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The uptake of chloride (Cl7) and isosaccharinic acid (ISA, main degradation product of cellulose) by cement
paste with high slag content (CEM III/C) was investigated with batch sorption experiments with 3°Cl and inactive
ISA. A weak uptake of chloride was quantified (0.43 < Rq [Lokg’l] < 5.8), consistently with previous obser-
vations for Portland cement. C-S-H, AFm and hydrotalcite are suggested as primary sinks for CI". XRD confirmed
the formation of Friedel’s salt at [NaCl] > 1 M, consistent with thermodynamic calculations. ISA exhibited
moderate sorption (9 < Ry [Lokg’l] < 900), successfully modeled with a one-site Langmuir isotherm. Sorption

data supports that (surface) precipitation occurs at higher ISA concentrations. The formation of stable Ca-ISA
aqueous complexes promotes the incongruent dissolution of cement phases, altering of the overall Ca:Si ratio.
The interplay between sorption and solubility phenomena must be considered for a correct interpretation of

cement-ISA systems.

1. Introduction

Cementitious materials are extensively used in repositories for low-
and intermediate-level waste (L/ILW), serving not only as backfill and
for construction purposes, but also for waste conditioning and stabili-
zation [1-3]. Cement-based materials exhibit excellent capabilities for
the retention of radionuclides and other contaminants due to their high
sorption capacity [2,4]. Several hydrated phases dominate the compo-
sition of hydrated cement, e.g., calcium silicate hydrate (C-S-H) phases,
portlandite (Ca(OH),), AFt (aluminoferrite trisulfate, with a general
formula [Cas(AlFe)(OH)g-12H20]1X5-nH0; X = M2t or 2 M™), AFm
(aluminoferrite monosulfate, with a general formula of [Cay(AlFe)
(OH)61X-nH0), hydrogarnet (3Ca0-Al;03-6H20) or hydrotalcite (LDH,
layered double hydroxide with a general formula of MggAly(CO3)
(OH);14-4H20). C-S-H phases constitute, in most cement formulations,
the major component in hydrated cement. C-S-H phases are character-
ized by a high surface area, and have been described to efficiently sorb
cationic and (to less extent) anionic species [2]. AFm and AFt phases are

able to efficiently exchange anions present in their structure, and thus
are acknowledged as important sink of anionic radionuclides as well as
organic ligands [5-8].

Portland cement (PC) is replaced by supplementary cementitious
materials, such as fly ash and blast furnace slag, to prevent delayed
ettringite formation of cemented waste drum [9] and to improve
compatibility with clay materials within repository system [10]. High
replacement of PC by blast furnace slag as in the case of the CEM III/C
cement studied here, can result in lower pH values [11] and in the
absence of portlandite [12].

Chlorine-36 (36C1, ti2 = 3.01.10° a) is a long-lived beta-emitting
activation product produced through the neutron irradiation of stable
35a1 (ca. 76 % natural abundance) present in fuel assemblies and
structural components during operation of nuclear reactors. Wastes
containing %°Cl from the dismantling of nuclear reactors and the treat-
ment of nuclear coolant are disposed in repositories for L/ILW [13-15].
In PC, C-S-H and AFm are considered as primary sinks for C1™ rather than
other phases such as portlandite and AFt [2]. The uptake mechanisms
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include sorption on C-S-H phases, isotopic exchange with stable CI™
present in pristine cement, and the formation of Friedel’s salt ([Caz(Al,
Fe)(OH)]Cl-2H20) [2,4]. In CEM III/C cements containing a high
fraction of blast furnace slag (84 [16] — 88 [17] wt%, ca. 6 wt% clinker
[171), significant amounts of hydrotalcite might form. Hydrotalcite can
also play an important role in chloride binding [18-21], however mainly
in the absence of carbonates [22]. The impact of portlandite and AFt,
which are suppressed in CEM III/C with high slag content, on Cl~
sorption has not been accentuated [2].

The concentration of chloride in the aqueous phase is the main factor
governing Cl™~ sorption capacity of hydrated cement, and the fraction of
chloride in solution increases with increasing [Cl™] [2,23]. Other anions
such as OH™ can also influence the uptake Cl~ by competing for the
sorption / ion exchange sites. Tritthart found the reduction in Cl™
binding by PC with increasing pH [24]. Hemsted et al. reported the
increase of Cl~ binding by PC following the decrease in pH from 13 to
12, which was attributed to the enhanced binding capacity of AFm [25].
Jain et al. showed that C1~ binding by cement paste at pH 11.6 and 12.6
was correlated with the release of OH™ from the cement to the pore
solution, thus hinting towards the exchange of OH™ by C1™ [26]. Surface
Ca?* on C-S-H plays a critical role in the adsorption of Cl~ on C-S-H by
providing positively charged sorption sites and/or bridging for Cl~
surface adsorption [23,27-29].

