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Sorption experiments with niobium(V) in calcite and carbonated cement were conducted simulating cement
degradation stage IV. °>Nb and *>Nb (¢, = 35.0 days) were used as probes of **Nb (t; , = 2-10* years), expected
in nuclear waste. In calcite systems, an initial uptake (Rq ~ 10° L-kg ™! at t = 3 days) was followed by a steady
increase of distribution ratios with time (Rq > 2-10% L-kg ™! at t = 89 days). This was explained as fast adsorption,
followed by slow incorporation into the calcite structure. The stronger uptake observed for carbonated cement is

attributed to the presence of amorphous phases with larger surface area. The formation of complexes with
isosaccharinic acid (ISA) slightly decreases Nb(V) sorption, whereas chloride has a minor effect on the uptake of
Nb(V) up to 2.0 M NaCl. This work provides an improved quantitative description and mechanistic under-
standing of *Nb retention in repositories for nuclear waste.

1. Introduction

Niobium (Nb) is a rare element in the earth's crust (approximately 20
ppm), which occurs naturally as only one stable isotope (°®Nb) and is
mainly found in the pentavalent oxidation state, i.e., Nb(V) [1-3].
Niobium is used in structural components of nuclear power reactors such
as Ni-based alloys and stainless steel. During reactor operation, the long-
lived p-emitter isotope °*Nb (t;,2 = 2.04-10* a) is produced by neutron
activation of °>Nb, and it is accordingly present in certain waste streams
resulting from the dismantling of such facilities. In the context of re-
positories for the disposal of low and intermediate level waste (L/ILW),
94Nb was identified as relevant contributor to the effective dose poten-
tially released to the biosphere, mostly due to the lack of relevant data
and the conservative assumption of a weak retention [4].

Cementitious materials are widely used in repository systems for
radioactive waste as structural components, encapsulants, and as
immobilization/stabilization agents, particularly (but not exclusively)
in repositories for L/ILW [5,6]. Besides their structural properties,
cementitious materials exhibit a strong sorption capacity for various
radionuclides, especially for metal cations. Depending on the country
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and repository concept, the disposal of L/ILW can be conceived in un-
derground, near-surface or surface facilities, which influence the
boundary conditions that the waste and engineered barriers will face
within the regulatory lifetime of the repository.

The interaction of cementitious materials with intruding water leads
to the dissolution and transformation of different cement phases, with
the subsequent degradation of the cement and the induction of a pore
water composition buffered in the alkaline to hyperalkaline pH range
(10 < pH < 13.5) with moderate Ca concentrations. The degradation of
Hydrated Cement Paste (HCP) is generally divided in four main stages.
In degradation stage I, pore water composition is dominated by the
dissolution of alkali metal (K and Na) oxides / hydroxides resulting in
high pH values (12.5 < pH < 13.5). After the alkali ions have been
leached out, the dissolution of portlandite (Ca(OH)5) buffers the pore
water in stage IT at pH ~ 12.5 and [Ca] ~ 20 mM. Degradation stage III
involves the incongruent dissolution of the calcium silicate hydrate (C-S-
H) phases, during which the Ca/Si ratio in such phases decreases
together with an overall decrease in pH of the pore water from 12.5 to
~10. In stage IV, C-S-H phases and other hydrated components are
dissolved, and the pore water composition with pH < 10 is governed by
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the equilibrium with the remaining aggregate minerals, i.e., mostly
calcite (CaCOs3) [5]. In the case of near-surface repositories, carbonation
of cement has been also identified as one of the relevant chemical re-
actions, which mainly results in the formation of calcite, but also in
smaller fractions of SiO5(am), AI(OH)s(am) and gypsum (CaSO4-2H50)
[7,8]. Note that the four degradation stages defined above can be altered
in blended cements with, e.g., slag, silica fume or nanosilica, which can
reduce the content of alkalis and overall inventory of portlandite in the
hydrated cement [9,10].

In repositories for L/ILW, cellulose is often as part of the emplaced
waste. Under the hyperalkaline conditions of the Ca-rich pore waters
defined by cementitious systems, cellulose degrades and isosaccharinic
acid (ISA, CgH120¢) has been identified as one of its main degradation
products. ISA forms stable complexes with a large number of metal ions,
including actinides (in +III to 4VI oxidation states) [11-13], lantha-
nides [11] and transition metals (e.g., Ni, Zr, Fe, among others) [14-16],
which may significantly affect sorption behaviour. Due to its several
functional groups (1 -COOH, 4 -OH), ISA is able to outcompete hydro-
lysis and thus form stable complexes with strongly hydrolyzing metal
ions, also in hyperalkaline pH conditions.

High concentrations of stable chloride (up to ~ 4-5 M) have been
described for specific waste streams containing evaporator concentrates
from nuclear power plants operation [17]. Such high chloride concen-
trations may induce changes in the aqueous speciation of radionuclides,
alter the composition and surface properties of the engineered barriers
(e.g., cement) and thus impact the retention properties of these
radionuclides.

Several studies have investigated the uptake of Nb(V) by cementi-
tious materials, including Portland cement (CEM I), blast furnace
cement (CEM III/C) and C-S-H phases of different Ca/Si ratios [18,19].
With some exceptions as discussed in Jo et al. [20], most of these studies
report a strong uptake (Rq ~ 10*-10° L-kg™1), in line with the sorption
behaviour of other strongly hydrolyzing metal ions, e.g., Ln(III), M(IV)
or An(IV/V/VI). On the other hand, no experimental studies are avail-
able to date targeting the uptake of Nb(V) by calcite, impacting pre-
dictions on the retention of this radionuclide in the degradation stage IV
of cement. Based on systematic trends described for other radionuclides,
Ochs and co-workers estimated upper and lower limits for distribution
ratios of Nb(V) on calcite as Rq ~ 5-10% Lkg™! and 5-10' L-kg~},
respectively [5]. The recent work by Cevirim-Papaioannou, Jo and co-
workers confirmed that ISA decreases the uptake of Nb(V) by CEM I
and CEM III/C at pH ~ 13.3-13.5 due to the formation of stable Nb(V)—
ISA complexes, possibly involving the participation of Ca [18,20]. No
studies on the complexation of Nb(V) with ISA are available so far in the
pH conditions defined by calcite (pH ~ 8.3), as expected in the degra-
dation stage IV of cement.

