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ABSTRACT 

Sorption behavior of Ca-Al-Si hydrate with iodine sign ion and iodide ion was investigated using 
ion chromatography and Raman spectroscopy. In the experiment I-127 which is a stable isotope was 
used instead of I-129 which is a radionuclide. Ca-Al-Si hydrate was synthetized by mixing fumed 
silica (SiO2) calcium oxide (CaO) and aluminum nitrate nonahydrate (Al(NO3)3·9H2O) with the 
solution containing iodine in a polypropylene tube. Two chemical forms of iodine, i.e., iodide ion 
and iodate ion, were considered in this study. In the samples of Ca-Al-Si hydrate, the Ca/Si molar 
ratios were adjusted in the range from 0.8 to1.6, and the Al / Si ratios were in the range from 0.0 to 
0.5. The samples liquid / solid (L/S) ratio was 20. In order to adjust the concentration to 0.5 mM for 
each samples, NaIO3 solution or NaI solution were added to the sample. NaClO solution was added 
as an oxidizing agent to maintain the form of iodate ion. The synthesis procedure for all the samples 
was carried out in a glove bag filled with nitrogen gas. The curing time was 1, 7, 30 days at room 
temperature (298 K) with shaking at 120 strokes / minute. In the results, although the iodide ion 
concentration in the liquid phase hardly changed, the liquid phase amount had been reduced to less 
than the liquid phase amount initially added. This means that iodide ions are incorporated in the 
solid phase together with the water of hydration. Besides, the concentration of iodate ion 
remarkably decreased for all samples under experimental conditions. In the Raman analysis, some 
differences in structure due to incorporation of Al were observed, but the structure of the Ca-Al-Si 
hydrate hardly changed due to other factors. Based on the sorption distribution coefficients obtained 
in this study, the Ca-Al-Si hydrate can be expected to have a barrier performance against iodine. 
 
INTRODUCTION 
 
In Japan, high level radioactive waste (HLW) a part of Trans-Uranium (TRU) radioactive wastes 
are categorized as the waste for the geological disposal [1]. Due to a large amount of cementitious 
material being used for the construction of the repository, a part of the alkaline components, such as 
calcium (Ca) ions, sodium (Na) ions and potassium (K) ions, dissolved from the cements would 
increase the pH of groundwater up to about 13. Under such a condition, calcium silicate hydrate 
(C-S- hydrate) forms with reacting Ca ions and silicic acid eluted from silicate minerals in host 
rocks. Moreover, the various species of Ca-Si hydrate will be also formed by the addition of some 
cations in underground. Especially, aluminum (Al) ions, generally containing groundwater and 
dissolving from aluminosilicates in the host rock, will form Ca-Al-Si hydrate as a secondary 
mineral around the repository. Although in many previous studies the high sorption effect of C-S- 
hydrate for radionuclides were reported, those of Ca-Al-Si hydrate were hardly discussed. On the 
other hand, iodine-129 (I-129) is one of the most important nuclides in the dose assessment of TRU 
waste because it has a long half-life (1.57×107 years) and shows low sorption ability for barrier 
materials including cementitious materials and the host rock around the repository. I-129 is 
contained in the waste silver adsorbent discharged from the reprocessing plant of spent fuel.  
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Since the chemical form of iodine in the waste silver adsorbent is AgI or AgIO3, I-129 may dissolve 
form the wastes to groundwater, as iodide ion (I-) or iodate ion (IO3

-) [1]. Also, even in deep 
underground, I- may be oxidized to IO3

- under the oxidation condition locally formed by the 
radiation decomposition of water. Therefore, this study focused on the interaction of Ca-Al-Si 
hydrate I- and IO3

- of Ca-Al-Si hydrate, and examined the sorption behaviors of the iodine species 
onto Ca-Al-Si hydrate by the batch-type test. 
 