Contaminated cotton, wood, and wipes containing cellulose can be
disposed in repositories for L/ILW. Isosaccharinic acid (ISA, C¢H206) is
generated under cementitious condition as a primary degradation
product of cellulose [30-32]. The formation of stable complexes of ISA
with several radionuclides has triggered extensive investigations on the
impact of ISA on the migration of radionuclides in the context of nuclear
waste disposal [33-46]. As monocarboxylic polyhydroxo ligand, ISA
acts as a chelate strongly interacting with cationic radionuclides
including actinides (e.g., Th(IV), U(IV/VI), Np(IV), Pu(Ill/IV), Am(III)),
fission and activation products (e.g., Ni(I), Zr(IV)) [35-41,46]. The
formation of stable complexes with ISA may result in enhanced radio-
nuclide solubility and decreased retention properties [33,42-45]. The
impact of ISA on radionuclide mobility is largely affected by the avail-
ability of free ligand in the aqueous phase. Upper concentration limits of
ISA are defined by the solubility of Ca(ISA)(s), which plays a role
particularly in the degradation stage II characterized by high Ca con-
centrations in the pore solution. Sorption of ISA on hydrated cement is
also expected to decrease the ligand concentration in the aqueous phase,
especially under repository conditions where high solid-to-liquid ratios
are expected. A moderate ISA uptake by hydrated cement (types CEM I
and V, according to EN 197-1 [47]) has been reported at pH > 12, with
Ry values ranging from ~ 1 to ~ 700 L-kg ! depending among others on
the ISA concentration in solution [23,30,42,44,48-51]. C-S-H was
identified as the main hydrated cement phase sorbing ISA, but the role of
other phases such as AFm and hydrotalcite involving ion exchange
processes with anions cannot be ignored. For C-S-H phases, Ca was
shown to play a key role in the retention process, acting as bridge be-
tween ISA and the surface silanol groups [23,44,49].

The present work aims at quantitatively describing the uptake of
chloride and ISA by cement paste with high slag content, CEM III/C
(according to EN 197-1 [47]). All experiments target the unaltered CEM
III/C with a pH =~ 13.1. A series of sorption experiments using radio-
active 3°Cl~ were conducted in artificial pore solution containing NaCl
concentrations up to 2.0 M. The evolution of cement mineralogy and
pore solution composition was monitored and compared with thermo-
dynamic calculations, in order to gain insight on the mechanisms driving
the uptake of *°Cl~. The uptake of ISA was investigated within 10> M <
[ISA]lp < 0.13 M, with the aim of quantifying the free ligand concen-
tration remaining in solution in both cement systems, as well as
assessing the impact of ISA in the pore solution composition, in partic-
ular with respect to Ca. The competition between chloride and ISA was
also examined by means of sorption experiments at constant [ISA] and
variable NaCl concentrations up to 2.0 M. The results obtained in this
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work for the binary and ternary systems CEM III/C-Cl~, CEM III/C-ISA
and CEM III/C-Cl -ISA provide key inputs for the interpretation of the
retention of radionuclides in the ternary and quaternary systems CEM
III/C-CI"-RN, CEM III/C-ISA-RN and CEM III/C-Cl -ISA-RN, as exem-
plarily done within this project for niobium [17] and plutonium [45].

2. Materials and methods
2.1. Chemicals

All sample preparation and handling were conducted in Ar-glove
boxes (MBRAUN) with Oy < 1 ppm at T = (22 + 2) °C. Purified water
(Milli-Q, Millipore, 18.2 MQecm) purged with Ar for several hours was
used to prepare all aqueous solutions. NaOH, KOH (all Titrisol), NasSOy4,
Ca(OH)5, and NaCl (all EMSURE ®) were obtained from Merck. A carrier
free Na®°Cl in water was obtained from Eckert & Ziegler Analytic with a
certified activity of 369 kBq-g~'. Isosaccharinic acid-1,4-lactone was
obtained from Biosynth Carbosynth. Suprapur 65 % HNO3 obtained
from Merck was used for the dilution of samples for inductively coupled
plasma atomic emission spectroscopy (ICP-OES) and liquid scintillation
counting (LSC).

2.2. Preparation of cement paste and corresponding cementitious pore
solution

The methods for all preparation, treatment, and characterization of
cement paste and corresponding pore solution were described in [17].
Briefly, a CEM III/C 32.5 N-LH/SR CE LA BENOR cement clinker (pro-
vided by ONDRAF/NIRAS, Belgium) was mixed with Ar-purged Milli-Q
water using a water-to-cement ratio of 0.46. The cement pastes were
kept in closed moulds for setting for two days and then immersed in
water for further curing during approximately 1.5 years. After curing,
the surface layer (=~ 2.5 mm) was removed and the inner cement block
was successively crushed, milled, and sieved. To avoid a size fraction-
ation of different cement hydrates, the grinding was repeatedly per-
formed until all cement power passed through a 63 pm sieve. A thorough
characterization of the hydrated material by means of XRF and XRD
(including Rietveld analysis) is given in Table 1, as reported in our
previous work [17].

A second batch of CEM III/C-based pastes were prepared as described

Table 1

Composition of the CEM III/C cement used in this work. The elemental
composition was determined by XRF, whereas the phase composition was
determined by XRD with Rietveld analysis [17]. The slag content is determined
by microscopic analysis.

Chemical Phase composition (g/
composition 100 g)
(g/100 g)
SiOy 32.31 Amorphous 88.4
Al,O3 9.33 Alite 5.9
Fe,03 0.65 Belite 0.5
Cry03 < 0.003 Aluminate 0.5
MnO 0.222 Ferrite 0.4
TiO, 0.636 Anhydrite 3.5
P,05 0.08 Hemihydrate 0.3
CaO 45.28 Gypsum 0.2
MgO 7.27 Calcite 0.6
K0 0.52 Quartz 0.1
NayO 0.26 Gehlenite 0.2
SO3 3.39
Cl™* 0.026
Loss on 0.17
ignition
Total C 0.15
Organic C 0.09
Inorganic C 0.06
CO, 0.22
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previously and stored in closed polyethylene (PE) containers for 91 days.
These pastes were used to determine the pore solution composition
based on the squeezing method as described in [52,53]. The pore solu-
tion extracted from cement pastes was promptly filtered through a 0.45
pm nylon filter. The dissolved concentrations of Na, K, Ca, Si, and Al in
the filtrate were analyzed by ICP-OES, and the concentrations of SOZ~
and Cl~ were measured by ion chromatography (IC) as detailed in [17].
The pH of the extracted pore solution was measured by the electrode
calibrated using standard solutions with known KOH concentrations
[54]. The measured composition of squeezed pore solution was used to
establish the recipe for artificial pore solution as described in [17]. An
overall charge balance was taken into account for the definition of the
recipe, whereas Ca concentration was slightly decreased to avoid the
possible precipitation of portlandite (Table 2). Si and Al were excluded
in the recipe due to their minor concentrations in the extracted pore
solution ([Al] < 10~*M and [Si] < 1074 M). The artificial pore solution
was prepared with NaOH and KOH solutions, Ar-purged purified water,
NasS04, Ca(OH),, and NaCl.