In this context, this work aims at quantitatively evaluating the
retention of Nb(V) under conditions relevant for the degradation stage
IV of cement. The study targets the sorption of Nb(V) on commercial
calcite and carbonated cement paste, including sorption kinetics, sorp-
tion isotherms and determination of distribution ratios (Rq values). The
effect of ISA and chloride is also accounted for in a series of sorption
experiments with the ternary (solid phase / Nb(V) / ISA and solid phase
/ Nb(V) / CI") and quaternary (solid phase / Nb(V) / ISA / C17) systems.
The results are also discussed in terms of mechanisms driving the uptake
of Nb(V), which include adsorption, incorporation and isotopic ex-
change reactions. Complementary experiments describing the solid
phase formation and solubility behaviour of Nb(V) in calcite- and
carbonated cement-equilibrated waters are reported elsewhere [21].

2. Experimental
2.1. Chemicals and analytical methods

All solutions were prepared under air with Milli-Q water (Millipore
Milli-Q Advantage A10 (18.2 MQ-cm at 25 °C, 4 ppb TOC with Millipore
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Millipak® 40 0.22 pm). Radioactive samples were prepared and stored
in a glovebox under air. NaOH Titrisol, HCI Titrisol, calcite (CaCOs,
99.0 %) were purchased from Merck. Niobium(V) chloride (99 %) was
obtained from Sigma-Aldrich. A 0.25 mL active 957y source (t1/2 =64.0
days) in 0.5 M oxalate solution was purchased from Eckert & Ziegler
Nuclitec GmbH with an initial activity of 2.68 MBq of °°Zr. Because of
the age of the ®Zr source, a significant in-growth of >Nb (t;,2 = 35.0
days) had taken place, resulting in 3.62 MBq of ®>Nb. These activities in
the mother stock correspond to [952r]t0t =1.42:10"7 M and [95Nb]t0t =
1.05-10~7 M. The concentrations of the inactive isotopes in the stock
solution were quantified as [Zr]¢ = (8.8 + 0.2)~10’2 M and [Nb]io <
1.7-10"% M. The inactive Nb(V) stock solution was prepared by dis-
solving NbCls in 0.2 M NaOH.

Isosaccharinic acid-1,4-lactone was purchased at Biosynth and dis-
solved in 4 M NaOH (Tritisol, Merck). After pH adjustment with HCl
(Titrisol, Merck), the ISA stock was prepared with a concentration of
1.73 M ISA at pH ~ 12. The resulting ISA solution was characterized by
means of 'H and '3C Nuclear Magnetic Resonance (NMR) spectroscopy
(Bruker Avance III 400 spectrometer, operating at 400.18 MHz for ‘H
and 100.63 MHz for 13C), Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES, Na and Ca), non-purgeable organic carbon
(NPOC) and total inorganic carbon (TIC), as well as inductively coupled
plasma mass spectrometry (ICP-MS) for the quantification of the total
metal content. The 'H NMR spectra (see Fig. SI-1 in the Supporting In-
formation) confirmed the complete transformation of the lactone in the
open chain form, as well as the purity of the final ISA product.

The pH values were measured using a ROSS Orion combination pH
electrode with 3.0 M KCl as filling solution. Electrode calibration was
performed with standard buffers (7-12, Merck). For the quantification
of the active °>Nb, gamma spectrometry measurements were performed
using a high purity germanium detector (61 mm x 46 mm, Mirion) with
an energy resolution of 1.8 keV at 1.33 MeV and 0.875 keV at 122 keV,
and a built-in autosampler (IMPROMAT, Belgium). The detector cali-
bration range was 45-1800 keV using an Eckert and Ziegler multi-
element standard as calibration solution. The sample geometry was
defined by 10 mL PP flasks (Kautex, a Textron Company) with total
sample volume of 10 mL. The *>Nb isotope (t, = 35.0 days) was quan-
tified following the 765 keV gamma line. The measurement time was set
to 2 h. The detection limit for this isotope and gamma lines was
0.26-0.38 BqemL ™! for a measuring time of 2 h. Considering the dilution
steps, this corresponds to a detection limit of [°°Nb] =~ 1.5-10" 2 M.

2.2. Preparation and characterization of calcite, degraded cement paste
and corresponding equilibrated waters

The commercial calcite considered in this work was used as pur-
chased without further pre-treatment, besides a sieving step to <63 pm.
The resulting material was characterized by X-ray diffraction (XRD),
scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX) and Brunauer-Emmett-Teller (N-BET) surface area analysis.
XRD measurement was conducted with a Bruker AXS D8 Advance X-Ray
Powder Diffractometer (LYNXEYE XE-T detector) at 20 = 5-60° with
incremental steps of 0.0012° and a measurement time of 0.25 s per step.

For BET measurements, calcite and carbonated cement paste were
dried at 60 °C under oil pump vacuum for approximately 12 h. Multi-
point BET measurements were performed varying nitrogen p/po from
0.05 to 0.30 (0.05 < p/po < 0.30) using 3P instruments micro 200B BET
surface area and porosity analyzer.

SEM images were taken with secondary electrons by an Everhart-
Thornley SE detector (accelerating voltage 2 kV, store resolution
4096 x 3072 pixel and various magnifications from 200x to 30,000x)
for morphology. For the measurement, the calcite sample was prepared
by dusting powder onto double-sided adhesive C-tab SEM and fixed onto
an 8 mm Al rod.

