3.04x101! 2.41x1073 5 -13.77 0.07 -6.92 0.00

C-S-H 1.4 (CEM 1II/C PW) 0.5 3.84x108 2.41x1073 5 -10.76 0.07 -3.80 0.00

0.5 9.13x10!! 0 5 -12.65 0.09 -6.57 0.00

0.5 5.06x107 0 5 -9.39 0.09 -2.95 0.00

0.5 5.54x10¢ 0 5 -8.11 0.19 -1.91 0.00

0.5 5.57x107° 0 5 -7.72 0.01 -0.89 0.00

0.5 5.60x10* 0 5 -6.49 0.06 0.10 0.00

0.5 5.58x1073 0 5 -4.94 0.13 1.10 0.00
CEM III/C (only **Nb) 0.5 9.10x10¢ 2.41x1073 5 -7.57 - -1.88 -
CEM II1/C (only **Nb) 0.5 4.99x1073 2.41x1073 5 -6.83 - -1.15 -
CEM II1/C (only **Nb) 0.5 5.01x10°° 2.41x1073 5 -6.85 - -1.14 -
CEM II/C (only **Nb) 0.5 1.00x10* 2.41x1073 5 -6.75 - -0.84 -
CEM II/C (only **Nb) 0.5 9.99x107° 2.41x1073 5 -6.71 - -0.84 -

CEM II/C (only **Nb) 0.5 3.91x107 2.41x1073 5 -8.14 0.21 -3.55 0.02
CEM II/C (only **Nb) 0.5 2.58%1073 2.41x1073 43 -7.84 - 0.04 -




CEM III/C (only **Nb) 0.5 4.91x10° 2.41x1073 43 -7.94 - 0.07 -
CEM III/C (only **Nb) 0.5 9.62x107 2.41x1073 43 -7.52 - 0.14 -
CEM III/C (only **Nb) 0.5 5.38x10+ 2.41x1073 43 -7.22 - 0.78 -
CEM III/C (only **Nb) 0.5 1.05%1073 2.41E-03 43 -7.07 - 1.52 -

0.5 5.60E-05 0.00E+00 43 -8.54 - -1.01 -

102 *[CI] =2.41x10"3 M and 6.47x103 M in CEM Il PW and CEM 1II+CaCO; PW

103 fUncertainty for log (Cag/mol-L") and log (Csia/mol-kg™!) for the samples whose only one measurement was available was assumed to be 0.35, which was the maximum
104  uncertainties obtained from replicated samples. The uncertainty was not given for the samples using **Nb whose only one measurement was available.

105

106
107

108  Table SI-3. Calculated and measured concentrations of Ca resulting from the dissolution of CaO in HCP by increasing concentrations of ISA.

Calculated % Measured %
log [ISA(M)] log [ISA(M)]
-5 -4 -3 -2 -1 -5 -4 -3 2 | -1L5 | -1
0.5 0.7 | 0.8 1.7 | 10.8 | 66.2 0 0 0 10.0 | nd | 64.0
1 04 | 04 | 09 54 | 33.1 0 0 0 7.6 | 21.5 | 51.6
2 02 | 02 | 04 | 27 | 165 0 0 0 0 19.1 | 40.1