2.3. Uptake of °Cl” by CEM IlI/C

CEM III/C cement paste in the form of powder (particle size <63 pm)
was equilibrated with natural C1~ and active °Cl~ in the corresponding
artificial cementitious pore solution (Table 2). Batch samples for CI™
sorption experiments were prepared with solid-to-liquid ratios (S:L) =
5-100 gL~! and chloride concentrations ranging from [Cl lpw
(intrinsic ClI™ concentration in the pore solution) = 32103 Mto2 M
(adjusted by adding NaCl) in high-density polyethylene (HDPE) vials
(Zinsser Analytic). A NaCl stock solution was prepared by dissolving the
salt in artificial pore solution, and used for the spike of inactive Cl™ into
the samples. The activity of 36C1~ in all sorption samples was set con-
stant to 1 kBq, corresponding to [3°C1™] = 1.16-10~® M. Batch samples
were mechanically agitated, and sampled after contact times of 4, 65,
and 79 days. Phase separation was achieved by 10 kDa ultrafiltration
(Nanosep®, Pall Life Sciences, providing ca. 3 nm size cut-off), and the
filtrate diluted in 2 vol% HNOs3 with a dilution factor of 2.5.

The uptake of 36Cl~ was quantified by liquid scintillation counting
(Tri-Carb 3110 TR, PerkinElmer) by adding the cocktail solution (Ultima
Gold, PerkinElmer) into the diluted filtrate. The interference caused by
40K present in the artificial pore solution was quantified as negligible,
and the amount of 3°C1™~ sorbed on the vessel’s wall and filter was minor
(< 1 %). A separate batch sorption series was prepared following the
same approach but using only natural NaCl, with the purpose of char-
acterizing the cement paste and pore solution composition after equili-
bration with NaCl.

Solid phases were characterized by XRD using a Bruker D8 Advance
X-Ray powder diffractometer with Cu Ka radiation at 26 = 10-25°, in-
cremental steps of 0.0082° and a measurement time of 1.5 s per step. The
composition of the pore solution after 10 kDa ultrafiltration was
analyzed by ICP-OES (Ca, Si, and Al) and IC (SO?{). Distribution ratios
(Ry) for 36¢1- sorption were calculated as described in Eq. (1).

Table 2

Summary of the artificial pore solution composition used in the present work for
CEM III/C [17]. Uncertainty calculated as one standard deviation (o) is provided
in parentheses.

System [Na] [K] [Ca] [c] [S0371 pH
(mM) (mM) (mM) (mM) (mM)
CEMII/ 71 78 0.92" 3.2 3.5 13.1
c? *1) (*1) (£0.16) (+0.1) (£ 0.9) (*
0.1)

@ Composition of squeezed pore solution (in mM): Na: 70, K: 77 Ca: 2.9; S:
3.62, Cl: 2.1, AL: 0.1, Si: 0.09, pH 13.0, as reported in [17].

b Ca concentrations in the artificial pore solution were decreased to avoid
oversaturation with respect to portlandite.
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where [%Cl’] i is the concentration of 3°Cl~ sorbed on cement paste

Sol1

(mol-kg_l), {36Cl*] is the concentration of 2°Cl™ in the aqueous phase
ag

(mol-L’l), A0(36Cl) is the initial activity of 36C1~ (1000 Bq) in aqueous
phase (Bq), Aaq(gecl) is the activity of 3°Cl~ in the aqueous phase after
sorption (Bq), V is the volume of sample (L), and m is the mass of cement
paste in sorption sample (kg).

2.4. Uptake of isosaccharinic acid by CEM III/C-based pastes

CEM III/C cement paste in the form of powder (particle size <63 pm)
was equilibrated with ISA in corresponding artificial cementitious pore
solution (Table 2). Batch samples for ISA sorption experiments were
prepared with S:L = 2-50 g-L ! and 107> M < [ISA] < 0.13 M in HDPE
vials (Zinsser Analytic). A 1.49 M ISA stock solution was prepared by
dissolving ISA lactone in 1 M NaOH + KOH solution and characterized
by Nuclear Magnetic Resonance (NMR) showing the total conversion to
the linear form of ISA [17]. The ISA stock solution was diluted in a
mixture solution of 0.071 M NaOH and 0.078 M KOH and added into the
sorption sample to obtain a desired concentration. After a contact time
up to 49 days, phase separation was conducted with a syringe filtration
of 0.45 pm (PTFE) and the filtrate was used to quantify ISA sorption
using non-purgeable organic carbon (NPOC, Analytik Jena multi n/c
2100 S equipment) as detailed in [17]. An aliquot of the filtrate was
characterized by ICP-OES (Ca, Si, and Al) and IC (SO?;_) subsequent to
the dilution in 2 vol% HNOg3 and purified water, respectively.

Distribution ratios (Rq) for ISA sorption were calculated as described
in Eq. (2)

 [ISA),  [ISA], — [ISA],, v
©sAl,  UsAl, m

Ry )

where [ISA],;4 is the concentration of ISA sorbed on cement paste
(mol-kg ™), [ISA],, is the concentration of ISA remaining in aqueous
phase (mol-L’l), [ISA], is the initial concentration of ISA in aqueous
phase (mol-L’l), V is the volume of sample (L), and m is the mass of
cement paste in sorption sample (kg).

