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e on the chemical alteration of calcium silicate hydrate (C–S–H) was measured
and discussed. The release of calcium from C–S–H was increased as the concentration of sodium chloride in
the solution increased. It was observed that sodium sorbed onto the C–S–H phases and some sodium
replaced calcium in C–S–H so that the release of calcium was enhanced. An integrated modelling approach
employing an ion-exchange model and an incongruent dissolution model of C–S–H is developed. It
reasonably and accurately predicted the release of calcium from C–S–H in sodium chloride solution by
considering cation exchange and the effect of the ionic strength on the solubility of C–S–H.

© 2008 Elsevier Ltd. All rights reserved.
1. Introduction

For radioactive waste disposal in Japan, cement is a potential waste
packaging and backfilling material and is expected to provide effective
chemical containment [1]. In particular, the ability to provide high-
pH condition is a very important factor when considering the release
of radionuclides from radioactive waste, since the solubility is low
and the sorption distribution ratio is high for many radioactive species
at high pHs. High pH condition depends on the solubility of con-
stituent hydrated minerals in cement matrices. For the long-term
safety assessment of radioactive waste disposal, it is necessary to
develop a series of predictive calculation models for the behaviour
of the repository system. Several models have been proposed for
the incongruent dissolution of calcium silicate hydrate (C–S–H) gel,
which is the principal product of hydrated cement phases and mainly
determines the pH condition in the near field [2–6]. All these models
reproduce the available solubility data for C–S–H gel in water [7–10]
reasonably well.

In the presence of some reactive ions in groundwater, the chemical
alteration of cement materials is affected. Duerden et al. [11] mea-
sured the dissolution of C–S–H and Ca(OH)2 in sodium chloride
solution (NaCl≤1.5 mol dm−3) and observed that calcium solubility
increases in this solution compared with that in distilled water. How-
ever, the mechanism of the effect of NaCl on the dissolution of C–S–H
is not yet fully understood.

In this study, the dissolution of C–S–H (with Ca/Si=0.65 0.83, 0.9,
1.1 and 1.2) in sodium chloride solution is measured, in which the
sorption of sodium onto C–S–H is observed. To discuss the mechanism
ll rights reserved.
of the release of calcium from C–S–H, experiments on the sorption of
caesium and strontium onto C–S–H in sodium chloride solution are
also carried out. On the basis of the experimental results, a modelling
approach employing the ion-exchange model and the incongruent
dissolution model of C–S–H is developed.

2. Experimental

C–S–H samples with Ca/Si ratios of 0.65, 0.83, 0.9, 1.1 and 1.2 were
prepared by mixing appropriate amounts of CaO with amorphous
silica in distilled water and aging the mixture for at least 7 days. This
synthesis procedure is similar to that employed by Atkins et al. [12].
The hydrated samples were dried at room temperature in a vacuum
desiccator above silica gel, then powdered and passed through a
250 µm sieve. The prepared solids were each determined as single-
phase solid C–S–H by X-ray diffraction analysis since no phases other
than C–S–H were identified, as shown in Fig. 1. The concentrations of
calcium and silica in each supernate were measured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES), and the
chemical composition of the prepared C–S–H solid was determined by
considering the material balance. C–S–H samples with Ca/Si ratios of
0.65, 0.83, 0.90, 1.1 and 1.2 were obtained.

C–S–H dissolution experiments in sodium chloride solution were
carried out at a liquid:solid ratio of 100:1 [cm3 g−1] using a method
similar to thebatchsorption technique.All experimentswere carriedout
in duplicate at room temperature in an Ar-filled (O2b2 ppm) glovebox.

Powdered C–S–H gel samples (Ca/Si=0.65, 0.83, 0.9, 1.1 and 1.2)
were equilibrated with distilled water for at least 30 days at the same
liquid:solid ratio as that used in the sorption experiments (100:1) in
50 cm3 polypropylene centrifuge tubes. After the preequilibration, the
tubes were centrifuged and the supernates were removed. The pHs of
the preequilibrated solutions measured using a glass electrode were
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Fig. 1. X-ray diffraction patterns of prepared C–S–H solids.
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10.2, 11.0, 11.3, 11.8 and 11.9 for C–S–H with initial Ca/Si ratios of 0.65,
0.83, 0.90, 1.1 and 1.2, respectively. Each solution was filtered through
a 30,000 MWCO filter and analysed for calcium and silica by ICP-AES,
so that the Ca/Si ratios of the preequilibrated C–S–H samples could be
calculated. The Ca/Si ratios of the preequilibrated solids were 0.66,
0.83, 0.88,1.03 and 1.08 for initial Ca/Si ratios of 0.65, 0.83, 0.90,1.1 and
1.2, respectively. Each centrifuge tube containing C–S–H was weighed
to determine the volume of equilibrated solution removed. Sodium
chloride was added to each 30,000-MWCO-filtered preequilibrated
solution to give initial concentrations of 1.0×10−4, 1.0×10−3, 3.6×10−3,
1.0×10−2, 1.0×10−1 and 6.2×10−1 mol dm−3; as extra precaution,
the solutions were passed through a 0.45 µm membrane filter after
the addition of sodium chloride. The initial sodium concentration was
measured by atomic absorption spectrometry. The required volume
of solution (equal to the volume of equilibrated solution removed
determined above) was returned to the appropriate centrifuge tube
containing C–S–H, and sorption was started at this point. Contact
between sodium chloride solution and C–S–H was maintained for at
least 45 days. After equilibration, pH was measured and no significant
change (N0.2) was observed.