EXPERIMENTAL METHODS 
 
In the sorption tests, a stable isotope of iodine (I-127) was used as an alternative for I-129. Ca-Al-Si 
hydration was synthesized by mixing fumed silica (AEROSIL 300, manufactured by Nippon Arosil 
Co., Ltd.), calcium oxide (CaO, Wako Pure Chemical Industries, Ltd.) and aluminum nitrate 
nonahydrate (Al(NO3)3·9H2O, Wako Pure Chemical Industries, Ltd.) with the solution containing 
iodine in a polypropylene tube. This procedure was carried out in the glove bag filled with nitrogen 
gas. Moreover, pure water used for the synthesis of Ca-Al-Si hydrate was removed carbon dioxide 
by bubbling with nitrogen gas. The parameters of the sorption tests are summarized in Table 1. The 
Ca/Si molar ratio of Ca-Al-Si hydrate was set to 0.8, 1.2 or 1.6, and the Al/Si molar ratios was set in 
the range from 0 to 0.5. The condition of “Al/Si=0” is equivalent to the formation of Ca-Si hydrate. 
The liquid/solid (L/S) weight ratio was set to 20, where the total weight of CaO, Al(NO3)3·9H2O 
and SiO2 in the solid sample was 1.5 g and the volume of the liquid phase was 30 mL. At the same 
time of the Ca-Al-Si hydrate synthesis, 30 µL of 0.5 mol/L NaI solution or 60 μL of 0.25 M NaIO3 
solution was added, so as to adjust the initial concentration of iodine in each sample tube to 0.5 mM. 
For iodate ions, 0.5mL of a 0.5 M NaClO solution was added as an oxidizing agent in order to keep 
the redox potential of the samples 700mV or more over the sorption tests. Although, the hydration 
of Ca-Si hydrate needs a lot of water as reported the authors’ previous study [2], the liquid volume 
given in this study was enough for the hydration of Ca-Al-Si hydrate. The closely-sealed sample 
tubes were shaken mechanically at 120 strokes/ min for 1, 7, and 30 days. The temperature was kept 
constant at 298 K by a thermostat. 
 

Table 1. Materials used to synthesize Ca-Si-Al hydration. 

 
 
 

Liquid/Solid

weight ratio

Ca/Si

ｍolar ratio

Al/Si

molar ratio CaO(g) SiO2(g) Al(NO3)3・ 9H2O

Total w eight of

solid  phase(g)

pure w ater

 (mL)

NaClO solution

(mL)

NaIO3 solution

(μL)

NaI solution

(μL)

Total volume of

 liqu id phase(mL)

0 0.64 0.86 0.00

0.125 0.44 0.59 0.46

0.25 0.34 0.45 0.71

0.375 0.27 0.37 0.86

0.5 0.23 0.31 0.96

0 0.79 0.71 0.00

0.125 0.58 0.52 0.40

0.25 0.46 0.41 0.64

0.375 0.38 0.34 0.79

0.5 0.32 0.29 0.89

0 0.90 0.60 0.00

0.125 0.68 0.46 0.36

0.25 0.55 0.37 0.58

0.375 0.46 0.31 0.73

0.5 0.40 0.27 0.83

0 0.90 0.60 0.00

0.125 0.68 0.46 0.36

0.25 0.55 0.37 0.58

0.375 0.46 0.31 0.73

0.5 0.40 0.27 0.83

0.8

1.2

1.6

30

30

301.5

1.5 30 0.25 60
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After the curing time, the liquid phase was separated from the solid phase by the centrifugation 
(7500 rpm, 10 minutes) and the filtration using a 0.20 μm membrane filter. For the liquid phase, the 
concentrations of Ca ions, Si ions and Al ions were measured by inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES, SPS 7800, Seiko Instruments Inc.). Besides, the pH value and 
oxidation-reduction potential (ORP) were also measured by electrodes. The concentrations of iodine 
ions and iodate ions were measured by ion chromatography (930 Compact IC Flex, Metrohm AG) 
attached the anion exchange column (Metrosep A Supp 7-250/4.0, Metrohm AG). The 
measurement of pH, ORP, and the analysis of ion chromatography showed that iodate ions did not 
change to iodide ions but were kept the oxidized form over the sorption tests. For the solid phase, 
Raman spectra were analyzed by a laser Raman spectrophotometer (NRS-3300QSE, JASCO) 
attached 532 nm of YAG laser as an excitation laser. 
 