Calcite-equilibrated water was prepared by contacting commercial
CaCO3 with Mili-Q water under air for at least one week at a solid to
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liquid ratio (S/L) of 1 g-L™!. The equilibrated water composition was
characterized by pH measurements and the determination of Ca con-
centration (ICP-OES) and total inorganic carbon concentration (TIC).
These results were compared with the target values calculated assuming
equilibrium with atmospheric CO3(g) and using the thermodynamic
data selection in the ThermoChimie database [22], i.e., pH = 8.3, [Ca] =
5.8-10"* M and [Clr = 1.21-10~> M (see Section 3.1). Before use, the
calcite-equilibrated water was separated from the solid phase by
centrifugation (10 min, 6000 rpm). The content of "3ND in calcite was
quantified in triplicate by dissolving 240 mg of the material in 0.1 M
HNO3, followed by ICP-MS measurements.

The carbonated and leached cement paste was prepared as follows.
First, hydrated cement paste (HCP) was prepared using CEM I (provided
by ONDRAF-NIRAS) with a water to cement ratio of 0.46 (L-g~!) and a
curing time of 28 days. After curing, the hydrated cement paste was
crushed and grinded to obtain a powder with a particle size lower than
200 pm. This powder was mixed with water at a solid to liquid ratio (S/
L) 0of 1000 g-L™?, and flushed in a closed reactor with a gas mixture CO5 /
Ny of 30/70 % for 85 h under continuous magnetic stirring. Regular
additions of 10 mL of water were done every 24 h. The resulting material
was dried at 50 °C for two days, and characterized by means of confocal
Raman spectroscopy, XRD, IR-ATR and BET measurements.

Powder X-ray diffraction for determination of the phase composition
of the carbonated cement paste was performed with Empyrean diffrac-
tometer (Malvern-Panalytical) operated with a Cu tube and power of
1.6 kW. The measurements were carried out using backloading sample
holders in reflection geometry in the range 5-100° 2theta with a step
size of 0.0131°2theta. The measurement time was 100 s/step. Fixed slit
of size 1/8° and soller slits (0.04Rad) on both optical paths were used. Kp
radiation was eliminated with Bragg-BrentanoHD device. A multistrip
PIXcel3D detector with a simultaneous acquisition range of 3.348°
2theta was employed for detection. The phase identification was carried
out with HighScore-plus v.5 software (Malvern-Panalytical). Rietveld
refinement was performed with TOPAS 7 (Bruker-AXS) using funda-
mental parameters approach. The full list of the structure data for the
phases used as a starting model and corresponding references is shown
in the Supporting Information file (Table SI-1). The amorphous content
was calculated with external standard (Si) using the corresponding K-
factor. The size of the coherent scattering domains was evaluated by the
double Voigt approach.

Infrared spectroscopy with Attenuated Total Reflection (IR-ATR) was
used to characterize the carbonated cement paste on a SPECAC Golden
Gate ATR device with a diamond crystal. Spectra were obtained with a
TENSOR II FT spectrometer (Bruker Optics, Ettlingen, Germany) in the
range 600-4000 cm ™! with 64 scans and spectral resolution of 2 cm ™.

The carbonated cement paste was contacted with deionized water for
14 days, and the solution characterized with the measurement of pH,
concentration of metal ions and anionic species, resulting in [Ca] = (4.9
£0.7)-10° M, [Na] = (5.4 £ 0.8)-107* M, [K] = (2.1 + 0.3)-1073 M,
[Mg] = (4.1 £ 1.0)-107* M, [Si] = (6.5 + 1.0)-10~* M, [Al] = (2.6 +
0.3)-107*M, [CI"] = (8.9 £ 0.1)-1073 M, [SOF ] = (2.4 = 0.3)-103 M,
TIC = (2.7 £ 0.6)-10~* M. Based on this water composition, artificial
carbonated cement water was prepared by dissolving calcium chloride,
sodium bicarbonate and amorphous silica in Milli-Q water targeting
[Caltor = 3.0-10 > M, [Clioc = 2.03-10* M and [Siloc = 8.35:107° M,
with pH ~ 8.4-8.5. The concentration of Ca in the artificial carbonated
cement water was slightly decreased to avoid oversaturation conditions
and the possible precipitation of calcite.

The ™Nb content in the carbonate cement paste was quantified by
means of alkaline fusion. A precise weight of carbonated cement paste
(200 mg) was mixed with potassium hydroxide pellets in a platinum/
gold crucible, and the mixture was melted at 390 °C for 15 min. Milli-Q
water was added while stirring to wash out all of the dissolved mixture.
The solution was acidified with 32 % HCI and then diluted with water
for ICP-MS measurements. In the calcite system, 0.241 g of the solid
material were dissolved in 60 mL of a 0.1 M HCI solution, and the Nb
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concentration quantified with ICP-MS.

The concentrations of Nb leached by calcite and carbonated cement
paste after 2 days of equilibration time with the corresponding pore
waters were measured by Inductively Coupled Plasma Mass Spectrom-
etry (ICP-MS) after ultrafiltration (10 kDa, 2-3 nm cut-off Nanostep®,
Pall Life Sciences).

Confocal Raman spectroscopic single spot measurements and area
mappings of the carbonated cement paste were performed on a WITec
alpha300 R instrument equipped with UHTS300 spectrometer (300 mm
focal length) and Zeiss microscope. 488 nm and 532 nm lasers operated
by adjustable TruePower modules in the range between 10 and 40 mW
(measured on the sample) was used as an excitation source. Single spot
measurements were performed with a 100x objective (NA = 0.9) using
600 and 1800 g/mm gratings. The corresponding spectral resolution was
better than 3 cm ™! and 1 em ™7, respectively. The detection of the Raman
scattering was carried out with a back illuminated CCD Camera. Typical
acquisition times were between 5 and 10 s. with 5-10 scans. The data
processing was performed with the Project 6.1 + software and included
cosmic ray removal and background subtraction with a shape algorithm.
WITec TrueMatch program with integrated RRUFF mineral database
and own database was used for the purposes of phase identification.
Between 20 and 45 spectra per sample were taken at different sample
positions. Averaged spectra were used for band assignment and to
emphasize the differences between them. An area mapping 200 x 140
pm was performed on a pressed powder sample with a step size of 1 pm.
Thus, the hyperspectral stack consisted of 28,000 single spectra
collected with automatic focusing on the sample surface. The Raman
image of the lateral distribution of the mineral constituents was deliv-
ered by integration in the corresponding frequency ranges typical for
given phase.