2.5. Calculation of saturation indices for NaCl system

Thermodynamic calculations of the saturation indices of cement
hydrates were carried out with GEM-Selektor v3.9 [55,56], a Gibbs free
energy minimization geochemical modeling program. Standard ther-
modynamic data for the species or components of aqueous, solid, and
gas phases were taken from the PSI-Nagra thermodynamic database
[57]1, while data for cement hydrates were taken from the Cemdatal8
database [58]. The C-S-H was modeled using the quaternary solid so-
lution model for C-S-H (CSHQ) [58,59].

The saturation index (SI) with respect to a solid are calculated from
the tabulated solubility product (Ks) of the respective solid and from the
ion activity product (IAP) obtained from activities derived from the total
concentrations measured in the solution, i.e., SI = log(IAP/K;). The
saturation indices for relevant solid phases were calculated based on the
experimentally measured total concentrations of ions and pH values.
Activity coefficients were calculated using the extended Debye-Hiickel
equation in Truesdell-Jones form as described in Eq. (3):

A2V b

logy; = + byl 3)
87 1+BaVvI

where ionic strength (I in mol-kgy!), Debye-Hiickel constants (Ay in kg!/
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2.mol"/2 and By in kg'/?mol/2.A71), common ion-size parameter q; =
3.67 A for KOH solutions, and third parameter b, = 0.123 kg~rnol’1 [60].
This activity correction is applicable up to approximatively 1 mol-kgy'
ionic strength [61]. The extended Debye-Hiickel equation was preferred
over a Pitzer model due to the lack of Pitzer parameters describing the
specific interactions of Al—Si, Ca—Si and Al—K, as well as the incom-
plete availability of all SIT (Specific ion interaction theory) coefficients
required for this system [62]. The saturation indices calculated at high
salt concentration (i.e., 1 and 2 M NaCl) should thus be considered as
approximate values.

A positive SI implies oversaturation and thus the possibility of pre-
cipitation of the respective phase, while a negative SI indicates under-
saturation and (potential) dissolution of the respective solid. The use of
saturation indices can be misleading if solids that dissociate into a
different number of ions are compared. To improve comparability,
“effective” saturation indices (ESI) were often used [9], obtained
dividing the saturation indices by the number of ions participating in the
reactions. i.e., the saturation indices for portlandite, C-S-H, ettringite,
gypsum and Friedel’s salt were divided by 3, 3, 15, 2 and 12, respec-
tively, as detailed in [63].

3. Results and discussion
3.1. Uptake of *°Cl™ by CEM III/C cement paste

No clear correlation of chloride uptake with contacting time (4, 65,

W this work, CEM lIl/C, %CI + "'CI, S:L =5 g-L"
[ this work, CEM I1l/C, *Cl + ™iC|, s:L = 10 g.L”
W this work, CEM llI/C, %Cl + "™'C|, S:L = 50 g-.L™
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and 79 days) was found in the kinetic series (see Fig. SI-1 in the Sup-
porting Information). Sorption equilibrium was attained within 4 days,
confirming the fast uptake of C1~ as previously reported in the literature
[23]. Hence, average distribution coefficients, Rq values, and corre-
sponding uncertainties were obtained based on the measurements at
three different contacting times.

The uptake of chloride by CEM III/C paste, (Fig. 1 and Table 3)
expressed as R4 values, follows the same trend as reported for PC in
previous sorption studies [23,26,49,64]. The Rq values obtained in this
work (CEM III/C paste at pH ~ 13.1, see Table 3) are comparable but
slightly higher than those reported by Jain et al. (PC at pH ~ 13.3) [26]
and Jo et al. (PC at pH = 13.5) (see Table 3) [23]. The higher sorption
capacity of CEM III/C paste compared to PC [23,26] can be attributed to
variations in both the assemblage of cementitious hydrates and the
composition of pore solution. In the CEM III/C paste, comprising ~88 wt
% of slag [17], in addition to C-S-H and AFm phases also hydrotalcite is
present [65,66], which could contribute to an enhanced Cl™ uptake
[18-21]. For the same CEM III/C paste, our previous study identified
hydrotalcite (< 10 wt%) by means of thermogravimetric analysis and
differential weight loss [17]. Differences in the sorption capacity are also
likely related to the differences in the pore solution pH used in these
studies (i.e., decreasing C1~ binding with increasing pH [67]), and the
corresponding implications in the surface properties of these materials.
In particular, surface charge (measured in terms of zeta potentials) de-
creases from positive to negative values when increasing the pH from
12.5to 13.3 [49,68], which expectedly results in a decreased sorption of

[0 Joetal. (2022), CEM I, 3Cl + "™'C|, pH 13.5
QO Pointeau et al. (2008), CEM I, %Cl + "¥C|
/\ Nielsen et al. (2005), OPC, "C|

B this work, CEM Ill/C, %Cl + ™iCl, S:L = 100 g-L™" > Jain etal. (2021), OPC, ™Cl, pH 13.3

1 K 1 1 1 ¥ 1
1_.
)
<
_
~~
-
x
o))
ke
0_
-1 T y T y

-2

-1 0 1

log ([Cll,q /mol-L™)

