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Both, experimental and modelling evidence is presented in this study showing that interlayer anion
exchange is the dominant sorption mechanism for iodide (I-) on AFm phases. AFm phases are Ca-Al(Fe)
based layered double hydroxides (LDH) known for their large potential for the immobilization of anionic
radionuclides, such as dose-relevant iodine-129, emanating from low- and intermediate-level radioactive
waste (L/ILW) repositories. Monosulfate, sulfide-AFm, hemicarbonate and monocarbonate are safety-
relevant AFm phases, expected to be present in the cementitious near-field of such repositories. Their
ability to bind I- was investigated in a series of sorption and co-precipitation experiments. The sorption
of I- on different AFm phases was found to depend on the type of the interlayer anion. Sorption Rd values
are very similar for monosulfate, sulfide-AFm and hemicarbonate. A slightly higher uptake occurs by AFm
phases with a singly charged anion in the interlayer (HS-AFm) as compared to AFm with divalent ions
(monosulfate), whereas uptake by hemicarbonate is intermediate. No significant sorption occurs onto
monocarbonate. Our derived thermodynamic solid solution models reproduce the experimentally
obtained sorption isotherms on HS-AFm, hemicarbonate and monosulfate, indicating that anion
exchange in the interlayer is the dominant mechanism and that the contribution of I- electrostatic surface
sorption to the overall uptake is negligible.
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1. Introduction

Iodine, 129I, is of major concern for the safety case of geological
repositories for low- and intermediate-level radioactive waste (L/
ILW), due to its long half-life (1.6 � 107 y) and high mobility [1].
In Switzerland, L/ILW originates from the operation and decom-
missioning of nuclear power plants, as well as from industry,
research and medicine [2]. Based on four different scenarios,
depending on the operating lifetime of the current nuclear power
plants, the total expected volume of L/ILW to be deposited of in
Switzerland amounts to � 36 000–42 000 m3 [2]. 129I is primarily
produced during the fission of 235U in nuclear reactors so that the
major part of 129I (about 93 %) found in L/ILW emerges from the
ion-exchange resins, used in decontamination processes during
reactor operation [3]. Although the exact chemical form of 129I in
the waste is unknown, the thermodynamically stable iodine spe-
cies in aqueous solutions under the alkaline (10 < pH < 13.5) and
reducing conditions (-750 mV < Eh < -230 mV (standard hydrogen
electrode, SHE)) expected in the near-field of a cement-based L/
ILW repository [4], is iodide, I-.

Iodide forms few sparingly to slightly soluble compounds such
as AgI, CuI, PbI2, Hg2I2, from which AgI is the only sparingly soluble
solid in water [3]. Therefore, silver-based materials have been con-
sidered for the use as getters (adsorbents) for the removal and
immobilization of radioactive I-. Getters could be either mixed
together with the waste during conditioning or deployed addition-
ally to the near-field barrier system [5]. Several types of materials
have shown high sorption potential for iodide - layered bismuth
hydroxides (LBHs), Ag-impregnated carbon (AgC), synthetic or nat-
ural argentite (Ag2S) and Ag-zeolites (AgZ) [5–7].

Cementitious materials are also widely recognized for their get-
ter properties [e.g. [8]. In the Swiss concept of a L/ILW repository,
cementitious material will be used for waste conditioning and for
the construction of the engineered barrier system [2]. Hydrated
calcium aluminate phases (AFm phases, aluminium-iron-mono
phases) are important components of the cementitious matrix
and form during the hydration of Portland and calcium aluminate
cements. They belong to the layered double hydroxides (LDH) fam-
ily and have the general formula [Ca4(Al,Fe)2(OH)12]�X�nH2O. The
structure is built by positively charged main layers ([Ca4(Al,Fe)2(-
OH)12]2+), alternating with interlayers containing charge-
balancing X anions and water molecules ([X�nH2O]2-) [9]. The X-
site carries two anionic charges and can be occupied by a variety
of anions (e.g. SO4

2-, CO3
2–, OH–, Cl-); it may also contain more than

one type of interlayer anions. The term ‘mono’ refers to the single
Ca4�X unit per formula [9].

In the reducing environment expected in a repository near-field
due to anoxic steel corrosion after repository closure, significant
amounts of reduced sulfur species may be present in the cementi-
tious matrix. The thermodynamically stable reduced aqueous spe-
cies of sulfur is sulfide (HS-) [10]. Under these conditions, an
additional AFm phase, sulfide-AFm (HS-AFm) may be stable and
may have an influence on the binding of I-. The structure of a HS-
AFm has been reported only once in literature, in the study of Le
Cornec et al. [11]. The authors performed structural characteriza-
tion of the HS-AFm, identifying a rhombohedral structure with

R3
�
symmetry, commonly found for AFm phases [12]. The structure

contains two types of crystallographic interlayer sites (S1 and S2),
which could be occupied either by anionic species and/or water
molecules; the interlayer distance is 8.12 Å [11]. The solubility of
HS-AFm is unknown and no sorption studies on HS-AFm have
yet been performed.