2.3. Sorption experiments: Binary, ternary and quaternary systems

All sorption experiments were performed in 15 mL vials (Sarsted®)
with a total volume of 10 mL. All samples were prepared, stored and
handled in a glove box with air atmosphere. Calcite and carbonated
cement paste systems were investigated in six and five independent se-
ries, respectively, as described in Table 1. Sorption samples were pre-
pared by spiking a combination of **Nb and °>Nb to the calcite or
carbonated cement paste suspensions, which were previously equili-
brated with the corresponding solutions for 2 days. The pH was adjusted
(using HCl and NaOH) to 8.2-8.4 and 8.3-8.5 in the calcite and
carbonated cement paste systems, respectively. For the ternary systems
involving chloride, the calcite or carbonated cement paste suspension
was equilibrated for 3 days with the required amount of NaCl, before
adding the combination of *>Nb and °>Nb. The ternary system including
ISA was prepared adding ISA 3 days after the spiking of the combination
of ®>Nb and *°Nb. Quaternary experiments were performed adding
chloride 3 days prior to the spiking of Nb, and adding ISA 3 days after
the spiking of Nb. Most of the sorption samples were prepared in
duplicates.

After a given contact time (see Table 1), two aliquots of the super-
natant (ca. 4.2 mL each) of each sample were ultracentrifuged at 90,000
rpm and 20 °C for 1 h (Type 90 Ti rotor and OptimaTM XPN-90, Beck-
man Coulter) to separate suspended particles and colloids. To determine
the concentration of °Nb in the aqueous phase, approximately 3.5 mL of
supernatant was collected with a syringe, transferred to 10 mL LDPE
vials and diluted in 2 % HNOg for gamma spectrometry. The uncertainty
of the gamma measurements was +5-10 %. The sorption of Nb(V) on
the vessel walls was quantified for selected samples (calcite, carbonated
cement paste) after the completion of the sorption experiments. The
vials were emptied, washed with water three times and filled with 1 M
HCI to leach the sorbed Nb(V). After 1 day, the niobium concentration
was measured by gamma spectroscopy. In the absence of chloride, the
Nb sorbed to the walls of the Starsted® vials was quantified as =~ 11 % of
the initial activity, which was taken into account in the calculation of the
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Table 1
Experimental conditions considered in the sorption experiments with calcite and carbonated cement paste for the binary, ternary and quaternary systems.
Type of experiment Sorbing material A(95Nb)0 Contact time S/L [Nb]¢or [M] [Cl Jior [M] [1SA]or [M] Number of
[kBq] [days] [g-L’I] samples™

Binary system: Calcite 0.05 3-85 1 1.107° 5.84.107* - 6
Nb(V) sorption kinetics

Binary system: Calcite 0.05 3 1 1107110 5.84.10°* - 11
Nb(V) sorption
isotherm

Binary system: Calcite 0.1 3-10 5,10 11077 5.84.10* - 4
Impact of S/L on Nb(V)
uptake

Ternary system: Calcite 0.05 3 1 1107 5.84107%-1.3107° 1.107°-0.1 5
Impact of ISA on Nb(V)
uptake

Ternary system: Calcite 0.05 3 1 1.107° 5.84-107*-2 - 7 (11)
Impact of C1I~ on Nb(V)
uptake

Quaternary system: Calcite 0.05 3 1 1.107° 5.84-107%-2 11072 6(11)
Impact of ISA + Cl~ on 5,10 1.107° 1-2
Nb(V) uptake

Binary system: Carbonated cement 1.7 3-54 1 1.107° 4.2107° - 5
Nb(V) sorption kinetics paste (CEM I)

Binary system: Carbonated cement 2 3 1 1.1078-1.107° 4.2.107° - 9
Nb(V) sorption paste (CEM I)
isotherm

Ternary system: Carbonated cement 2 3 1 1.107° 3.91074-3.2.1073 1107° - 5(9)
Impact of ISA on Nb(V) paste (CEM I) 1.1072
uptake

Ternary system: Carbonated cement 2 3 1 1.107° 5.0107%2-2 - 4(8)
Impact of C1I~ on Nb(V) paste (CEM I)
uptake

Quaternary system: Carbonated cement 2 3 1 1.107° 2.31072-2 1.1072 6

Impact of ISA + CI” on
Nb(V) uptake

paste (CEM I)

" Values in parentheses correspond to total number of samples including replicates.

Nb concentration and quantification of the distribution ratios (Rq in
L-kg™!) by subtracting from the initial activity before calculation. This
effect was negligible in samples containing NaCl concentrations >1 M.
The presence of ISA did not result in significant deviations with respect
to ISA-free systems.

The uptake of Nb(V) by calcite and carbonated cement paste in the
absence and presence of ISA and chloride was evaluated in terms of
sorption isotherms (log ([Nblsojia) vs. log ([Nbl.q)) and Ry values. Rq
values were determined as the ratio of the niobium concentration in the
solid (csolig in mol-kg’l) and in the aqueous phase (caq, in M):

M _ (Ainital - Aaq) \4

Ry = Pinital ~ aq) ¥ 1
d Con Any m 1)

where Ajyita) is the initial niobium activity in [Bq-mL’l], Ayq is the ac-
tivity in the aqueous phase after phase separation in [Bq-mL™'], V is the
volume of the sample in [L], and m is the mass of calcite used in the
experiment in [kg]. For the uncertainties in the Rq values, the error of
the gamma measurement was considered and calculated as two times
the standard deviation of independent measurements. Uncertainty in the
gamma measurements was in most cases <5 %, and has been thus dis-
regarded in the calculation of the overall Rq uncertainty.

3. Results and discussion

3.1. Characterization of calcite, carbonated cement paste and
equilibrated waters

XRD analysis shows that the calcite is highly crystalline (Fig. SI-2a).
SEM observations show a heterogeneous particle distribution with size
<60 pm (see Fig. SI-2b).