Fig. 1. Distribution ratios (Rg) of 36Cl~ determined in this work using CEM II1/C paste with [Cl Ipw (3.210°3 M) < [CI"] < 2.0 M and S:L = 5-100 g-L’1 (solid
symbols) or reported in the literature (empty symbols) [23,26,49,64]. All sorption data determined at pH > 12.8. The slope of lines crossing the data are —0.5 (solid
line: this work, dashed line: [23], and dotted line: [26]). The detection limit was defined as 1.5 % 3°Cl~ uptake, calculated as 3 times the standard deviation of
reference solutions. All experimental data points are summarized in Table SI-1 of the Supporting Information.
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Table 3
Summary of sorption data for chloride by type of cement considered in Fig. 1 (relevant to cement degradation stage I at pH > 12.8).
Cement type [Cl] range/M S:L Contact solution Equilibration Ry Reference
ratio time /L<kg’1
/gLt
CEM I1I/C 1.1-107%-2.0 ("Cl) 5-100 pH = 13.1, [Na] = 0.071 M, [K] = 0.078 M, [Ca] = 9.2:107* M, 4-79 days 0.43-5.8 This work
1-107° (%D [Cl Ipw = 3.210 > M, [SOF 1 =3.510 > M
CEM I 1.1.107%-2.0 (™2Cl) 10-100 pH=13.5,[Na] =0.14 M, [K] =0.37 M, [Ca] = 1.410°° M, [Cl Ipw 44 days 0.25-37 [23]
1107 *°Cl) =(1.4-1.7)10"* M, [SO7 1=210"*M
White and grey 0.01-1.0 (™'CD) 660 NaOH solution: [Na] = 0.25 and 0.55 M 6 months 0.3-5 [64]
(ordinary) Portland
cement
CEM I (1-3)-107* (™Cl) 1-7 Cement contacting water containing K and Na: pH 12.8-13.3,[Ca] = 1 month ~ 10 [49]
7.107% (*Cl) 1.2-6.7-10° M, [Cl Ipw = (1.0-2.6)-10* M, [SOF ] = (0.4-2.4)-
107*M
CEM I 1073-5 ("*Cl) - Synthesized PW: pH 13.3, [Na] = 0.1 M, [K] = 0.19 M, [Ca] = 0.027 3 days 0.2-13 [26]

M

anionic species. A consistent effect of pH on the uptake of anionic ra-
dionuclides was clearly shown by Pointeau and co-workers for 12517,
14c0o3~, 75Se03 ™ and 3°C1™ [49].

A systematic decrease in the Rq values was observed when increasing
the chloride concentration up to [NaCl] <1 M (Fig. 1) indicating that a
higher fraction of chloride remained in solution. At S:L. = 50 gL},
distribution ratios of *Cl~ in CEM III/C paste decreased from log Rq (in
L-kg™!) = (0.67 £ 0.04) at [Cl Jaq = 2.6:107> M to —(0.37 + 0.37) at
[Cl"]aq = 1.0 M. As previously discussed in the literature, this obser-
vation supports that the uptake of Cl™ is mostly driven by the total
chloride concentration in the aqueous phase, [Cl ],q [2,23]. At [NaCl]
= 2.0 M NaCl, an unexpected increase in the uptake of °Cl ™ is observed.
The experiment was repeated four times, in each case involving the
sampling of three replicates. All these measurements consistently
showed an enhanced sorption, with log R4 ~ 0.5, which could be related
to the formation of Friedel’s salt.

Sorption by C-S-H and uptake by AFm via the formation of Friedel’s
salt were suggested as main sorption mechanisms in PC [2]. In the case
of CEM III/C paste, where also hydrotalcite can play a more significant
role in C1™ uptake, the relative contribution of these sorption sinks, i.e.,
hydrotalcite, AFm, and C-S-H, at varying [Cl™],q remains unclear.

In our previous work [17], XRD and thermogravimetric analysis
indicated the presence of mainly C-S-H and ettringite in the cement
pastes, as well as the presence of some hydrotalcite (LDH) and mono-
carbonate for CEM III/C pastes, whilst portlandite was absent. The clear
identification of the kind and amount of AFm in the CEM III/C paste is
difficult due to its low fraction, poor crystallinity, and the overlap with
the main signals of monocarbonate (at 20 = 11.7°) and LDH (at 20 =
11.6-11.7°) [69,70], which is in both cases related to the basal spacing.
The basal spacing for both hydrotalcite as well as AFm phases such as
Friedel’s salt, monosulfate, hemicarbonate or monocarbonate varies
with the interlayer anion and the amount of water [70,71], adding
difficulties to the identification and quantification of the different LDH
and AFm phases [70,71]. In fact, the formation of Friedel’s salt is
observed in 1 and 2 M NaCl solutions (see Fig. 2), but not at lower NaCl
concentrations (0.1 M or lower) in agreement with other experimental
observations in PC and blended cements, and with thermodynamic
modeling predictions [72]. Two polymorphs of the Friedel’s salt can be
observed in hydrated cements depending on temperature and whether
carbonate is present: rhombohedral, low-temperature Friedel’s salt with
alayer spacing of 7.9 A exhibits a main signal at 26 =11.2°, while above
37 °C the high-temperature monoclinic Friedel’s salt with a layer
spacing of 7.8 A and main band at 20 = 11.3° is stabilized [73]. The
presence of carbonate stabilizes the monoclinic, high temperature
polymorph of Friedel’s salt at ambient temperature [74], with the
interlayer distance varying as a function of the carbonate and chloride
content [71,75]. In 1 and 2 M NaCl solutions, a relatively broad band at
20 = 11.2-11.3° is observed, probably caused by the overlap of the
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Fig. 2. X-ray diffraction patterns of dried CEM III/C pastes contacted with pore
solution (S:L = 50 g-L™!) containing [Cl lpw (intrinsic [Cl] without extra
addition of NaCl) — 2 M NaCl. Contact time was >80 days for all samples. Ht/
Mc: hydrotalcite and/or hemi- and monocarbonate, FSg: rhombohedral Frie-
del’s salt, and FSy;: monoclinic Friedel’s salt.

signals of the two polymorphs.

