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Abstract
The sorption behavior of Cs to Mg-containing calcium silicate hydrate (C–S–H) was examined to consider C–S–H formation 
under the water-saturated conditions around a radioactive waste repository. The amount of Cs sorption was slightly lower for 
Mg-containing C–S–H than for C–S–H, because Mg leads to a decrease in sorption sites by facilitating the polymerization 
of silicate chains. However, the apparent sorption distribution coefficient Kd of Cs on C–S–H with a Ca/Si molar ratio of 0.8 
and Mg contents up to 20% was estimated to be 3.4–6.1 mL/g. Furthermore, the amount of Cs sorption was not decreased by 
the presence of Ba. The apparent Kd obtained in this study was about 10 times higher than that conventionally estimated for 
host rocks in the plutonic repository, indicating that C–S–H retains the effect of Cs immobilization even when it contains Mg.

Introduction

The construction of a radioactive waste repository requires 
a large amount of cementitious materials. Such cementitious 
materials contain several alkaline species, such as Ca, Na, 
and K ions; therefore, the pH of the groundwater around 
the repository rises to approximately pH 11–13 over a long 
period of time [1, 2]. Under these highly alkaline condi-
tions, silicate minerals in the host rock dissolve and react 
with silicate ions and Ca ions leached from the cement and 
form calcium silicate hydrate (C–S–H), a main component 
of cementitious materials, as a secondary mineral under the 
water-saturated conditions in flow paths [3–6].

C–S–H consists of a Ca–O central layer flanked by sili-
cate chains of silica tetrahedra, similar in structure to tober-
morite and jennite [7, 8]. The structure and characteristics 
of C–S–H are strongly dependent on the Ca/Si molar ratio. 
C–S–H in cement is generally stable at a Ca/Si molar ratio 
of 1.6, whereas C–S–H formed under water-saturated con-
ditions around a repository is stable at a Ca/Si molar ratio 
of 0.8 [9].

Some research groups have reported that such C–S–H 
can sorb significant amounts of radionuclides. Ochs et al. 

reported that a decrease in pH coincides with a decrease in 
the Ca/Si ratio of C–S–H, which results in a corresponding 
increase in surface sites with strong affinity for Cs and, thus 
an increase in the distribution coefficient, Kd [10]. Missana 
et al. examined the retention behavior of Cs, Ba, and Ni in 
C–S–H phases. They showed that the apparent Kd increases 
with a lower Ca/Si ratio in C–S–H because the surface 
charge of C–S–H at lower Ca/Si ratios (0.8 and 1.0) is nega-
tive, based on ζ-potential measurements [11–13]. Seki et al. 
also reported that C–S–H effectively retards the migration of 
Cs and Sr from the early stages (day 1) of its formation [14].

However, the incorporation of other ions, such as ele-
ments in groundwater or host rock, will change the struc-
ture of C–S–H and may also affect the sorption properties. 
Minato et al. studied the effect of Al incorporation into 
C–S–H on its structure and the sorption behavior of radio-
nuclides [15]. They reported that the amount of Cs sorption 
to calcium aluminosilicate hydrate (C–A–S–H) was signifi-
cantly larger than that to C–S–H due to a similar mecha-
nism as that reported by Richardson [7], i.e., the isomor-
phic substitution of Al(III) at the Si(IV) position results in a 
charge deficiency and cations  (Na+ and  K+) are introduced 
to compensate for the negative charge. Following such stud-
ies, this study has focused on the sorption behavior of Cs 
to Mg-containing C–S–H, considering that Mg is abundant 
in groundwater and silicate minerals of the host rock. The 
influence of Ba, which is generated by the decay of Cs-134 
and Cs-137, on the sorption of Cs to Mg-containing C–S–H 
was also examined. In this study, C–S–H is simulated as a 
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secondary mineral under the water-saturated conditions in 
flow paths; therefore, the preparation process of C–S–H does 
not include any drying process.

Materials and methods

C–S–H phases were synthesized at Ca/Si molar ratios 
(C/S) of 0.4, 0.8, 1.2, and 1.6. To synthesize the C–S–H 
phases, specified amounts of CaO (99.9%, Fujifilm Wako 
Pure Chemical), fumed silica (AEROSIL 300, specific 
surface area of 300  m2/g, Nippon Aerosil), and ultrapure 
water were mixed in a Nalgene centrifuge tube (polypro-
pylene copolymer) inside a nitrogen-filled glove box. The 
total weight of the solid phase was 1.5 g, and the total 
volume of the liquid phase was 30 mL (20 g/L). For the 
Mg-containing C–S–H samples, 10 or 20% of CaO was 
replaced with Mg(NO3)2·6H2O (Guaranteed Reagent, Fuji-
film Wako Pure Chemical) at (Ca + Mg)/Si molar ratios of 
0.4, 0.8, 1.2, and 1.6. In this case, the pH of the samples was 
adjusted with NaOH (Wako 1st Grade, Fujifilm Wako Pure 
Chemical) because the pH was decreased by the addition of 
Mg(NO3)2·6H2O.