The uptake of I- onto cementitious materials and onto AFm
phases in particular, has been the subject of several studies in
the past [13–16]. The suggested binding mechanism for I- in AFm
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phases is adsorption onto the external mineral surfaces and/or
incorporation by anion exchange with the charge balancing X an-
ions in the interlayers (Fig. 1). Several studies have been published
showing that I- can become intercalated into the AFm interlayers.
Whereas the surface site density ranges from � 8 � 10-3 to
8 � 10-2 mol/kg AFm [17], the interlayer sorption capacity can vary
between 1 and 3 mol/kg AFm depending on the type of AFm phase.
At high I- concentrations, I- can precipitate as a pure I-AFm phase:
monoiodide (3CaO�Al2O3�CaI2�10H2O) [18]. In AFm mixtures con-
taining I- and SO4

2-, I- can precipitate as (I-,SO4
2-)-AFm solid solu-

tions, while in I-+Cl- mixtures and in I-+CO3
2– mixtures, no solid

solutions containing I- are formed [13,14]. The partial replacement
of sulfate, iodide and chloride ions in AFm phases by OH– is com-
mon, such that at high pH values the additional presence of
hydroxides at the surface and in the interlayer of monosulfate,
monoiodide and monochloride can be expected [19–21].

The main objective of this study is to investigate the sorption
behavior of I- on different AFm phases, which are expected to be
present in the cementitious near-field of a L/ILW repository, i.e.
monosulfate (SO4-AFm), sulfide-AFm, hemicarbonate ((OH/CO3)-
AFm) and monocarbonate (CO3-AFm). The goal in particular is to
test to what extent the sorption behavior of I- onto AFm phases
is controlled by ion exchange with the charge-balancing X anions
in the AFm interlayers or by adsorption onto sites on the external
surfaces. In the former case, the sorption behaviour of I- can be
described by solid solution models such as the one developed by
Nedyalkova et al. [21] whereas in the latter case, surface sorption
models need to be implemented to describe at least part of the
sorption data.

Sorption isotherms for I- were determined over a broad concen-
tration range (10-6 M to 0.1 M) for monosulfate, sulfide-AFm and
hemicarbonate with the help of 125I radiotracer experiments. This
broad range of I- concentrations allows to assess the influence of
different types of sorption sites available in the AFm structure (sur-
face exchange sites and interlayer ion exchange sites) and to
develop thermodynamic models describing them.

In addition, a sulfide-AFm phase (HS-AFm) as well as co-
precipitation series between monoiodide and sulfide-AFm ((I,HS)-
AFm) were synthesized and characterized.

The experimental sorption data were then modelled. The mod-
els for (I-,SO4

2-)-AFm (monoiodide-monosulfate-AFm, (I,Ms)-AFm)
and (I-,HS-)-AFm were based on information from co-
precipitation experiments performed in this study, i.e. for (I,HS)-
AFm, and from the study of Aimoz et al. [13] for (I,Ms)-AFm as well
as on solubility data of the pure I-AFm phase from Nedyalkova
et al. [21]. For (I-,OH/CO3)-AFm (monoiodide-hemicarbonate-
AFm, (I,Hc)-AFm) the solid solution model developed by Nedyalk-
ova et al. [21] was applied.

Finally, the role of AFm phases in the uptake of I- in a hydrated
Portland cement was evaluated by thermodynamic modelling
using GEMS [22] and the NAGRA/PSI [23] and Cemdata18 [24]
thermodynamic databases completed with the solubility product
of I-AFm and solid solution models for (I,Ms)-AFm and (I,Hc)-AFm.
2. Materials and methods

All sample manipulations were performed in a N2-filled glove-
box (O2 partial pressure < 0.1 ppm) to prevent sulfide oxidation
and minimize atmospheric CO2 contamination. Solutions were pre-
pared using high-purity deionized water (resistivity = 18.2 MX cm)
generated by a Milli-Q Gradient A10 System (Millipore, Bedford,
USA), degassed by boiling under N2 flux for 1 h. All chemicals were
analytical grade reagents. The following chemicals were used: CaO,
CaCO3, Al2O3, Na2SO4, Na2CO3, Na2S�9H2O, NaI, and NaOH (Sigma-
Aldrich, St. Louis, Missouri, USA). Tricalcium aluminate (C3A) was



Fig. 1. Schematic representation of the two types of sorption sites for anions available in the AFm structure. Yellow circles indicate the anions originally present; red circles
represent sorbing anions on surface exchange sites only (a) and on surface and interlayer ion exchange sites (b), visualized with VESTA [25]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

L. Nedyalkova, J. Tits, G. Renaudin et al. Journal of Colloid and Interface Science 608 (2022) 683–691
prepared from CaCO3 and Al2O3 by a procedure described in
Nedyalkova et al. [26].