 
RESULTS AND DISCUSSION 
 
Sorption of iodide ions and iodate ions on Ca-Al-Si Hydrate 
 
Fig. 1 shows the comparison of the sorption behavior of iodide ions and iodate ions for Ca/Si ratio = 
1.6 and 30-days of curing time. The vertical axis is the concentration of iodine in the liquid phase, 
and the horizontal axis is the Al/Si ratio. As shown in Fig. 1, the sorption amount of iodate ions 
remarkably exceeded that of iodide ions. That is, whereas the concentration of iodide ions was 
almost the same as the initial one, the concentration of iodate ions decreased to 20% or less.  
 
Fig. 2 is the change in the volume of the liquid phase with the hydration of Ca-Al-Si hydrate for the 
condition of the Ca/Si ratio = 1.6 and 30-days of curing time. The vertical axis is the volume of the 
liquid phase separated by the centrifugation. In Fig. 2, the volume of the liquid phase became 
smaller than the initial one, with the hydration Ca-Al-Si hydrate. More specifically, while the 
volume of the liquid phase remarkably decreased by the incorporation of water into the solid phase 
with the formation of Ca-Al-Si hydrate, the concentration of iodide ions in the liquid phase hardly 
changed in comparison with the initial one. Therefore, we should note that iodide ions also adsorbed 
on Ca-Al-Si hydrate so much.  
 

 
Fig. 1 Comparison of the sorption behavior of iodide ions and iodate ions on Ca-Al-Si hydrate 

(Ca/Si = 1.6, curing time = 30 days). 
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Fig. 2.  Change in the volume of the liquid phase with the hydration of Ca-Al-Si hydrate 

 (Ca/Si = 1.6, curing time = 30 days). 
 

Authors’ previous study have reported that the sorption of iodide ion on Ca-Si hydrate depends on 
the uptake of water into Ca-Si hydrate with the hydration [3]. Therefore, Ca-Al-Si hydrate will also 
incorporate iodide ions with taking water. On the other hand, as mentioned above, iodate ions 
significantly adsorbed onto Ca-Al-Si hydrate in comparison with iodide ions. This suggests that the 
sorption of iodate ions onto Ca-Al-Si hydrate may be due not only to the incorporation with the 
hydration process but also to other chemical reactions. 
 

 
Fig. 3. Sorption behavior of iodate ions on Ca-Al-Si hydrate (curing time = 1 day). 

 
Fig. 3 shows the influence of the Al/Si ratio on the sorption of iodate ions onto Ca-Al-Si hydrate 
under the condition of 1-day of curing time. As shown in Fig. 3, the sorption amount of iodate ions 
decreased under the conditions of the higher Al/Si ratio and the lower Ca/Si ratio. Onodera et al. 
reported that the high sorption effect of Ca-Si hydrate for iodate ions causes the interaction between 
Ca ions and iodate ions (i.e., the formation of CaIO3

+ or Ca(IO3)2) [3]. Such knowledge matches 
the sorption tendencies of iodate ions onto Ca-Al-Si hydrate because the conditions of the higher 
Al/Si ratio and the lower Ca/Si ratio mean the smaller amount of Ca in the sample tubes.  
 