The sorption experiment was conducted under the co-
precipitation conditions referred to by Seki et al. [14], 
i.e., nuclides were simultaneously added to the C–S–H 
samples during synthesis. CsCl (Wako Special Grade, 
Fujifilm Wako Pure Chemical) was added as the nuclide 
to the C–S–H and Mg-containing C–S–H samples during 
the synthesis to produce a Cs concentration of 1.0 mM. 
For the case of Ba presence, both CsCl and  BaCl2·2H2O 
(Guaranteed Reagent, Fujifilm Wako Pure Chemical) were 
each added at a concentration of 0.5 mM to the C–S–H and 

Mg-containing C–S–H samples with C/S 0.8. The detailed 
preparation conditions are listed in Table 1.

These samples were shaken on a shaker set to 120 
strokes/min at 25 °C, and the curing (sorption) periods 
were 7 or 42 days. After the given curing times, the slur-
ries were separated into solid and liquid phases by cen-
trifugation at 7500 rpm (6360 G) for 10 min and filtration 
through a 0.20 µm membrane filter. The solid phase was 
weighed to determine the water content of each sample. 
Raman spectra were obtained immediately after separa-
tion using a Raman spectrometer (NRS-3300, JASCO). 
Identification of the Raman spectra peaks was conducted 
with reference to the peak assignments reported by Garbev 
et al. [16] and Ortaboy et al. [17]. The pH and concentra-
tions of Ca, Si, Mg, Cs, and Ba in the liquid phase were 
also measured. The concentrations of Ca, Si, Mg, and Ba 
were analyzed using inductively coupled plasma atomic 
emission spectroscopy (SPS7800, SII Nano Technology), 
and that of Cs was measured using atomic absorption spec-
troscopy (iCE 3300, Thermo Fisher Scientific).

The sorption ratio and the apparent sorption distribu-
tion coefficient (apparent Kd) of Cs to C–S–H and Mg-
containing C–S–H after 7 and 42 days are estimated. The 
sorption ratio is obtained using Eq. 1:

where C0 is the initial amount of the substance (mmol) 
and C1 is the amount of the substance in the liquid phase 
at a given time (mmol). In addition, the apparent sorption 
distribution coefficient is referred to in this study, i.e., the 
distribution ratio, considering the possibility that Cs has 

(1)Sorptions ratio (%) =
C0 − C1

C0

× 100

Table 1  Preparation conditions for the synthesis of C–S–H and Mg-containing C–S–H

(Ca + Mg)/Si Mg (%) CaO (g) Mg(NO3)2·6H2O 
(g)

SiO2 (g) Total solid (g) 1.0 M 
NaOH 
(mL)

Solution (mL) Total liquid (mL)

0.4 0 0.408 – 1.092 1.500 – 30.00 30.00
10 0.334 0.170 0.996 1.33 28.67
20 0.273 0.312 0.915 2.44 27.56

0.8 0 0.641 – 0.859 1.500 – 30.00 30.00
10 0.501 0.254 0.745 1.98 28.02
20 0.393 0.449 0.658 3.50 26.50

1.2 0 0.792 – 0.708 1.500 – 30.00 30.00
10 0.600 0.305 0.595 2.38 27.62
20 0.460 0.526 0.514 4.10 25.90

1.6 0 0.898 – 0.602 1.500 – 30.00 30.00
10 0.666 0.338 0.496 2.64 27.36
20 0.503 0.575 0.421 4.49 25.51
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not reached equilibrium. The apparent sorption distribution 
coefficient, apparent Kd (mL/g), for Cs can be defined as:

where Ms is the amount of the substance in the solid phase 
(mol), ML is the amount of the substance in the liquid phase, 
V is the volume of the liquid phase (mL), and m is the mass 
of the solid phase (g), respectively.

Results and discussion

Characterization of synthesized C–S–H

Figure 1 shows the C/S and Mg contents of the synthesized 
C–S–H in the absence of Cs and Ba after 7 and 42 days. 
Note that the C–S–H samples evaluated in this study did 
not undergo a drying process, and that the C–S–H phases 
contain water and are gel-like.