2.1. Synthesis and characterization of HS-AFm and (I,HS)-AFm co-
precipitation series

A sulfide-AFm was synthesized by adding stoichiometric
amounts of the starting materials C3A, CaO, and Na2S�9H2O in
0.1 M NaOH (pH = 13). The HS-AFm sample was aged for 1 month
in closed PE-bottle at 23 �C on an end-over-end shaker (100 rpm).

Co-precipitation series of the type (I-,HS-)-AFm were prepared
by mixing stoichiometric amounts of C3A, CaO, Na2S�9H2O and
NaI (pH � 13) to obtain different total iodide (xI) mole fractions
(xI = I-/(I- + HS-) = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1; with Ca:Al:(I + S) = 2
:1:1). The samples were aged at 23 �C for three months in order
to obtain a crystallinity allowing for X-ray powder diffraction
(XRPD) analyses.

Phase separation was performed by centrifugation (1 h at
28,000 rpm and 95,000 g max) with an ultracentrifuge (Beckman
Coulter, USA). All solids were dried in a desiccator over a saturated
NaOH solution (�8 % relative humidity) inside the glovebox at
room temperature for five to six weeks, and after drying, analysed
by XRPD. Aqueous sulfide concentrations in the HS-containing
samples were determined by a sulfide specific electrode (per-
fectION combination electrode, Mettler Toledo, USA). pH measure-
ments were performed with a Metrohm combined glass electrode.
Al, Na and Ca concentrations in solution were measured with an
Agilent 5110 VDV inductively coupled plasma optical emission
spectrometer (ICP-OES).

More detailed information about the synthesis and characteri-
zation of the HS-AFm and the (I,HS)-AFm co-precipitation samples
is included in the Supporting Information (Text S1).

2.2. Sorption experiments

For the sorption experiments, suspensions of monosulfate,
hemicarbonate, monocarbonate and HS-AFm were prepared at a
solid-to-liquid ratio (S/L) of 0.005 kg/l and a pH � 13. Multiple
40 ml aliquots of each AFm suspension were mixed with radiola-
beled I solutions of known concentration and activity to obtain
starting I ([I]tot) concentrations ranging between 10-6 M and
0.1 M. The solutions with stable I- were prepared with NaI salt.
The tracer used was 125I (PerkinElmer Inc, USA).

Sorption on AFm phases has been reported to be fast and equi-
librium is usually reached within 1 day [14]. The AFm suspension
samples were kept on an end-over-end shaker for 7 days to ensure
that equilibrium is achieved. After equilibration, the solid and the
liquid phases were separated by centrifugation. Before and after
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centrifugation, multiple 5 ml aliquots of each sample were pre-
pared for radioanalysis. The activity was determined by a Packard
Cobra 5003 gamma-counter (PerkinElmer, USA). The partitioning
of the 125I radionuclide between the solid and the liquid phase is
expressed in terms of the distribution coefficient Rd [l/kg], defined
as follows:

Rd ¼ If g
½I�eq

¼ Isusp-; Ieq
Ieq

� �
� V

m

� �
ð1Þ

where {I} is the amount of I- sorbed [mol/kg] and [I]eq the anion
concentration in solution [M] at equilibrium, respectively. Both
terms were obtained from the total radionuclide activity measured
in the suspension, Isusp [cpm/l], and the radionuclide activity mea-
sured in the equilibrium solution, Ieq [cpm/l]. V is the suspension
volume [l] and m the mass of the solid [kg].

Since the HS-AFm suspension was prepared (prior to the out-
come of the Rietveld refinement of the HS-AFm sample; see text
S1) with a Ca:Al:S ratio of 2:1:1, measured sorption values were
increased by a factor of 3 based on the finding that HS-AFm makes
up for only � 30 wt% of the solid in the suspension and that no sig-
nificant I- sorption on portlandite [27] and katoite [14] takes place.

2.3. Data interpretation

The solubility of monoiodide end member was defined based on
the experimentally determined solubility product (log K) from a
previous study [21]. The solubility product of HS-AFm was calcu-
lated in the present paper from the measured ion concentrations
and pH values in the equilibrium solution using GEMS [22]. The
activity coefficients of the aqueous species were calculated with
the built-in extended Debye-Hückel equation.