S:L
(gL

109 n.d.: not determined



110  Table SI-4. Data table of figure 4 (colors correspond to the color of the symbols in the figure)

HCP type (gs-:lfl) [Nb]tot (M) [ISA]tt (M) [Cl]tot (M)* log (Ra/L-kg™) uncertainty order of addtion
CEM III/'C 0.5 5.00x10" 0 2.41x1073 5.66 0.51 no ISA,
CEM 1II/'C 0.5 5.00x10” 1.00x10% 2.41x107 6.19 0.517 (Nb+cem)+ISA
CEM 1II/'C 0.5 5.00x10” 1.00x104 2.41x107 5.61 0.517 (Nb+cem)+ISA
CEM 1II/'C 0.5 5.00x10” 1.00x1073 2.41x107 5.00 0.517 (Nb+cem)+ISA
CEM 1II/'C 1 5.00x10” 1.00x1073 2.41x1073 4.75 0.357 (Nb+cem)+ISA
CEM 1II/'C 1 5.00x10” 3.16x107 2.41x107 4.96 0.357 (Nb+cem)+ISA
CEM 1II/C 1 5.00x107 1.00x1072 2.41x1073 4.51 0.35 (Nb+cem)+ISA
CEM 1II/C 1 5.00x107 3.16x1072 2.41x1073 4.19 0.05 (Nb+cem)+ISA
CEM 1II/C 1 5.00x10” 1.00x10! 2.41x1073 3.58 0.07 (Nb+cem)+ISA
CEM 1II/C 0.5 5.00x10” 1.00x1072 2.41x1073 3.44 0.517 (Nb+ISA)+cem
CEM 11I/C 0.5 5.00x107° 1.00x10! 2.41x1073 No sorptioni No sorption} (Nb+ISA)+cem
CEM III/C 2 5.00x10" 3.16x10%2 2.41x1073 3.65 0.04 (Nb+cem)+ISA
CEM III/C 2 5.00x10" 1.00x10! 2.41x1073 3.46 0.03 (Nb+cem)+ISA
CEM III/C + CaCOs3 0.5 5.00x107 0 6.47x1073 5.54 0.39 no ISA
CEM III/C + CaCOs3 0.5 5.00x107 1.00x10%° 6.47x1073 5.47 0.397 (Nb+cem)+ISA
CEM III/C + CaCOs3 0.5 5.00x107 1.00x10%2 6.47x1073 4.79 0.397 (Nb+cem)+ISA
CEM III/C + CaCOs3 0.5 5.00x107 1.00x10! 6.47x1073 2.80 0.397 (Nb+cem)+ISA, in brackets

111 *[CI]=2.41x10"M and 6.47x10 M in CEM III PW and CEM III+CaCO; PW

112 fUncertainty for log (Ra/L-kg™") for the samples whose only one measurement was available was assumed to be 0.51, 0.35, and 0.39, which were the maximum uncertainties
113 obtained from replicated samples in each system.

114 1This experimental point falls outside the experimental window of the system. It contains the highest concentration of ISA and the lowest S:L ratio, for which almost full dissolution
115 of the C-S-H phases in HCP is thermodynamically predicted.

116

117



118  Table SI-5. Data table of figure 6 (colors correspond to the color of the symbols in the figure)

HCP type S:L (g-LY) [Nb]eot (M) [ISA]cot (M) [Cl]¢ot (M)* log (Ra/L-kg™) uncertainty order of addtion
CEM I1I/C 0.5 5.00x10° 0 2.41x1073* 5.66 0.51 No ISA
CEM III/C 0.5 5.00x10° 0 1.00x1072 6.00 0.51F No ISA
CEM I1I/C 0.5 5.00x10° 0 1.00x10! 6.12 0.51F No ISA
CEM I1I/C 0.5 5.00x10° 0 1 5.49 0.51F No ISA
CEM III/C 0.5 5.00x107° 0 2 6.30 0.51f No ISA
CEM III/C 1 5.00x10° 3.16x1072 2.41x1073* 4.19 0.05 (Nb+cem+CI)+ISA
CEM III/C 1 5.00x107° 3.16x107? 1.00x10? 3.85 0.51f (Nb+cem+CI)+ISA
CEM III/C 1 5.00x107° 3.16x107? 1.00x10! 3.68 0.51f (Nb+cem+CI)+ISA
CEM III/C 1 5.00x107° 3.16x107? 1 3.87 0.51f (Nb+cem+CI)+ISA
CEM III/C 1 5.00x10” 3.16x1072 2.07 3.61 0.51f (Nb+cem+CI)+ISA
CEM III/C + CaCO; 0.5 5.00x107° 0 6.47x1073* 5.54 0.39 No ISA
CEM III/C + CaCO; 0.5 5.00x107° 0 1.39x1072 5.82 0.397 No ISA
CEM III/C + CaCO; 0.5 5.00x107° 0 1.04x1072 6.20 0.397 No ISA
CEM III/C + CaCO; 0.5 5.00x107° 0 2 5.74 0.397 No ISA
CEM I1I/C + CaCO;s 1 5.00x10° 3.16x1072 1.00x1072 3.89 0.39f (Nb+cem+CI)+ISA
CEM I1I/C + CaCOs 1 5.00x10° 3.16x1072 1.00x1072 3.94 0.39f (Nb+cem+CI)+ISA
CEM I1I/C + CaCOs 1 5.00x10° 3.16x1072 2 3.90 0.39f (Nb+cem+CI)+ISA

119 *[CI]=2.41x10"3 M and 6.47x103 M in CEM III PW and CEM III+CaCO; PW

120 fUncertainty for log (Ry/L-kg™!) for the samples whose only one measurement was available was assumed to be 0.51, and 0.39 for CEM 11I/C and CEM 111/C + CaCOs, respectively,
121 which were the maximum uncertainties obtained from replicated samples in each system.

122
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