The specific surface area of the calcite is ~ 0.7 m?.g !, as determined
by BET measurements. The size and surface area of the commercial
calcite used in this work are in line with those reported by Heberling and

co-workers for a coarse commercial calcite (supplied also by Merck)
[23].

Carbonated cement paste was characterized by quantitative X-ray
diffraction (QXRD) with external standard in order to account for
amorphous constituents. Fig. 1 shows the Rietveld plot and the con-
stituents in this sample. Additional information about the results of the
Rietveld refinement including R values, estimated standard deviations,
etc. can be found in Table SI-2 in the Supporting Information.

Rietveld analysis of the carbonated cement paste confirms calcite as
main constituent. Minor phases are some unreacted CoS (larnite),
brownmillerite as well as impurities as quartz. The presence of CaSOj4 as
gypsum and anhydrite (and possibly basanite) points to accelerated
carbonation of the AFm and AFt phases and subsequent formation of
sulphates, hydrogarnets (katoite) and LDH phases, as partly described
by Kalkreuth and co-workers [24]. As a result of the carbonation of the
C-S-H phase, SiO9 gel along with carbonate is formed. Therefore, the
biggest part of the amorphous content found in the sample (26.4 wt%)
could be assigned to this gel. Presence of amorphous carbonate could not
be excluded although the probability for this seems to be low given the
carbonation conditions. The size of the coherent scattering domains of
calcite obtained by the double Voigt approach is 67 nm, i.e., a signifi-
cantly smaller crystallite size compared to the commercial calcite
(average crystallite size ~200 nm obtained using Scherrer's equation)
used in this work. The specific surface area of the carbonated cement
was quantified as ~ 60 m2.g !, i.e., ~ 100 times greater than the surface
area determined for the calcite material used in this work.

Fig. 2 shows the IR-ATR spectrum of the carbonated cement paste
together with spectra of some selected constituents. It can be seen that
along the strongest bands of calcite (712 cm ™}, 872 cm ™! and 1406 cm ™!
assigned to v4, V2 and vz vibrations of CO%’, respectively), a broad ab-
sorption in the range 950-1250 em s present. It is assigned to Si—O
vibrations typical for C-S-H or/and SiOz gel. Small contributions from
quartz and v3-SO4 are expected to the middle and high frequency part of
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Fig. 1. Rietveld plot and quantitative analysis of the carbonated cement paste (CEM I).
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Fig. 2. IR-ATR of carbonated cement paste (c.h.CEMp.) compared to single spectra of calcite, low C/S ratio C-S-H, SiO5 gel, and gypsum.

the range. Depending on the C/S ratio, the C-S-H phase contributes in
the range 940-965 cm ™. In this particular case, there is an increased
absorption at 965 cm ™! which shows a remarkable coincidence with the
main Si—O band of synthetic C-S-H phase prepared with C/S = 2/3
(Fig. 2, middle spectrum). Comparison of the observed frequency for the
SiO, gel (1070 em ™) of fully carbonated hydrated cements and the IR-
ATR spectra of this study (1005 cm 1) implies that probably there is
indeed some C-S-H phase with very low C/S ratio is still present in the
sample [24,25]. On the other hand, the frequency of the Si—O vibration
in the spectrum of pure SiO; (unfortunately overlapping with v3-SO4 of
gypsum) lies at higher frequency (1105 cm™!). The discrepancies be-
tween the main frequencies of the gels product of carbonation of
cementitious C-S-H phases on one hand, and these of pure SiO; gels on
the other, imply that additional presence of both, Al and remnants of C-
S-H phases influences the band positions in the IR-ATR spectra. Their
quantity strongly depends on the degree of carbonation of the cement
paste. For the reason of simplicity, we will further refer to this gel as
“Si0O; gel”, but keeping in mind the differences compared to pure SiO,
amorphous compounds. The presence of C-S-H phase in the carbonated
cement is further confirmed by the enhanced signal in the region

3000-3800 cm ‘of the IR-ATR spectra, with clearly superimposed
bands typical for gypsum at 3240 cm ™' and 3510 cm ™! (see Fig. 2).
Raman map of the carbonated cement paste confirms the findings of
XRD and IR-ATR spectroscopy, providing additional information about
the presence of a minor fraction of modified calcite (close to ankerite) in
some areas of the sample. Fig. 3a shows a Raman image (200 x 140 pm)
of the carbonated cement paste taken on a powder sample pressed onto a
glass slide. The main constituent is calcite (red) along with larger
unreacted particles of dicalcium silicate (CyS, blue) and quartz
(magenta). Different sulfates, mostly gypsum and anhydrite are spread
throughout the sample as single particles or aggregates (both shown in
green and referenced to as gypsum). In addition to pure calcite, a
modified CaCO3 with the same symmetry is clearly seen (light blue)
differing from the former by (i) a shift to lower frequency of all bands,
largest for the lattice vibration bands (LV1, 8 em~!and LV2, 11 cm™D),
and (ii) substantially broader bands in terms of full width at half
maximum (FWHM) (Fig. 3c and d). The LV bands show the largest dif-
ferences, implying differences in the cationic composition. The latter
may induce defect structure thus influencing both the crystal size and
surface area. Assuming some incorporation of impurities in the calcite
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Fig. 3. (a) Raman image of the distribution of the main phases in the carbonated cement paste; (b) Corresponding topographic image of the same area; (c) Table of
the band positions and FWHM of two different calcite species: calcite pure and “ankerite”; (d) Spectra of the main constituents in the Raman image.

structure during carbonation in presence of Mg and Fe “leftovers” from
the hydrated products, we refer to this phase as a “ankerite”, based on its
complex composition, Ca(Fe,Mg,Mn)(CO3);.