The formation of solid solutions between different AFm end
members was described following the Vanselow convention [28],
in which the interlayer anion exchange reaction is described as a
substitution of one mole of an anion for one mole of another type
of anion, regardless of their charge. The Vanselow convention has
been shown to provide a satisfactory solid solution model in cases
where a heterovalent anion substitution takes place (e.g. the
exchange of I- for SO4

2-) [13,21]. Theoretical sorption isotherms
were calculated using GEMS [22] and compared to the experimen-
tal data. For the sorption isotherms, the Redlich-Kister [29] (sub-)
regular solid solution model was applied, fitted with interaction
parameters (the dimensionless Guggenheim parameters a0 and a1
[30,31]) to account for the non-ideality of mixing, where necessary.
In an ideal solid solution, the activity A of an end member i is equal
to its mole fraction xi so that Ai = xi, whereas in non-ideal (real)
solid solutions they differ (Ai – xi) and a correction in the form
of the activity coefficient ci is needed (Ai = xi ∙ ci). ci, in turn, varies
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with the composition, which variability can be fitted with the help
of the Guggenheim parameters ai according to the following
equations:

lnc1 ¼ x22ða0 þ a1ð4x1 � 1ÞÞ and ln c2 ¼ x21ða0 � a1ð4x2 � 1ÞÞ
for a binary solid solution. The degree of non-ideality of a solid

solution can be quantified based on the excess Gibbs free energy of
mixing DGE

Mix. The relation between the activity coefficients ci and
the excess Gibbs free energy of mixing DGE

Mix for a non-ideal binary
solid solution is given by the expression:

DGE
Mix ¼ RTðx1lnc1 þ x2lnc2Þ ð3Þ
The simplest case of a non-ideal behaviour in a binary system, is

the regular (symmetric) mixing, where a single interaction param-
eter a0 is sufficient to describe the mixing properties of the solid
solution [31]. This is usually observed in solid solutions, in which
the energetic costs of substitutions on both end member sides is
similar, favoured by similar size of the substituting ions [32]. In
the cases, in which the difference between the ionic radii of the
substituting ions or the binding force is greater (e.g. the larger,
divalent SO4

2- vs. the smaller, monovalent I-), the mixing is not sym-
metric (asymmetric mixing) and an additional interaction parame-
ter ai is required for more flexibility. Such solid solutions are
termed ‘sub-regular’ [30,31]. Generally, a large positive interaction
parameter ai points to a miscibility gap, whereas a negative inter-
action parameter suggests that the real solid solution is more
stable than the ideal one [33].

Thermodynamic data for the (I,Ms)-AFm, (I,Hc)-AFm and (I,HS)-
AFm solid solutions were taken from the NAGRA/PSI database [23],
completed with data for ettringite, monocarbonate, monosulfate
and hemicarbonate from the Cemdata18 database [24].

2.4. Modelling of I uptake in a hydrated cement

The hydration of a Portland cement (PC) with the cement com-
position 64 wt% CaO, 20 wt% SiO2, 5 wt% Al2O3 , 3 wt% Fe2O3, 2 wt%
MgO, 2 wt% SO3 and 1 wt% K2O, as reported in Lothenbach et al.
[34] was modelled thermodynamically using GEMS. The general
thermodynamic data were selected from the NAGRA/PSI database
[23], complemented with solubility products of the cement phases
from the Cemdata18 database [24]. For modelling the C-S-H phase,
the CSHQ model [35] was selected. Complete reaction of the PC
was assumed and the formation of hematite, Fe/Al siliceous
hydrogarnet [36] and goethite as the Fe-bearing hydrated phases
was allowed, as the interest was on the uptake of I in hydrated
cement in the long-term. In a second step, 2 g of CaCO3 (modern
cements contain 2 to 4 wt% of limestone [37]) were added to the
cement composition in order to demonstrate the effect of an
increasing carbonate content on the phase assemblage in the
hydrated cement.
3. Results

3.1. Characterization of HS-AFm phase

The HS-AFm sample aged for 1 month and dried at 8 % relative
humidity showed the presence of mainly a HS-AFm compound
with the composition [Ca2Al(OH)6][HS,2H2O] (Fig. 2).

Rietveld refinement of the diffraction pattern revealed in addi-
tion to CaF2 (added as an internal standard) the presence of 95 wt%
HS-AFm. Katoite (C3AH6 = Ca3Al2O6(H2O)6), contained as an impu-
rity, accounts for the remaining 5 wt%. The AFm phase is perfectly

described in the rhombohedral R3
�
space group with the refined

lattice parameters a = 5.7385 (3) Å and c = 24.195 (1) Å
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(Table S1). The corresponding interlayer distance is 8.06 Å, which
is slightly lower than the value of 8.12 Å reported in the literature
for S(-II) anions in the interlayer (for wet, freshly precipitated HS-
AFm) [11]. Nevertheless, the use of the structural model of Le Cor-
nec et al. [11] showed a good fit to the experimental data.