Fig. 4 shows the concentration of Ca ions under the condition of Ca/Si = 1.6 and 30-days of curing 
time. The data “I-free” in Fig. 4 was quoted from Kasahara et al. [2]. The concentration of Ca ions 
became higher with the increase in the Al/Si ratio. The concentrations of Al and Si were hardly 
detected by the analysis of ICP-AES although the data is not shown in this paper.  
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What should be noted is the relation between the increase of the Ca concentration in Fig. 4 and the 
decrease of the sorption of iodate ions in Fig. 3. If iodate ions precipitates as Ca(IO3)2 by reacting 
with Ca ions in the liquid phase, the increase of the Ca concentration should cause the decrease in 
the concentration of iodate ions in the liquid phase. However, the results shown in Fig. 3 and Fig. 4 
were contrary to such presumption. One of the reasons for this behavior may be that the sorption of 
iodate ions onto depends not on reacting with Ca ions in the liquid phase but on the formation of the 
complexes with Ca ions in Ca-Al-Si hydrate.  
 
Fig. 5 shows the time-dependencies of the sorption of iodate ions for the condition of Ca/Si = 1.6. 
The concentration of iodate ions slightly became lower with the curing time, in particular, under the 
condition of the higher Al/Si ratio. This suggests that the structure of Ca-Al-Si hydrate with the 
higher Al/Si ratio will stabilize much slowly.  
 

 

  
Fig. 4. Concentration of Ca ions (Ca/Si=1.6 curing time = 30 days). 

(The data “I-free” was quoted from Kasahara et al. [4]) 
 
 

 
Fig. 5. Time-dependencies of the sorption of iodate ion. (Ca/Si = 1.6) 

 
 

Change in the structure of Ca-Al-Si hydration based on Raman analysis 
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Fig. 6 and Fig. 7 show Raman spectra of Ca-Al-Si hydrate with or without iodate ions under the 
condition of Ca/Si = 1.6. The correspondence table of peak positions and bonds of interest in this 
research is shown in Table 2. This correspondence table was prepared with reference to multiple 
references [4] [5] [6], and this correspondence table was used for consideration of the structure of 
Ca-Al-Si hydrate by Raman spectroscopic analysis. 
 

Table 2. Peak correspondence table in Raman spectrum 

 
 

 
Fig. 6 Raman spectra of Ca-Al-Si hydrate without iodine． 

(Ca/Si = 1.6, curing time = 30 days) 
 

  
Fig. 7 Raman spectra of Ca-Al-Si hydrate with iodate ions. 
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 (Ca/Si = 1.6, curing time = 30 days) 
 
Q1, Q2 and Q3 indicate the bonding state of the Si-O tetrahedron. Q1 is one of the four bonding 
hands of the Si-O tetrahedron, one of which is shared as the oxygen atom of another Si-O 
tetrahedron. Q2 shares two oxygen atoms in the Si-O tetrahedron with other Si-O tetrahedrons. That 
is, n of Qn corresponds to the number of cyclosane bonds of the Si-O tetrahedron. The vertical axis 
is the intensity of Raman spectra, and the horizontal axis is the Raman shift which reflects the 
information of bonding of atoms and molecules. In Fig. 6 and Fig. 7, each Raman spectrum was 
arbitrarily shifted in the vertical-axis direction so as to summarize into one graph. Since the 
intensity of the Raman spectrum generally changes for each measurement and each sample, it 
should be noted that the intensities of the respective Raman spectra cannot be compared directly 
(The comparison of the intensities in one spectrum is available). As shown in Fig. 6 and Fig. 7, as 
the Al/Si ratio of Ca-Al-Si hydrate increased, the peaks of Q1 and Q2 which indicate the 
polymerization degree of the Si-tetrahedron chain were hardly observed and those for 
Al-tetrahedron and Al- octahedron became larger. There were no differences caused by the 
coexistence of iodate ions in these Raman spectra. Also, the case of iodide ions was almost the 
same as Fig. 6 and Fig. 7. That is to say, the sorption of iodine has no influence on the structure of 
Ca-Al-Si hydrate. 
 