Based on the comparison of the data obtained in this work and
previous data available in the literature, the effect of S:L. on Rq is minor.
No clear differences were found between R4 values determined in the
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experiments combining 36Cl~ + ™Cl~ and those using only inactive
MaLG1™ (Table 3 and Fig. 1), thus indicating that isotopic exchange does
not play a predominant role. This is particularly evident for systems with
high [C]l ]t in the aqueous phase, for which chloride content in pristine
cement paste (quantified as ~ 55 ppm in CEM III/C paste, ~ 1.5-107>
mol-kg’1 [2]) represents only a minor fraction of the overall chloride
inventory in the system. Note however that isotopic exchange as
mechanism for the retention of >°Cl~ may gain relevance in repository
systems, where the much higher S:L ratios result in a significantly larger
pool of "Cl~ available for isotopic exchange with 3°Cl~.

The composition of the equilibrating solutions of the CEM III/C
cement paste was investigated with varying NaCl concentrations up to 2
M (Fig. 3 and Table 4). Fig. 3 shows a clear increase of [Ca] with
increasing NaCl concentration, which is possibly related to the uptake of
Na™ on C-S-H with the corresponding substitution / release of Ca®* jons
[76-78]. The profile of [Si] was similar to [Ca], but the increase in [Si]

2=
S16-
7 1.2
X 0.8
S 04-
BN T

[

—

R

0 ? T T T 4 T T T
30 -25 -20 -15 -10 -05 00 05

log ([CI],/ M)

Fig. 3. Concentration of Ca, Si, Al, and S (measured by ICP-OES) in the pore
solution of CEM III/C paste contacted with NaCl up to 2 M; contacting time >
80 days for all samples. Relative uncertainties are <10 % for the measured
concentrations.
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was relatively minor as compared to [Ca] (see Fig. 3), indicating an
incongruent dissolution of cement paste (assumed to be mainly C-S-H) in
the presence of NaCl. The increase in sulfur concentration observed at
high NaCl concentrations is attributed to the substitution of SO3~ by CI~
in AFm [79]. The concentration of Al decreased to 1 and 2 M NacCl,
which could be related to the precipitation of Friedel’s salt.

Table 4 summarizes the calculated effective saturation indices, SI,
using the composition of the equilibrating solutions of CEM III/C paste
with increasing NaCl concentrations. Calculations show that all solu-
tions are saturated with respect to C-S-H and ettringite. Calculations for
the equilibrating solutions at [NaCl] < 1 M indicate the undersaturation
with respect to Friedel’s salt, whereas oversaturation conditions are
predicted for 1 and 2 M NaCl. These calculations are in excellent
agreement with observations by XRD (Fig. 2).

3.2. Uptake of ISA by CEM III/C paste

Fig. 4 shows the data determined in this work for the uptake of ISA by
CEM III/C paste, represented as log [ISA]soliq vs. log [ISA]aq. Sorption
capacity observed in this work for CEM III/C paste is similar to that
reported by Jo et al. [23] for CEM I-based materials in the degradation
stage I (pH 13.5). However, they are slightly higher than the sorption
capacities reported by Van Loon et al. [80] for CEM I in the degradation
stage I (pH 13.4) and by Garcia et al. [51] for CEM V within the pH-range
12.5-13.3. Such deviations can be explained by differences in the par-
ticle size of the hardened paste used (i.e., < 63 pm in this work and in
[23],100-400 pm and < 200 pm in Van Loon et al. [80] and Garcia et al.
[51], respectively), which affect surface area and thus the concentration
of sorption sites per mass of cement paste. The figure includes also
sorption data reported for C-S-H phases (Garcia et al. [51] and Missana
et al. [44]), which show similar sorption capacities as those of cement
pastes and thus underpins the main role of C-S-H in the uptake of ISA by
hydrated cement systems. This observation does not preclude the
possible contribution of other phases to the overall uptake of ISA, e.g.,
AFm or AFt phases with a remarkable affinity towards the retention of
anions. Sorption data determined in this work are compared in Table 5
with other relevant studies investigating the uptake of ISA by hydrated
cement in the degradation stages I and II.

The steep increase in log [ISAlsiq observed at log [ISA],q > —2 is
attributed to the precipitation of Ca(ISA)y(cr). Although solubility cal-
culations performed using thermodynamic data selected in the NEA-TDB
[46] predict the precipitation of this solid phase at slightly higher ligand
concentrations, log [ISA],q =~ —1.2, surface precipication can occur at
lower concentrations than precipitation in bulk solution due to the
higher concentrations achieved in the diffuse layer near the surface
[81].

No clear impact of Na™ and Cl~ on the uptake of ISA by CEM III/C
paste systems was observed up to 2 M NaCl (Fig. 5). This observation is
consistent with the significantly higher distribution ratios determined in
this work for the uptake of ISA (log Rq ~ 1 to 2.5) than for 36¢)- (log Rgq
~ —0.5 to 0.8) by CEM III/C paste systems.

Sorption data for ISA obtained in this work were successfully
modeled using a one-site Langmuir isotherm as described in Eq. (4).