It was not possible to attribute the chemical nature of the sites
S1 and S2 clearly to sulfide anions or water molecules. Assuming
that the S1 site corresponds to the HS- anion and forcing it to
100 % occupancy in order to preserve the electro-neutrality of
the [Ca2Al(OH)6][HS,2H2O] compound, the population of the S2 site
disappears. The S2 site could thus correspond to a crystallographic
site of interlayer water molecules which would fill up according to
relative humidity (unlike the water molecules from the O2 site
which are bonded to a Ca2+ cation from the main layer as its sev-
enth coordination in addition to six hydroxyls). The presence of
the S2 site with variable water content would also explain the
two different interlayer distances observed for this phase in the
present study (dry sample) and in Le Cornec et al. [11] (wet
sample).

For the HS-AFm phase, a solubility product of log Kso = -28 ± 1.9
at 23 �C and pH � 13 was calculated based on the measured aque-
ous calcium, sodium, aluminium and sulfur concentrations as
given in the Supporting Information (Table S2). The solubility pro-
duct is comparable to the solubility products of other AFm phases
incorporating monovalent anions such as the log Kso of �27.14 ± 0.
56 for I-AFm (monoiodide [13]) and of �27.69 reported for Cl-AFm
(Friedel’s salt [19]).

3.2. Monoiodide-sulfide-AFm co-precipitation series

The XRPD results from the co-precipitation series with I- and
HS- showed that I- can be incorporated in the HS-AFm structure
as visible by the continuous shift of the interlayer distance
between the two end members, monoiodide Ca2AlIO3(H2O)7.5 and
HS-AFm Ca2AlSO3(H2O)5 (Fig. 3). With the addition of I-, a general
increase in the interlayer distance of the HS-AFm end member
from 8.06 Å at a total monoiodide mole fraction of 0 (xI = 0) to
8.83 Å at xI = 1.0 was observed, suggesting an increase of the inter-
layer distance upon the incorporation of the slightly larger I-

(2.10 Å compared to 2.06 Å of the HS- [38]) and possibly some
additional water in the I-AFm interlayer.

Based on the structural model determined for the HS-AFm
(Fig. 2b), Rietveld refinement of the (I,HS)-AFm samples was per-
formed considering the two crystallographic sites S1 and S2 with
S1 containing either I- or HS- with a total full occupancy (Occ(I) +
Occ(HS) = 1) and S2 containing interlayer water with occupancy
Occ(H2Oint) = 0.5xOcc(HS), accounting for the presence of relatively
‘free’ interlayer water in the HS-AFm [11] (not described for I-AFm
[18]). The general chemical composition is thus [Ca2Al(OH)6][I1-
xHSx�(2 + x/2)H2O]. In most samples impurities of katoite and port-
landite were detected (Table 1).

Due to the peak splitting observed in the sample with composi-
tion xI = 0.04, Rietveld refinement was first attempted considering
the presence of two coexisting AFm phases, both with rhombohe-
dral symmetries and with slightly different c lattice parameters. As
no satisfactory results (no match of the peak maxima of the dou-
bling) were obtained using this approach, the possibility of two
coexisting AFm phases was dismissed. A closer inspection on the
experimental data indicated that the displacement separating
two consecutive peaks (for each doubling) remains constant (with
an order of 0.15�) throughout the diffractogram (Fig. S1). This is not
compatible with the presence of two phases with different lattice
parameters, in which case the displacements between peaks would
increase with the 2-theta value. Therefore, the peak splitting was
attributed to an effect specific to the recording (e.g. positioning
of the protective film of the airtight sample holder, non-



Fig. 2. (a) Rietveld plot of the HS-AFm sample showing the diffraction measured pattern (red dots), the calculated pattern (black line), the difference curve (blue line) and
sticks for the Bragg peaks positions of HS-AFm, CaF2 added standard and katoite (C3AH6). (b) Structural representation of the HS-AFm phase using crystallographic data from
Le Cornec et al. [11]: the main layer is composed of green Al3+ octahedra and blue seven-fold coordinated Ca2+ polyhedra, O1 site: hydroxyl groups, O2 site: water molecules
bonded to Ca2+, S1 site: main position of the sulfide anions in the center of the interlayer, and S2 site: second, low occupied interlayer site containing ‘free’ water molecules.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (a) XRPD pattern of samples from co-precipitation series with HS- and I-, showing the formation of a solid solution between HS-AFm (xI = 0) and monoiodide (xI = 1.0)
after an equilibration time of 90 days. K: katoite, P: portlandite. (b) Evolution of the interlayer distance d as a function of the monoiodide mole fraction xI for the same
samples. For the sample with xI = 0.04, the d-values of the two observed peaks were plotted: the first maxima, corresponding to a shifted zero offset as a result of e.g.
inhomogeneous packing of the sample is shown in white; the second maxima, considered as the real d-value, is shown in black. The insert visualizes the substitution of HS- (in
yellow) by I- (in red) in the interlayer of the HS-AFm phase, giving rise to the observed peak shift. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Rietveld refinement results for the (I,HS)-AFm co-precipitation series. CaF2 was added (10 wt%) as an internal standard to some of the samples. Standard deviations (3r values
from Rietveld treatments) are indicated in parentheses.