Experiments on the sorption of caesium and strontium onto C–S–H
with Ca/Si=0.9 were carried out at a liquid:solid ratio of 100:1 [cm3 g−1]
using the batch sorption technique, which was similar to that used in
the sodium experiment. The initial concentrations of caesium chloride
and strontium chloride were 5.0×10−5, 5.0×10−4, 1.0×10−3, 5.0×10−3

and 2.0×10−2 mol dm−3. The caesium and strontium chloride solu-
tions were prepared by equilibrating 1×10−4 mol dm−3 sodium chlo-
ride solution with C–S–H (Ca/Si=0.9).

The chemical composition of each equilibrated solution was ana-
lysed after passing the sorption through a 0.45 µm membrane filter.
The equilibrated concentrations of sodium and caesium were mea-
sured by atomic absorption spectrometry. The equilibrated concen-
trations of calcium, silica and strontium were measured by ICP-AES.
Each filtered solution was acidified and diluted with known volumes
of 1 mol dm−3 HNO3 solution and distilled water before analysis to
make the concentrations of the target and matrix elements appro-
priate for the analysis.

3. Results

The agreement between the duplicate results was within or close
to the uncertainty of the analysis (5%) for all cases. In the experiments
on C–S–H dissolution in sodium chloride solution, the measured
calcium concentration increased as sodium chloride concentration
increased, as shown in Fig. 2. (Note that the Ca/Si ratios shown in
Figs. 2–8 are the initial values before the preequilibration.) The effect



Fig. 2. Measured calcium and silica concentrations for various sodium chloride
concentrations.

1272 D. Sugiyama / Cement and Concrete Research 38 (2008) 1270–1275
of sodium chloride concentration on the enhancement of calcium
release from C–S–H was stronger at lower Ca/Si ratios.

In the caesium and strontium sorption experiments on C–S–H in
sodium chloride solution, the measured calcium concentration
increased as caesium or strontium concentration increased. The
material balance calculated using the initial and equilibrated con-
centrations of calcium, caesium and strontium is shown in Fig. 3.
A linear relationship between the amount of calcium leached from
C–S–H gel (Ca/Si=0.9) and the amount of sorbed caesium or strontium
was observed. The slopes for sorption were 0.5 for caesium and 1.0
for strontium, which suggest that 2 mol of caesium and 1 mol of
strontium sorb onto C–S–H gel by replacing 1 mol of calcium in C–S–H
gel.
Fig. 3. Dependence of amount of calcium leached from C–S–H gel on sorbed caesium
and strontium concentrations.
The material balance was calculated using the initial and equili-
brated calcium and sodium concentrations and is shown in Fig. 4. For
sodium, no clear relationship of the exchange of sodium and calcium
was observed compared with the cases of caesium and strontium.
However, it appeared that there is a linear relationship between the
amount of calcium released from C–S–H and the amount of sorbed
sodium on C–S–H at sorbed sodium concentrationsb5×10−4 mol g−1,
although a certain amount of scatter of the data points was observed.
The slope for the sorption was approximately 0.5, which suggested
that 2 mol of sodium sorbed onto C–S–H by replacing 1mol of calcium
in C–S–H. At sorbed sodium concentrationsN5×10−4 mol g−1, the data
departed from the linear trend, but the result still suggests that some
sodium replaced calcium in C–S–H.

One possible interpretation of the difference between the results
for caesium and sodium is that the Stokes radius of caesium is smaller
than that of sodium so that caesium could bemore easily incorporated
into the C–S–H structure by substitution than sodium. If this were the
case, sodium would have been sorbed onto C–S–H by other mecha-
nisms, e.g., surface complexation, at higher sodium concentrations.
More experimental data are needed to discuss the mechanism of
sodium sorption onto C–S–H in more detail.