K-q-[ISA],,

1+ K-[ISA],, “)

[ISA . =
with K = (1057 + 163) L-mol™}; ¢ = (0.29 + 0.02) mol-kg 'where
[ISA],,; is the concentration of ISA sorbed on cement paste (mol-kg™),
K is the adsorption affinity constant (L-mol ™), q is the adsorption ca-
pacity (molkg™1), and [ISA] aq 18 the concentration of ISA remaining in

aqueous phase after sorption (mol-L™!). We note that the model pa-
rameters determined in this work are in good agreement with K = (714
+ 266) L-mol ! and q = (0.29 = 0.04) mol-kg ! of CEM I [23]. Van Loon
et al. [80] used instead a two-site Langmuir isotherm to describe their
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Table 4
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Composition of the equilibrating solutions of CEM III/C paste with NaCl addition at S:L. = 50 g-L. ! and contacting time > 80 days and the calculated effective saturation
indices for portlandite, C-S-H, ettringite, gypsum, and Friedel’s salt. Relative uncertainties <10 % for measured concentrations.

Cement NaCl [Na] [K] [Ca] [Mg] [cn® [S] [Si] [Al] pH" effective saturation indices
type addition (mM) (mM) (mM) (m) (mM) (mM) (mM) (mM) portlandite C-S- ettringite gypsum Friedel’s
H salt
CEM III/C No addition 72 74 0.72 <d.lL 2.56 3.3 0.1 0.2 13.12 -0.2 0.0 0.1 -1.2 -0.4
0.01 76 n.m. 0.79 <d.L 8.43 2.3 0.1 0.2 n.m. -0.2 0.0 0.1 -1.3 -0.3
0.1 166 n.m. 0.93 <d.L 94.5 3.1 0.1 0.2 n.m. -0.2 0.0 0.1 -1.3 -0.1
1 1030 n.m. 1.6 <d.l 975 5.7 0.2 0.2 n.m. -0.2 0.1 0.0 -1.3 0.0
2 2000 n.m. 1.7 <d.lL 2000 11.4 0.3 0.07 n.m. -0.2 0.1 0.0 -1.2 0.0
2 Total chloride concentrations determined on the basis of 3°Cl measurements.
b Constant pH assumed for SI calculations. n.m. Not measured.
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Fig. 4. Sorption isotherm of ISA on CEM III/C paste with initial [ISA] = 1.1 .107%-1.3-10"' M and S:L = 2-50 g~L’1 (solid symbol) and one-site Langmuir model (line
and uncertainty area) with K = (1057 + 163) L-mol ! and q = (0.29 4 0.02) mol-kg ! derived in this work using the data at [ISA] < 102 M. Other sorption data
reported in the literature [23,44,51,80] for cement systems at pH > 12 are plotted for comparison. The solubility line for Ca(ISA)x(cr) was calculated for [Ca] =
4.8:107 M using thermodynamic data selected in the NEA-TDB [46]. This [Ca] was measured for CEM III/C paste pore solution with S:L = 2 g-L™! (see Fig. 6).

sorption isotherm, with a second site emerging at [ISA] > 102 M. We
note that the later study was conducted at pH = 13.4, for which the
formation of Ca(ISA)y(cr) is expected at higher ISA concentrations due
to the formation of the ternary complex CaOHISA(aq) (alternatively
formulated as CaISA g(aq), where ISA 4 corresponds to an ISA molecule
with a deprotonated alcohol group). This enabled the authors to reach
higher [ISA].q than those obtained in this work, thus allowing an ac-
curate definition of the two regions in the sorption isotherm. Pointeau
et al. [49] derived a surface complexation model to explain their
experimental data for the uptake of ISA as a function of pH. Two
different sorption equilibria were proposed, including surface sites of C-
S-H with and without Ca, i.e., >SOH and > SOCa™, respectively). The
model including the sorption sites >SOCa* was able to explain the
experimental observations within the complete pH-range investigated,
11.7-13.3, whereas the model including only the sorption sites without
Ca (>SOH) failed to reproduce the data at pH < 12.5. Missana et al. [44]
also adopted the a surface complexation model approach to interpret
their experimental data for the uptake of ISA by C-S-H phases with Ca:Si
= 0.8 and 1.4. The model by Missana and co-workers also included the
Ca-bearing sorption site (i.e., SiOCa™), and was able to successfully
explain experimental data showing a Langmuir-type trend at [ISA] <
1073 M. Due to the low ISA concentrations used by the authors, the
definition of only one sorption site was required. No clear improvement

was achieved when including both weak and strong sites in the model.
Recently, molecular dynamics (MD) calculations provided key insights
for the mechanistic interpretation of ISA uptake by C-S-H phases [23].
MD calculations confirmed the relevant role of Ca as bridge between the
C-S-H surface and ISA. This is in line with experimental findings avail-
able in the literature, which evidence the stronger sorption of anionic
organic ligands (such as ISA and gluconate) by C-S-H with greater Ca:Si
ratios [44,51,82].

The interaction of ISA with hydrated cement can also promote the
dissolution of different cement phases, accordingly altering the miner-
alogy of the cement paste as well as the pore solution composition. Fig. 6
shows the evolution of Ca and Si concentrations as a function of [ISA]aq.
Both [Ca] and [Si] increase when increasing [ISAl,q, although the in-
crease is greater in the case of Ca. Due to the absence of portlandite in
the investigated CEM III/C cement pastes (see [8]), this observation is
explained by the incongruent dissolution of the C-S-H phases, which
expectedly evolve towards lower Ca:Si ratios with increasing ISA
concentrations.