xI = 0.04 xI = 0.24 xI = 0.46 xI = 0.59 xI = 0.69 xI = 0.80

Katoite (wt%) 4.8 (2.1) 13.7 (1.2) 10.0 (1.5) 2.6 (0.9) 15.0 (1.8) 9.4 (1.2)
Portlandite (wt%) 3.5 (1.2) 6.3 (0.6) 6.9 (0.9) 1.7 (0.6) 7.0 (0.9) –
CaF2 (wt%) – – – 11.0 (0.9) – 10.4 (0.9)
AFm (wt%) 91.8 (7.2) 80.0 (4.8) 83.1 (5.4) 84.7 (4.5) 78.0 (6.0) 80.2 (3.6)
a (Å) 5.7580 (18) 5.7465 (15) 5.7622 (15) 5.7571 (12) 5.7618 (15) 5.7604 (12)
c (Å) 24.599 (9) 24.786 (6) 25.295 (6) 25.633 (3) 25.940 (6) 25.979 (3)
Occ (I) 4.2 (6) 24.0 (6) 46.2 (6) 58.8 (6) 69.0 (6) 79.8 (6)
Occ (HS) 95.8 (-) 76.0 (-) 53.8 (-) 41.2 (6) 31.0 (-) 20.2 (-)
Occ (H2Oint) 2.1 (-) 12.0 (-) 23.1 (-) 29.4 (3) 34.5 (-) 39.9 (-)
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homogeneous packing of the sample powder) and the Rietveld
refinement of the sample was performed under the consideration
of a single AFm phase using an average from the peak doublings.
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The experimental data of the (I,HS)-AFm co-precipitation series
(Table S3) could be modelled with a regular solid solution model
with end member definition based on the Vanselow convention
[28] and an interaction parameter a0 = -0.2 (Table S4).
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3.3. Iodine sorption onto AFm phases

The sorption of I- on monosulfate, hemicarbonate and HS-AFm
was investigated in a series of batch sorption experiments with
starting iodide concentrations ([Itot]) between 10-6 M and 0.1 M
at pH � 13. The results showed that I- sorbs significantly on all
three AFm phases (Fig. 4, Table S5). A stronger sorption was
observed for HS-AFm with a mean calculated Rd value of
105 ± 21 l/kg, followed by hemicarbonate with a mean Rd of
48 ± 10 l/kg. Monosulfate showed the lowest affinity for I- with a
Rd of 27 ± 5 l/kg (Fig. 4a). The Rd obtained for monosulfate corre-
sponds very well with the value of 26 ± 3 l/kg reported by Aimoz
et al. [13]. The experimental sorption isotherms for all three AFm
phases (Fig. 5) show a linear trend, thus indicating only one type
of sorption sites. The decrease of the Rd values at very high I- con-
centrations ([I]tot: �0.03 – 0.1 M) suggests the saturation of the
sorption site. No batch sorption experiments with monocarbonate
were performed in this study since preliminary kinetic experi-
ments showed no detectable I- uptake by monocarbonate after
an equilibration time of 90 days, confirming the observations of
Aimoz et al. [14].

For the monosulfate samples, additional ICP-OES and IC liquid
phase analyses were performed in order to determine sulfate
(and iodide) concentrations in solution prior and after I- addition
(Fig. 4b). The measured concentration of dissolved sulfate in the
AFm suspension prior to the addition of I- was 0.255 mmol/l. With
the addition of I-, the sulfate concentration in solution increased
continuously in a positive correlation with the I- loading (up to
0.797 mmol/l at the maximum I- loading of [I]tot = 100 mmol/l).
This observation indicates that I- is incorporated into the monosul-
fate interlayer via an anion exchange, resulting in the release of
SO4

2- in solution and the formation of a solid solution. The experi-
mental results are in good agreement with the study of Aimoz
et al. [13], where both, sorption and co-precipitation experiments,
showed the formation of a continuous solid solution between
monoiodide and monosulfate.
3.3.1. Iodine sorption modelling
I- sorption via an anion exchange in the interlayer can be

assumed for all three AFm phases, monosulfate, hemicarbonate
and HS-AFm, based on the similar shape of the sorption isotherms
without any discontinuities (Fig. 5) and information from co-
precipitation series. Co-precipitation series with hemicarbonate
[21] and monosulfate [13] had shown that both AFm form contin-
Fig. 4. (a) Calculated Rd values for the sorption of I- on hemicarbonate, monosulfate and H
iodide concentration in solution from the I sorption experiment on monosulfate.
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uous solid solutions with monoiodide. A solid solution formation
was also observed for I- on HS-AFm (Fig. 3).