The characterization of the calcite- and carbonated cement paste-
equilibrated waters is summarized in Table 2. For both materials,
measured values confirm equilibrium (or steady-state) conditions
already at t = 2 days. The quantification of Nb(V) in the equilibrated
waters resulted in both cases below the detection limit of ICP-MS and
considering the dilution steps used (Table 2). The concentration of
natural Nb present in both solid materials was quantified as ["*Nb]1iq
= 3.2:10"° mol-kg ! (3 ppm; carbonated cement paste) and ["*Nb]soq
< 2.1.107° molkg™! (< 2:107* ppm; calcite, corresponding to the
detection limit of the ICP-MS and considering the dilution steps used
after alkaline fusion). The concentration of "'Nb quantified in carbon-
ated cement is in line with the content of "Nb previously reported for
different cement pastes, i.e., CEM I, CEM III-B and CEM III-C, ranging
from 3.1 to 7.6 ppm [5,20,26].

3.2. Uptake of Nb(V) by calcite and carbonated cement paste in the
absence of ISA

Fig. 4a shows the kinetics for the uptake of Nb(V) by calcite and
carbonated cement paste, expressed in terms of distribution ratios (Rq)
vs. time. A fast uptake is quantified for the uptake of Nb(V) by calcite at t
= 3days (Rq ~ 10° L-kg ™!, independently of the S/L ratio), followed by a
steady increase in the uptake with time (Rq > 2-10* L.kg™! at t = 89
days). These observations are tentatively explained as a fast adsorption
of Nb(V) on the calcite surface, followed by a slow incorporation driven
by calcite recrystallization. A similar interpretation was given by
Heberling and co-workers for the uptake of Np(V) by a commercial
calcite material with a slightly higher surface area (1.3 mz-g_l) [27].
Note that the incorporation of several di- and trivalent cations (Cd2+,
Zn%*, Co®*, cu®*, Ni2*, Eu®t, Am®*, cm®*, UO3™, etc) into calcite has
been extensively reported in the literature [28-31]. Although no labo-
ratory studies are available on the incorporation of Nb in calcite, the
presence of Nb in calcite and dolomite carbonatites might be considered
as indication for such retention process [32].

Greater Ry values are determined for the uptake of Nb(V) by

Table 2
Composition of calcite- and carbonated cement paste-equilibrated waters.
Solid phase pH [Ca] Crot [Si] [Nb]
[molL~ 1] [molL~ 1] [molL~ 1] [mol'L 1]
Calcite 8.2-8.4 (5.8 +£0.1)107* (1.2 +0.1)-1073 n.m.” <1210
Carbonated cement paste (CEM I) 8.3-8.5 (3.0 £0.1)-103 (2.1 £0.2)-10°* (5.5 +0.3)-10° <1.310°1°

2 Concentration not measured.
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Fig. 4. Kinetics for the uptake of Nb(V) by calcite and carbonated cement. Initial Nb(V) concentration (as °>Nb + °>Nb) is 1.0-10~° M for all systems: (a) Rq values

expressed in L-kg™%; (b) Rq values normalized with respect to the specific surface area of the used materials expressed in L-m~2.

carbonated cement paste, with Rq values of ~8-10° L-kg™*. This strong
uptake is obtained after t > 3 days and is consistent up to t = 23 days.
After 54 days the activity measured is below the limit of detection,
resulting in slightly higher Rq values compared to the uptake at shorter
contact times. The fast uptake observed for Nb(V) is consistent with
recent studies on niobium uptake by hardened cement paste and C-S-H
phases [18,20].

The large differences in the Rq values determined for both materials
can be harmonized when normalizing the distribution coefficients by the
specific surface area determined by BET for both materials, as shown in
Fig. 4b. These results emphasize the need of an adequate knowledge of
the surface properties (especially, but not exclusively, surface area)
when interpreting sorption phenomena, particularly when different
materials are compared.

Fig. 5 shows the sorption isotherms obtained in this work for the
uptake of Nb(V) by calcite and carbonated cement paste. The figure
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Fig. 5. Sorption isotherms for the uptake of Nb(V) by calcite (this work),
carbonated cement paste (this work) and C-S-H 1.4 (Jo et al. [33]). All exper-
iments conducted at S/L = 1 g»L’l. Nb(V) added as combination of **Nb and
95Nb. Blue region defines the range of Nb(V) concentrations determined after 3
days in the oversaturation solubility experiments at pH ~ 8.3 and [Ca] ~
5.8-10~* M. Dashed horizontal line marks the concentration of °>Nb in the
carbonated cement (see Section 3.1). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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includes also the sorption isotherm reported by Jo et al. [33] for the
uptake of Nb(V) by calcium silicate hydrate (C-S-H) phases with a cal-
cium-to-silicon ratio (C/S) of 1.4. The blue region in the figure marks the
range of Nb(V) concentrations measured in the oversaturation solubility
experiments after an equilibration time of 3 days, as reported in Huber
et al. (2025). This supports that most of the experimental data points in
the sorption isotherms are well below the solubility limit at pH ~ 8.3. A
linear sorption behaviour is confirmed for the uptake of Nb(V) by calcite
over >4 orders of magnitude in aqueous niobium concentration. In the
case of carbonated cement paste, the linearity range is limited at low
concentrations due to the content of *>Nb present in pristine cement (see
Section 3.1). The linear trends observed in this work for calcite and
degraded cement systems are in line with sorption data reported by Jo
and co-workers for C-S-H phases, which show however a stronger
sorption compared to the carbonated cement paste and (specially) to the
calcite investigated in this work. Note however that this observation
refers to absolute sorption values and does not account for differences in
the surface area of the different materials. Although Jo and co-workers
did not report the surface area of C-S-H phases used in their study,
average values reported in the literature (=~ 150 mz-g’1 [34]) reflect a
significantly higher surface area than the solid phases used in this study
(calcite ~ 0.7 m2~g’ 1 & carb. CEM I ~ 60 m2~g’ h.