AtSL=2 g~L’1 and [ISA]aq = 0.1 M, 23 % of the total Ca inventory
in the cement paste was leached out and stabilized as a Ca-ISA complex
in the aqueous phase. This effect needs to be taken into account in the
definition of sorption experiments with strongly sorbing radionuclides
at low S:L ratios and high ISA concentrations.
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Table 5
Summary of sorption data for ISA (relevant to cement degradation stages I and II at pH >12).
Cement type Degradation stage log ([ligand], / M) S:.L Ra Particle size (pm) Model and model parameters Reference
/pH /gLt /Lkg!
CEM I1I/C Stage I/ 13.1 —3.8t0 —0.9 2 —-50 9-900 < 63 Langmuir (one-site)” This work
K = (1057 + 163) L-mol !
q = (0.29 + 0.02) mol-kg !
CEM 1 Stage I/ 13.5 —5to -1 1 35-660 < 63 Langmuir (one-site) [23]
K = (714 + 266) L-mol *
q = (0.29 + 0.04) mol-kg !
CEM I Stage1/13.4 -5to —0.5 25-500 0.2-90 100-400 Langmuir (two-sites) [30,48,80]
K; = (1730 + 385) L-mol !
q; = (0.1 + 0.01) mol-kg™?
Ky = (12 £ 4) L'mol™!
g2 = (0.17 £ 0.02) mol-kg~!
CEM I Stage I / 12.5 -3 0.2-50 64-100 < 100 Langmuir (two-sites) [42,50]
K; = (2510 =+ 500) L-mol !
q; = (0.18 £ 0.02) mol-kg~!
Ko = (12 + 2) L-mol !
g2 = (0.17 + 0.02) mol-kg !
CEM V Stage 1/ 13.3 —3.3t0 —1.3 39 5-90 < 200 Langmuir (one-site, deviation at low [ISA]) [51]
Stage I / 12.5 —3.3t0 -1.3 39 15-730 Langmuir (one-site, deviation at low [ISA])
C-S-H -/121 —-3.3t0 -1.3 20 and 50 15-72 - Langmuir(one-site)
(Ca:Si=1.2)
CEM I Stage I / 12.8-13.3 -3.1 1 20-80 < 50 Surface complexation model [49]
Stage I / 12.5 -3.1 1 80
C-S-H -/12.15 —4.3t0 -3 10 80-110 - Surface complexation model [44]
(Ca:Si=1.4)
@ Parameters determined using the data points at [ISA]aq < 1072
100 12 :
—_ -@-SL=2gL" o
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Fig. 5. Impact of chloride impact on the uptake of ISA by CEM III/C pastes (S:L
=10 gL}, initial [ISA] = 1.4.10"3 M, [C1"] = 3.2.1073 M — 2 M). The chloride
was added in the form of NaCl.

4. Summary and conclusions

The retention of the anionic species CI™ and ISA by CEM III/C cement
paste was investigated with a comprehensive series of sorption experi-
ments covering the binary and ternary systems Cement-Cl~, Cement-ISA
and Cement-ISA-Cl™. Sorption experiments were performed at pH ~
13.1, T = (22 + 2) °C and under Ar atmosphere, with [Cl™ ]pw (3.2.1073
M) < [Cl7]o < 2M, 107> M < [ISAly < 0.13 M and S:L = 2-100 g-L ™%,
Sorption experiments with chloride were performed using a combina-
tion of 3°C1™ and inactive "CI".

The uptake of chloride by CEM III/C paste showed similar trends as
reported in previous studies with CEM I, conducted both with "™Cl™~ and
natc]~ 4 36C1™. The slightly higher Rq values obtained in this work
compared to previous studies are attributed to the effect of pH and the

log ([ISAL,, / M)

Fig. 6. Concentration of Ca and Si in the pore solution of CEM III/C paste (S:L
= 2-25 g.L7!) contacted with ISA (initial [ISA] = 1.1.10~* M - 0.13 M).

consequent impact on the surface charge of cement paste. Distribution
ratios for the uptake of 36C1~ by CEM III/C paste gradually decrease from
log Rg = (0.67 £ 0.04) L'kg ' at [Cl ]aq = 2.6-10 > M to log Rq = (—0.37
+ 0.37) at [Cl ] = 1.0 M, confirming that [Cl ],q is a key factor
controlling the retention of *Cl~ of cement paste. In line with previous
studies, C-S-H, AFm (as Friedel’s salt) and hydrotalcite for CEM III/C
cement paste are proposed as main sinks for the retention of C1~. XRD
confirmed the formation of Friedel’s salt in CEM III/C pastes contacted
with 1 and 2 M NaCl, consistently with thermodynamic calculations
using the Cemdatal8 database. The concentration of Ca in the pore
solution increased with increasing NaCl concentrations, as a result of the
sorption of Na™ on C-S-H with the consequent release of Ca®* ions. The
increase of sulfate concentration observed at high NaCl concentrations is
induced by the substitution of SO~ by G~ in AFm.
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A moderate sorption of ISA is confirmed for CEM III/C cement paste
(with Rq ~ 9-900 L-kg™1), in line with previous observations reported
for CEM I and C-S-H phases. One-site Langmuir isotherm satisfactorily
explains sorption data at [ISA]yq < 1072 M, with K = (1057 + 163)
L-mol ! and q=(0.29 £ 0.02) mol-kg_l. The steep increase of [ISA]soliq
observed a [ISA]aq > 1072 M is attributed to the (surface) precipitation
of Ca(ISA)z(cr). On the other hand, the interaction of ISA with hydrated
cement promotes dissolution of cement phases with the non-
stoichiometric increase of Ca and Si concentrations in the pore solu-
tion. Due to the absence of portlandite in the investigated CEM III/C
cement pastes, this observation can be possibly explained by the
incongruent dissolution of the C-S-H phases.

This study provides the basis for an accurate quantitative description
of the retention of >°Cl~ and ISA by CEM III/C cement pastes expected in
some repository concepts for the disposal of L/ILW. The general uptake
trends are similar to those observed for other cement formulations (e.g.,
CEM D). This study emphasizes the interplay between sorption and sol-
ubility phenomena in the Cement-ISA system, which needs to be taken
into account for a correct prediction of the impact of ISA on the retention
of radionuclides such as actinides or fission / activation products.
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