The Rd values obtained from the sorption experiments were
well reproduced assuming (sub-)regular solid solution models
with end member definition (Table S4) based on the Vanselow con-
vention [28]. The resultant interaction parameters were a0 = -1.2
for monoiodide-hemicarbonate [21] and a0 = -0.2 for
monoiodide-HS-AFm. For the latter sorption model, the simultane-
ous precipitation of katoite and portlandite was allowed to match
the XRPD results from the co-precipitation series. In the case of
monoiodide-monosulfate, a regular solid solution model with a
single interaction parameter a0 = -0.5 is sufficient to describe the
observed I- sorption on monosulfate. However, in order to match
both, the experimental co-precipitation data and the sub-regular
solid solution model reported by Aimoz et al. [13], a model with
two interaction parameters, a0 = -1.8 and a1 = -1.4, performed bet-
ter (Fig. 5c, d; co-precipitation data shown in Figure S2). This sub-
regular model provides a good fit of both sets of experimental data
and interaction parameters equivalent to the Margules interaction
parameter (Text S2) reported by Aimoz et al. [13]. Applying the
developed solid solution model (with the use of the same end
member solubility products and interaction parameters) to differ-
ent types of experimental data – co-precipitation data and sorption
data, allows the validation of the model.

The good agreement between the continuous trend observed in
the experimental sorption values and that predicted by the solid
solution models indicates that anion exchange dominates the I-

uptake and that all interlayer ion exchange sites are available for
anion uptake in HS-AFm, hemicarbonate and monosulfate.

3.3.2. Role of AFm phases in the I- uptake in hydrated Portland cement
(PC)

The uptake of I- by hydrated Portland cement (PC) can be mod-
elled with the help of the thermodynamic modelling program
GEMS (Fig. 6). In a hydrated carbonate poor (<2 wt% CaCO3) Port-
land cement, the main cement phases that form at a water-to-
cement ratio (w/c) of 0.5 are C-S-H, ettringite, portlandite, iron
hydroxide and hydrotalcite [34,39]. The addition of various
amounts of I (10-9 – 0.1 M) leads to the formation of a
monoiodide-hemicarbonate solid solution phase, an (I,Hc)-AFm,
in which up to 94 % of the I present is sorbed. If the formation of
the (I,Hc)-AFm would be neglected (excluded from the model), ini-
tially only hemicarbonate precipitates and all the added I remains
in solution until at high I concentrations a monoiodide-
monosulfate solid solution phase, (I,Ms)-AFm, would form, result-
S-AFm for a S/L ratio of 0.005 kg/l and pH � 13. (b)Measured sulfate, hydroxide and



Fig. 5. Experimental and modelled I- sorption isotherms on hemicarbonate (a), HS-AFm (b) and monosulfate (c) after an equilibration time of 7 days. The maximum amount
of anion exchange sites of the different AFm phases are indicated by a line in (a), (b) and (c). (d) shows the measured sulfate and iodide concentration in solution from the I
sorption experiment on monosulfate.
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ing in strong I binding at I concentrations between 0.001 and
1 mM.

In the presence of more carbonate in the PC (>2 wt% CaCO3) the
stabilization of monocarbonate is observed, which precipitates
together with smaller amounts of (I,Hc)-AFm compared to the
AFm phases observed in the carbonate poor case. As a result, the
amount of dissolved I- remaining in solution increases.

Note however, that the I- uptake modelled for PC described
above, only includes uptake into the interlayers of the AFm frac-
tion. Several research groups [40,41] report that I- also sorbs
strongly on the C-S-H phases with high Ca:Si ratios. Such processes
could at least partially compensate for the negative effects of high
carbonate concentrations on the I- sorption in PC.
4. Discussion