4. Discussion

4.1. Model development

Based on the experimental data, an approach in which the ion-
exchange mechanism is assumed to predominate the sorption of
caesium, strontium and sodium onto C–S–H gel can be employed.
Also, the aqueous calcium concentration should be influenced not
only by cation exchange reactions but also by the incongruent dis-
solution of C–S–H. In this study, therefore, an integrated approach that
uses the cation-exchange model to describe the sorption of sodium
onto C–S–H and the incongruent dissolution model of C–S–H is
developed and discussed to interpret the experimental data.

It is important to predict the likely speciation of each element
under experimental conditions since the speciation is a determining
factor that must be considered when interpreting exchange reactions.
Therefore, speciation calculation was carried out using the geochem-
ical code PHREEQC [13] and the thermodynamic database HATCHES
[14] version NEA15. The predominant species of sodium, caesium,
strontium and calcium at 10bpHb12 were predicted to be Na+(100%),
Cs+(100%) , Sr2+(N95%) and Ca2+(N84%), respectively.
Fig. 4. Dependence of amount of calcium leached from C–S–H gel on sorbed sodium
concentration.



Fig. 5. Estimated log K values for cation exchange reactions of sodium, caesium and
strontium with calcium in C–S–H. (a) sodium. (b) caesium and strontium (onto C–S–H
with Ca/Si=0.9).
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On the basis of the above discussion, the cation exchanges of
sodium, caesium and strontium with calcium in C–S–H can be re-
presented as the reversible reactions

C̄aþ 2Naþ ¼ 2N̄aþ Ca2þ; ð1Þ

C̄aþ 2Csþ ¼ 2C̄sþ Ca2þ; ð2Þ

C̄aþ Sr2þ ¼ S̄rþ Ca2þ; ð3Þ

where C̄a, N̄a, C̄s and S̄r are the exchanging ions in the C–S–H solid.
The thermodynamic equilibrium constant (K) for the reaction can

be defined by

KNa ¼
X̄Na

2
d γCa2þ d Ca2þ

h i� �
X̄Ca d γNaþ d Naþ

� �� �2 ; ð4Þ

KCs ¼
X̄Cs

2
d γCa2þ d Ca2þ

h i� �
X̄Ca d γCsþ d Csþ

� �� �2 ; ð5Þ

KSr ¼
X̄Srd γCa2þ d Ca2þ

h i� �
X̄Ca d γSr2þ d Sr2þ

h i� � ; ð6Þ

where X̄Ca, X̄Na , X̄Cs and X̄Sr are the equivalent fractions of exchanging
ions in the C–S–H solid, γi are the activity coefficients of exchanging
ions in the solution, and the brackets denote the concentrations of
exchanging ions in mol dm−3. The initial amount of total exchange-
able calcium is assumed to be the total concentration of calcium in the
C–S–H at the start of sorption, in mol dm−3. The concentration of each
exchange species is calculated using aqueous concentration data by
considering the material balance. The Davies equation was used for
ionic strength correction to calculate the activity coefficients.

The calculated log K values for the cation exchange reactions for Eqs.
(1)–(3) are shown in Fig. 5 (a) and (b). Although there is a spread of the
data points shown in Fig. 5 (a) and (b), the log K values are estimated as
follows: log KNa=−2.9 (±0.5) for sodium, log KCs=−3.2 (±0.4) for
caesium, and log KSr=−1.5 (±0.3) for strontium. One reason for the
scatter of the data points may be the uncertainty in the solubility of
amorphous C–S–H [2,6] and in the solubility of Na-, Cs- or Sr-substituted
C–S–H. For strontium sorption, there might have been a saturation of
exchanging sites with strontium at higher strontium concentrations.

The thermodynamic incongruent dissolution model of C–S–H
proposed by Sugiyama and Fujita [6] is employed in the modelling
approach. In the incongruent C–S–H dissolutionmodel, inwhich C–S–H
is assumed to be a binary non-ideal solid solution of Ca(OH)2 and SiO2,
the log K values of the model end members of the solid solution are
given as functions of the Ca/Si ratio of C–S–H [6]:

logKs ¼ 1
1þ y

d logKs0−
1

1þ y
: log

1
1þ y

þ y

1þ yð Þ2
: A

0
s0 þ A

0
s1

1−y
1þ y

� 	
þ A

0
s2

1−y
1þ y

� 	2
" #

; ð7Þ
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0
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y=Ca/Si of C–S–H, logKs0=−2.710, logKc0=22.81 [14].
At Ca/Si≤0.461, logKs= logKs0− log(1+y).
At 1.755≤Ca/Si, logKs=−7.853, logKc=22.81.
The fitted empirical parameters (Aij) are shown in Table 1. This
model was adopted in the study because the simplicity of its nu-
merical description allows its inclusion in the chemical equilibrium
calculations with the common approach of using the law of mass
action (log K) in PHREEQC.