The pH of the liquid phases was higher with C/S 
increased from 9.4 to 13.0 and was slightly decreased with 
Mg content, except for C/S 0.4 after 7 days (Fig. 1a). This 
trend in pH is similar to the amount of Ca added, which 

(2)ApparentKd =
Ms

ML

×
V

m

suggests that the initial amount of Ca addition affects the 
final pH of the liquid phase. The pH trend for C/S 0.4 after 
7 days was different from the others and increased from 10.1 
to 11.0 with the Mg content; this was because the C–S–H 
structure was unstable during to the early stages of C–S–H 
formation.

In Fig. 1b, the weight of the solid phases also tended 
to increase with C/S, which indicates that the amount of 
water retained in the structure decreases with the interlayer 
distance of C–S–H at higher C/S, which is consistent with 
the report by Geng et al. [18]. In addition, the weight of the 
solid phases decreased with an increase in the Mg content. 
This may be due to a decrease in interlayer water within the 
C–S–H samples as the polymerization of the silicate chains 
in C–S–H progresses with the addition of Mg.

Figure 1c, d shows the Raman spectra of the solid phases 
with 0% and 20% Mg in the absence of Cs and Ba after 
42 days. Similar Raman spectra were obtained with the 
addition of 10% and 20% Mg and the curing time of 7 and 
42 days; therefore, the results for 0% and 20% are shown in 
Fig. 1. All of the spectra shown in Fig. 1c, d were normalized 
with respect to the peak of the Si–O–Si symmetric bending 
of  Q2 at 671  cm−1  (Q2-SB), which appeared in all of the sam-
ples. The ν3(SiO4) asymmetric stretching of  Q2 Si–O–(Ca) 
or Si–O–(H) at 1015   cm−1  (Q2-ASS) and the ν3(SiO4) 

Fig. 1  Characterization of synthesized C–S–H in the absence of Cs and Ba with respect to the C/S and Mg content; a pH of the liquid phase, b 
weight of the solid phase, and c, d Raman spectra of the solid phase after 42 days with 0% and 20% Mg
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symmetric stretching of  Q2 at 1010  cm−1  (Q2-SS) were also 
observed in all samples. Besides, the ν1(SiO4) symmetric 
stretching of  Q1 at 870–900  cm−1  (Q1-SS) appeared only at 
C/S 1.2 and 1.6, which indicates that the degree of polym-
erization of silicate chains in C–S–H decreased under higher 
C/S conditions. The lattice vibrations of Ca–O polyhedra at 
300–350  cm−1 (Ca–O) were also observed in the C/S 1.2 and 
1.6 samples. This indicates that an excess of Ca for C–S–H 
formation precipitated as portlandite (Ca(OH)2) in C–S–H 
with C/S 1.2 and 1.6 samples under high pH conditions. 
Furthermore, the peak for the symmetric stretching of  Q3 
at 1040  cm−1  (Q3-SS) appeared in all 20% Mg-containing 
C–S–H samples for all C/S, which indicates that the polym-
erization of silicate chains is further enhanced by the addi-
tion of Mg. This is consistent with the results for the weight 
of the solid phases shown in Fig. 1b, where Mg enhances 
the polymerization of silicate chains and decreases the struc-
tural water in C–S–H. In addition,  Q2 of magnesium silicate 
hydrate (M–S–H) at 870  cm−1 was confirmed on Mg 20% of 
C/S 1.6, indicating that Mg-containing C–S–H in this study 
may be a complex of C–S–H and small amount of M–S–H.

Sorption behavior of Cs to C–S–H

The sorption ratio and the apparent Kd of Cs to C–S–H and 
Mg-containing C–S–H after 7 and 42 days are shown in 
Fig. 2. The effect of the curing period on the sorption ratio 
and apparent Kd varied with C/S and no clear trend was 
evident. However, the sorption amount for all conditions, 
except C/S 0.4, was not significantly different with the 
curing period, which indicates that Cs sorption to C–S–H 
or Mg-containing C–S–H had almost reached an apparent 
steady state within 7 days. On the other hand, for C/S 0.4, 
the sorption amount for 42 days with 10% and 20% Mg 
content was lower than that for 7 days. This may be due 

to the degree of polymerization that progressed with time 
and a decrease in the silanol groups (–SiO−) of C–S–H, 
which contribute to the sorption of Cs.