Fig. 6 shows the comparison of the Rq values determined in this work
for the uptake of Nb(V) by calcite (t = 3 and 89 days) and carbonated
cement paste (t = 3 and 54 days), with distribution ratios reported in the
literature for the uptake of Nb(V) by cement and C-S-H phases
[26,33,35-37]. For Rq values expressed in [L-kg’l], Fig. 6 confirms a
much weaker uptake of Nb(V) by the calcite at short equilibration times,
which is 2-3 orders of magnitude lower than those determined in this
work for carbonated cement paste or reported in the literature for CEM I,
CEM III or C-S-H phases. As discussed above, the evident increase in the
R4 values determined for the calcite system at longer equilibration times
can be potentially attributed to the incorporation of Nb into calcite.
Experimental data determined in this work for calcite at short contact
times are in agreement with estimated values provided by Ochs et al.
(red square in Fig. 6) [5]. These authors indicated that “There were no
data for State IV, but lower sorption onto calcite would be expected. Rq values
generally two orders of magnitude lower [than for State I-III] were chosen™.
We thus provide the first experimental validation of this hypothesis,
although acknowledging that at long contact times higher distribution
ratios are to be expected for the calcite system.

Characterization methods discussed in Section 3.1 as well as ther-
modynamic calculations discussed in the literature [8] indicate that
nano-particulate calcite and silica gel are the main components of the
carbonated cement paste. The larger surface area offered by both ma-
terials as well as by remnants of C-S-H is expectedly responsible for the
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Fig. 6. Distribution coefficients determined in this work for the uptake of Nb(V) by calcite and carbonated cement, or reported in the literature for CEM III/C and C-
S-H 1.4 [33], NRBV [35], CEM I, CEM V and C-S-H [36], OPC [37], or CEM I [18]. Red square in the figure defines the upper and lower Rq4 limits estimated in Ochs
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very strong uptake of Nb by carbonated cement paste. As discussed
above, the normalization of the Ry values with respect to the surface
area of the sorbing material offers a relevant perspective to interpret
sorption phenomena and compare the sorption behaviour of different
materials.

3.3. Uptake of Nb(V) by calcite and carbonated cement paste in the
presence of ISA and chloride

Fig. 7 shows the distribution ratios for the uptake of Nb(V) by calcite
and carbonated cement paste in the presence of increasing ISA con-
centrations. For comparison purposes, the figure includes also sorption
data for the uptake of Nb(V) by cement paste CEM I in the presence of
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Fig. 7. Impact of ISA on the Ry values for the uptake of Nb(V) by calcite (this
work), carbonated cement paste (this work) and cement paste CEM I (Cevirim-
Papaioannou et al. [18]). All experiments conducted at S/L = 1 g-.L. ! and [Nb
(W]t = 1.0-107° M, except otherwise indicated.

ISA, as reported by Cevirim-Papaioannou et al. [18].

A relatively weak impact of ISA on the uptake of Nb(V) can be
observed in Fig. 7 for both calcite and carbonated cement paste, with a
negligible effect of ISA at ligand concentrations <1-10~> M. A decrease
of ~1 log-units in Ry values is quantified at [ISA] = 0.1 M. In spite of the
lacking thermodynamic data for this system, this observation is attrib-
uted primarily to the formation of Nb(V)-ISA complexes under the
investigated boundary conditions. Note that a greater impact of ISA on
Nb(V) sorption was reported for cement paste CEM I at pH ~ 13.6 (white
symbols in Fig. 7). The formation of more stable Nb(V)-ISA complexes is
possibly expected in the hyperalkaline conditions defined by fresh
cement, compared to the weakly alkaline conditions investigated in this
work. As reported for other M-ISA systems (M = Ni(II), Zr(IV), Pu(IV)),
the deprotonation of several alcohol groups of ISA under hyperalkaline
pH conditions and the presence of a hard Lewis acid / metal ion
expectedly results in the further stabilization of the M-ISA complexes in
the aqueous phase [15,38,39]. Other parameters (e.g., surface charge,
concentration of Ca in the aqueous phase, sorption of ISA on the solid
phase, etc.) can contribute as well to the differential behaviour observed
for the uptake of Nb(V) at pH ~ 8.3-8.5 (calcite, carbonated cement)
and pH = 13.6 (fresh cement).

According to thermodynamic calculations the formation of the
complex CaISA™ is expected to take place in the weakly alkaline con-
ditions of this study. Fig. 8a shows the evolution of Ca concentration in
equilibrium with calcite under increasing ISA concentration, whereas
Fig. 8b displays the fraction diagram of Ca under the variation of ISA
concentration, as calculated with the ThermoChimie database [22].
These calculations underpin the weak interaction between Ca?" and
ISA™ at pH =~ 8.3, conditions under which all alcohol groups of ISA
remain protonated. The speciation of ISA is dominated by the free ISA™
at this pH, even with increasing pH (see Fig. SI-3) and therefore only a
minor dissolution of calcite takes place at [ISA]t > 0.03 M (estimated
as 3.4 % at [ISA]t = 0.04 M, for systems with S/L = 1 g-L’l), whereas
the possible precipitation of Ca(ISA)s(cr) is predicted above this ISA
concentration (see Fig. 8b). Thus, the minor fraction of calcite dissolved
due to the formation of the CaISA* complex cannot be considered as
responsible for the decrease in the uptake of Nb(V) observed at high ISA
concentrations, as most of the solid phase remains available for sorption.

Fig. 9 shows the evolution of the Rq values for the uptake of Nb(V) by
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Thermodynamic calculations were performed using the ThermoChimie database [22].
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1 g-L’1 and [Nb(V)]io = 1.0-107° M, except otherwise indicated.

calcite and carbonated cement paste in the presence of increasing
chloride concentrations, both in the absence (Fig. 9a) and in the pres-
ence (Fig. 9b) of [ISA]iot = 0.01 M.

In the absence of ISA, chloride has a negligible impact on the uptake
of Nb(V) by calcite at [Cl ]¢ot < 0.1 M, whereas a decrease of ~0.8 log-
units in the Rq values is observed for [Cl ] > 1 M. At high chloride
concentrations ([Cl ]t > 1 M), a slight increase in the concentration of
Ca was observed for the calcite system (see Fig. 10). This supports the
partial dissolution of calcite, which can be quantified as 10-13 % of the
initial calcite on the basis of a mass balance. However, this effect alone
cannot justify the observed decrease in Rq. In carbonated cement sys-
tems, the presence of chloride has no evident impact on the sorption of
Nb(V) up to [Cl"] = 2 M. This observation possibly reflects a differential
mechanism driving the uptake of Nb(V) in both systems, e.g., involving
amorphous silica in the carbonated cement paste, whose chemical
behaviour might be less affected by high chloride concentrations.