AFm phases exhibit a strong affinity for I- over a wide range of
iodide concentrations and can act as a strong sink for its radioiso-
topes in the cementitious near-field of a L/ILW repository. The
developed thermodynamic solid solution models allow I- uptake
to be estimated in the cases where interlayer anion exchange is
the predominant sorption mechanism. This retention mechanism
is active over a broad concentration range - from the environmen-
tally relevant trace levels up to loadings high enough for the pre-
cipitation of a pure I-AFm end member.
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I- sorption on the external surfaces of AFm phases appears to be
negligible. With regard to surface sorption sites, a distinction can
be made between planar sorption sites and sorption sites on the
edges of AFm particles. The former have a permanent positive
charge as a result of substitution of Ca2+ ions by Al3+ ions on the
AFm cleavage surfaces, while the latter consist of amphoteric
hydroxyl surface functional groups (�Al-OH or �Ca-OH). I- can
only sorb on the planar sites through electrostatic attraction in
competition with other anions. However, the strong competition
due to the high concentrations of other anions in the system such
as OH– (pH =�13.0), CO3

2– or SO4
2-, prevents significant sorption of I-

on these sorption sites. This sorption behaviour of I- contrasts with
the MoO4

2- and the SeO3
2- sorption behaviour observed by Ma et al.

[17,42]. The latter oxyanions also cannot sorb on the planar sites
due to strong competition of other anions, but, in contrast to sim-
ple anions like I-, they can sorb on edge sites through the formation
of strong inner-sphere complexes by ligand exchange with OH–

(e.g. �Al-OH + SeO3
2-, �Al-SeO3

- + OH–). Oxyanions like MoO4
2-

and SeO3
2- thus sorb onto AFm phases by two sorption mecha-

nisms: anion exchange in the AFm interlayer and surface sorption
onto edge sorption sites whereas simple anions like I- and Cl- only
sorb by anion exchange in the AFm interlayer.

An important factor controlling the uptake behaviour of AFm
phases is the cement composition. As most modern cements con-
tain limestone, carbonate will be available in sufficient amounts
in the cementitious matrix. In the presence of carbonate, the pre-



Fig. 6. Model of I- uptake by PC in the presence of < 2 wt% CaCO3 (grey line)
and > 2 wt% CaCO3 (blue line and circles) in the system at a w/c of 0.5. The I
concentration was varied between 10-9 and 0.1 M. The I uptake was also modelled
for the case where the formation of a solid solution between monoiodide and
hemicarbonate, (I,Hc)-AFm, was neglected (red line and triangles), in which case a
solid solution between monoiodide and monosulfate, (I,Ms)-AFm, forms at high I
concentrations. (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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cipitation of monocarbonate is favoured, whereas other AFm
phases are destabilized. This would lead to a less strong sorption
compared to cements with no carbonate as well as to a reduced
sorption capacity of the cementitious matrix. Nevertheless, in the
absence of carbonate, strongly reducing conditions resulting in
the reduction of sulfur to HS- could lead to the stabilization of
the HS-AFm phase, which shows a much stronger tendency for
the uptake of I- than monocarbonate.
5. Conclusions

The sorption behaviour of iodide (I-) on different AFm phases,
which are expected to be present in the cementitious near-field
of a L/ILW repository, i.e. monosulfate (SO4-AFm), sulfide-AFm
(HS-AFm), hemicarbonate ((OH/CO3)-AFm) and monocarbonate
(CO3-AFm) was investigated by batch sorption experiments with
125I radiotracer. In addition, the sulfide-AFm as well as co-
precipitation series between HS-AFm and monoiodide were syn-
thesized and characterized.

The HS-AFm phase has the composition [Ca2Al(OH)6][HS,2H2O]

and crystallizes in the rhombohedral R3
�
space group. The inter-

layer distance is 8.06 Å. The determined solubility of �28 ± 1.9 is
comparable to other AFm phases with singly charged anion in
the interlayer, such as Friedel’s salt and monoiodide. In the co-
precipitation series, the formation of a solid solution between the
two end members (HS-AFm and monoiodide) was experimentally
observed.

I- sorption on AFm phases was found to depend on the type of
the interlayer anion. Sorption Rd values are similar on monosulfate,
sulfide-AFm and hemicarbonate: a slightly higher uptake occurs on
AFm phases with a singly charged anion in the interlayer (HS-AFm)
as compared to AFm with divalent ions (monosulfate), whereas
uptake on hemicarbonate is intermediate. No significant sorption
occurs onto monocarbonate.

The experimental sorption isotherms for monosulfate, hemicar-
bonate and HS-AFm showed similar shape without any discontinu-
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ities over the broad concentration range studied (10-6 M to 0.1 M),
thus indicating that I- sorption via an anion exchange in the inter-
layer is the main sorption mechanism in all three AFm phases. The
continuous trend observed in the experimental sorption data could
be described successfully with the use of (I-,OH/CO3)-AFm, (I-,
SO4

2-)-AFm and (I-,HS-)-AFm thermodynamic solid solution models,
providing also a modelling evidence that anion exchange domi-
nates the I- uptake, while the possible uptake on surface sites can
be considered negligible.
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