The amount of Cs sorption decreased with an increase 
in C/S for both 7 and 42 days of curing time. This is 
because the surface charge of lower C/S is negative and 
therefore Cs is electrostatically attracted, i.e., Ca ions 
sorb onto the silanol groups of silicate chains and take 
the form -SiOCa+ at high C/S, as reported by Lothenbach 
and Nonat [19], which inhibits the sorption of cationic Cs 
at a positive surface potential of C–S–H. The amount of 
Ca remaining in the liquid phase, i.e., not incorporated 
into the solid phase, was slightly higher in the Cs addi-
tion sample than that in the blank sample (Table S2). In 
addition, the sorption ratio and apparent Kd of the samples 
with C/S 1.2 and 1.6 were similar, which may be due to the 
excess Ca during C–S–H formation at higher C/S forming 
portlandite, and the C/S of the final C–S–H is slightly 
lower than 1.6. Lothenbach and Nonat also showed that the 
formation of portlandite increases at C/S 1.5 and above.

The amount of Cs sorption decreased with an increase 
in the Mg content for all conditions except after 7 days 
with C/S 0.4, whereas high sorption distribution coeffi-
cients of apparent Kd = 3.4–6.1 mL/g were still confirmed 
in C–S–H with C/S 0.8 and Mg content up to 20%. The 
decrease in the sorption capacity by Mg addition is due to 
the incorporation of Mg into C–S–H in the tetrahedral or 
octahedral form, which leads to the promotion of silicate 
chain polymerization in the C–S–H structure. Cs is sorbed 
to C–S–H primarily through the silanol groups (–SiO−) in 
the silicate chains of C–S–H; therefore, the accelerated 
polymerization of these silicate chains by the presence 
of Mg results in a decrease in the available sorption sites.

Figure 3 shows the sorption behavior of Cs and Ba on 
C–S–H with C/S 0.8 when both are present at 0.5 mM. 

Fig. 2  Effects of curing period, C/S, and Mg content on the sorption behavior; a sorption ratio and b apparent Kd of Cs for C–S–H
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Higher Ba sorption was observed for both 7 and 42 days, 
which may be due to the stronger interaction of C–S–H with 
Ba, a divalent cation, while Cs is a monovalent cation, which 
is consistent with the results for Cs and Sr sorption reported 
by Seki et al. [14]. A slight decrease in Cs sorption was 
observed for 7 days in the presence of Ba; however, no sig-
nificant difference was confirmed for 42 days with or without 
Ba (Figs. 2 and 3). The slight decrease in Cs sorption for 
7 days may be due to the unstable structure of C–S–H due 
to the insufficient curing time of C–S–H, as described in 3.1. 
In addition, the Nuclear Waste Management Organization of 
Japan has reported that the sorption distribution coefficient 
of Cs for host rocks in the plutonic repository is 0.04 mL/g 
up to 1000 years after repository closure and 0.4 mL/g after 
more than 1000 years [20]. All apparent Kd values for Cs on 
C–S–H or Mg-containing C–S–H in this study were higher 
than those of the host rocks in the plutonic repository. It can 
be assumed that the sorption capacity of C–S–H for Cs is 
maintained, even Mg-containing C–S–H and in the presence 
of Ba, and is expected to retard the migration of Cs through 
C–S–H.

Conclusion

The sorption behavior of Cs to Mg-containing C–S–H 
was evaluated experimentally with consideration for the 
incorporation of Mg, which changes the C–S–H structure 
and affects the sorption behavior of Cs to C–S–H around a 
radioactive waste repository. C–S–H preparation and sorp-
tion experiments were conducted without drying processes 
to simulate the C–S–H form as a secondary mineral under 
the water-saturated conditions around a repository. Raman 
spectra of the solid phases indicated that the incorporation 

of Mg into the C–S–H structure reduces the Cs sorption 
sites by facilitating the polymerization of silicate chains. 
The sorption ratio and the apparent sorption distribution 
coefficient, apparent Kd, for Cs decreased slightly with an 
increase in the Mg content of C–S–H. However, a high 
sorption ratio and apparent Kd were confirmed at Mg con-
tents up to 20%, Kd = 5.5–10.2 mL/g for C/S 0.8. Moreo-
ver, the amount of Cs sorption was not decreased by the 
presence of Ba in Cs. The apparent Kd for all the C–S–H 
samples examined in this study exceeded the sorption dis-
tribution coefficient of 0.04–0.4 mL/g for host rocks in 
the plutonic repository, which indicates that C–S–H con-
tributes to the immobilization of Cs without decreasing 
its sorption performance, even when C–S–H contains Mg 
and also Ba. C–S–H thus maintains the sorption capac-
ity of Cs, even when it contains up to 20% Mg and in the 
presence of Ba; therefore, C–S–H is expected to retard 
the migration of Cs by sorption around radioactive waste 
disposal sites.
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