Peiffert and co-workers investigated the solubility and hydrolysis of
Nb(V) within 1 < pH < 9 and 0.1 m01~kg_1 < [NaClO4] < 6.0 m01~kg_1
[40]. At pH =~ 9, the authors reported a drop in the Nb(V) concentration
of ca. 1 order of magnitude between solubility data in 0.1 and 1.0
mol‘kg’1 NaClOy4 (see Fig. 10 in [40] — modified version shown in the
Supporting Information, see Fig. SI-4). This was interpreted as a
decrease in the stability of the prevailing hydrolysis species at this pH, i.
e., Nb(OH)¢ and Nb(OH)7 . Although such change in the speciation
could affect sorption phenomena, we note that in the presence of Ca the
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Fig. 10. Evolution of Ca concentration in calcite-equilibrated water with
increasing [Cl ]y, including Ca concentration at [ISAli,; = 0.01 M. Thermo-
dynamic calculations for CaCO3(s) conducted using data selected in the Ther-
moChimie database [22].
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formation of ternary aqueous complexes can be expected [33,41]. The
lack of a complete thermodynamic model for the system under discus-
sion hinders a more detailed mechanistic understanding of the processes
driving the uptake of Nb(V) under these conditions.

Fig. 9b shows also the results of the sorption experiments with
[ISAltot = 0.01 M and different chloride concentrations, ranging from
8.5.107° M (calcite) and 5.0-10°® M (carbonated cement paste) (no
additional chloride added, besides through pH correction) to 2 M. The
results show that the Rq values are mostly consistent with the uptake of
Nb(V) in the presence of ISA and absence of chloride. For the calcite
system, similar results were obtained for different solid to liquid ratios
(5 gL' and 10 gL71). Only at the highest chloride concentration
investigated ([C1"] = 2 M), a small decrease of ~0.2 log units in the Ryg
values of Nb(V) is observed for calcite and carbonated cement paste,
although the decrease can be also considered within the uncertainties of
the Rq measurements. The results obtained for the quaternary system
support that chloride has a minor additive impact on the retention of Nb
(V), while the uptake of Nb is primarily affected by ISA.

4. Summary and conclusions

The retention of niobium(V) by calcite and carbonated cement sys-
tems was comprehensively studied using a combination of “>Nb (stable)
and %Nb (t; 5 = 35.0 days). The investigated solid phases are taken as
representative of the degradation stage IV of cement.

The commercial calcite used in the experiments was characterized by
a high crystallinity and small BET surface area, i.e., ~ 0.7 m%g . Calcite
was identified as main phase in the carbonated cement paste CEM I,
although a significant fraction (26.4 wt%) of amorphous phase remains
in the form of SiO, gel and C-S-H with low Ca/Si ratio. Carbonated
cement paste was characterized by a significantly larger BET surface
area, i.e., ~ 60 m>. g’l. The concentration of natural niobium present in
both solid materials was quantified as [**Nb] = 3.2.107° molvkg’1
(carbonated cement paste) and [?°Nb] < 2.1-107° mol~kg’1 (calcite, as
detection limit of the technique).

Lower distribution ratios are quantified for the uptake of Nb(V) by
calcite at short contact times (t = 3 days, Rq ~ 10° L-kg™1). A steady
increase in the distribution ratios is observed with time, resulting in Rq
> 2.10% L-kg™! at t = 89 days. These observations are tentatively
explained as a fast adsorption of Nb(V) on the calcite surface, followed
by a slow incorporation driven by calcite recrystallization. Manifestly
stronger uptake of Nb(V) is determined for carbonated cement systems
(Rq ~ 8-10° L-kg™). This differential behaviour is explained by the
presence of SiO5 gel and a small fraction of C-S-H phases with low Ca/Si
ratio, which overall offer a much greater surface area than calcite. In
addition, the presence of two different types of CaCOs in the carbonated
sample proved by Raman spectroscopy may also affect the adsorption
assuming that defective calcite shows much smaller crystal size and
higher surface. Indeed, Rq values of calcite and carbonated cement paste
level-off when normalized by surface area, thus highlighting the rele-
vance of an adequate knowledge of the surface properties when
comparing sorption behaviour of different materials.

Considering the presence of *>Nb in the degraded cement paste,
isotopic exchange needs to be taken into account as potential mecha-
nism contributing to the retention of other niobium isotopes, e.g., >Nb
(this work) or %4Nb (repository conditions). Further studies involving
synchrotron-based techniques are planned to gain further insight on the
mechanisms driving the uptake of niobium in calcite and degraded
cement systems.

ISA has a minor to moderate impact on the uptake of Nb, both for
calcite and carbonated cement systems. The decrease in R4 values
observed at high ligand concentrations is attributed to the formation of
Nb(V)-ISA complexes. However, the impact on sorption is weaker
compared to observations reported for the degradation stage I of cement
at pH =~ 13.6. Such differences could be partly explained by the greater
stability of the Nb(V)-ISA complexes under hyperalkaline conditions,
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although other parameters (e.g., surface charge, concentration of Ca in
the aqueous phase, sorption of ISA on the solid phase, etc.) can
contribute as well to the differential behaviour. Dedicated thermody-
namic studies may help to unravel this uncertainty. Chloride has a weak
impact on sorption of Nb(V). The effect in Rq is more remarkable in
calcite than in carbonated cement paste, which possibly reflects that a
different mechanism is driving the uptake of Nb(V) in both systems.

This work provides the first quantitative description of the uptake of
niobium by calcite and carbonated cement materials, which are repre-
sentative of the degradation stage IV of cement. This information allows
the correct quantification of the retention of niobium and a reliable
assessment of its mobility in the context of the Safety Case for under-
ground or near-surface repositories for nuclear waste.
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