4.2. Modelling results

All modelling calculations were carried out using PHREEQC [13],
which has the capability of calculating ion-exchange equilibria, and
the thermodynamic database HATCHES [14] version NEA15.

The results obtained using the integrated model for the depen-
dence of the release of the calcium from C–S–H on sodium chloride
concentration are shown in Fig. 6, along with the sodium sorption
experimental results for comparison. The measured concentrations of
calciumand silicawere reasonably accurately predicted by considering
the cation-exchange reaction together with the incongruent dissolu-
tion of C–S–H, as shown in Fig. 6. In Fig. 7, the results obtained using
developed approach are compared with the results obtained using
only the incongruent C–S–H dissolution model. At elevated sodium
chloride concentrations, the solubility of C–S–H is predicted to



Fig. 7. Comparison of the developed model with the simple C–S–H dissolution
calculation (calcium solubility).

Table 1
Fitted values of empirical parameters at 25 °C [6]

End member SiO2 Ca(OH)2

Aij A′s0 A′s1 A′s2 A′c0 A′c1 A′c2

Ca/Si≤0.833 −18.623 57.754 −58.241 37.019 −36.724 164.17
Ca/SiN0.833 −18.656 49.712 25.033 36.937 −7.8302 −50.792
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increase due to the decrease in the activity coefficients at higher ionic
strengths. The sole use of the incongruent C–S–H dissolution model
predicted the tendency of the increase in the solubility of calcium
qualitatively, but there was still a substantial difference between the
experimental and modelling data. As shown in Fig. 7, it is clearly
demonstrated that the agreement between the experimental and
modelling data could have been improved by integrating the cation-
exchange model with the incongruent C–S–H dissolution model. The
effect of sodium replacing the calcium of C–S–H upon the release of
calcium is more noticeable at lower Ca/Si ratios of C–S–H; this was
modelled reasonably and accurately using the integrated model.
However, there is still a disagreement between the measured and
calculated values. The reason for the difference is still unclear, but some
possibilities can be suggested. Firstly, the effect of ionic strength on the
solubility of C–S–H may not yet be fully understood, particularly at
high sodium chloride concentrations. Secondly, the solubility of C–S–H
maybe affectedwhen sodium replaces calcium in C–S–H. Although the
structure of C–S–H gel is not yet fully understood, it has been shown
that it has a nanostructure and is structurally similar to tobermorite
[15]. Faucon et al. [16] defined two types of calcium in C–S–H: Ca in the
octahedral layer and Ca in the interlayer of C–S–H sheets. Once some
calcium in C–S–H has been replaced by sodium, the layer structure of
C–S–H should be affected or disordered. Thus, the solubility of calcium
from C–S–H will change. Thirdly, the results suggest that mechanisms
(e.g., surface complexation) other than cation exchange should be
considered to discuss the sorption of sodium onto C–S–H and the
release of calcium from C–S–H.

Hong and Glasser [17] measured the sorption distribution ratio of
sodium onto C–S–H (Ca/Si=0.85, 1.2, 1.5 and 1.8) in NaOH solution. In
Fig. 6. Dependences of calcium and silica concentrations on sodium chloride
concentration in sodium sorption experiment (experimental and modelling data).
their experiment, the calcium concentration in solution decreased as
the sodium concentration increased over a range of 1–300 mmol dm−3,
as shown in Fig. 8. Modelling calculations were performed using the
present (integrated) model and the results are shown in Fig. 8. The
experimental data [17] have been reasonably well predicted using the
present model. Note that Hong and Glasser used NaOH solution in
their experiments [17], while we used NaCl solution in the present
study. Consequently, the dissolution of calcium (Ca(OH)2+2H+=Ca2++
2H2O) in NaOH solution is restricted at higher OH− concentrations
given by the NaOH concentration. The incongruent dissolution model
employed in the present integrated model can take into account the
restriction of calcium solubility in NaOH solution [6] so that the
present model can successfully predict the data obtained by Hong and
Glasser [17].
Fig. 8. Steady-state calcium concentration in solution as function of initial NaOH
concentration (experimental data [17] and data calculated using the present model).
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5. Conclusions

It was observed that sodium sorbed onto C–S–H and some sodium
replaced calcium in C–S–H. The equilibrium constant for the exchange
reaction of sodium with calcium in C–S–H was estimated, and an
integrated modelling approach employing a cation-exchange model
and an incongruent C–S–H dissolution model was developed. The
developed model predicted the release of calcium from C–S–H in
sodium chloride solution reasonably and accurately. Further studies
are still needed to determine the effect of cation substitution in solid
C–S–H on the incongruent dissolution behaviour of C–S–H phases, and
to identify mechanisms (e.g., surface complexation) other than cation
exchange for the sorption of sodium onto C–S–H and the release of
calcium from C–S–H.
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