Sorption distribution coefficient 
 
In consideration with the increase in the weight of the solid phase and the volume of the liquid 
phase, the sorption distribution coefficients, Kd [mL/g], were calculated by the following equation: 
 

𝐾𝑑[𝑚𝑚 𝑔⁄ ] =

𝑎𝑚𝑎𝑎𝑎𝑎 𝑎𝑜 𝑖𝑎𝑖𝑖𝑎𝑖 𝑖𝑎 𝑎ℎ𝑖 𝑠𝑎𝑖𝑠𝑖 𝑝ℎ𝑎𝑠𝑖𝑠 [𝑚𝑎𝑠]
𝑤𝑖𝑖𝑔ℎ𝑎 𝑎𝑜 𝑎ℎ𝑖 𝑠𝑎𝑠𝑖𝑖 𝑝ℎ𝑎𝑠𝑖𝑠 [𝑔]

𝑎𝑚𝑎𝑎𝑎𝑎 𝑎𝑜 𝑖𝑎𝑖𝑖𝑎𝑖 𝑖𝑎 𝑎ℎ𝑖 𝑠𝑖𝑙𝑎𝑖𝑖 𝑝ℎ𝑎𝑠𝑖𝑠 [𝑚𝑎𝑠]
𝑣𝑎𝑠𝑎𝑚𝑖 𝑎𝑜 𝑎ℎ𝑖 𝑠𝑖𝑙𝑎𝑖𝑖 𝑝ℎ𝑎𝑠𝑖𝑠[𝑚𝑚]

    . 

tom 
Fig. 8 Sorption distribution coefficients (Ca/Si=1.6, curing time = 30 days) 

 
Fig. 8 shows the sorption distribution coefficients calculated by using the data in Fig. 1. The vertical 
axis is the logarithm of Kd. The sorption distribution coefficients were estimated to be 3 mL/g or 
more for iodide ions and 15 mL/g or more for iodate ions. For the present assessment of the 
geological disposal system in Japan, the sorption distribution coefficient of iodine for the host rock 
is assumed to be 0.1 mL/g, and that for cementitious materials is 0.125 mL/g [1].  
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Comparing these sorption distribution coefficients, the values estimated in this study were much 
larger than those of the present assessment. This indicates that Ca-Al-Si hydrate forming as a 
secondary mineral around the repository will be expected to the retardation effect for radioactive 
iodine species more than the present assessment. 
 
As a result, this study showed that Ca-Al-Si hydrate will be able to immobilize iodide ions and 
iodate ions effectively. Around the repository in deep underground, the oxidation-reduction 
condition may be complicated by the various environmental conditions. However, it is very useful 
that both iodide ions and iodate ions can be adsorbed by Ca-Al-Si hydrate formed as a secondary 
minerals around the repository. As a future work, for confirming the immobilization properties, it is 
necessary to examine the desorption behavior of iodine incorporated with the hydration. 
 
 
CONCLUSIONS 
 
In this study, the sorption behavior of iodine onto Ca-Al–Si hydrate was investigated. From the 
results of the sorption tests, both iodide ions and iodate ions were significantly sorbed onto 
Ca-Al-Si hydrate. In the sorption of iodide ions, the concentration of iodide ions scarcely changed 
from the initial condition even though the liquid phase significantly decreased with the hydration of 
Ca-Al-Si hydrate. In other words, iodide ions would be incorporated to Ca-Al-Si hydrate with the 
hydration. On the other hand, the sorption of iodate ions exceeded so much that of iodide ions. The 
sorption amount of iodate ions became smaller with the decrease in the amount of Ca in the solid 
phase. These suggest that the sorption of iodate ions is not only incorporated into Ca-Al-Si hydrate 
with the hydration but also caused by the interaction with Ca containing in Ca-Al-Si hydrate. 
Moreover, the results of Raman analysis showed that the structure of Ca-Al-Si hydrate was hardly 
changed by the coexistence of iodine. The sorption distribution coefficients were estimated to be 3 
mL/g for iodide ions and 15 mL/g for iodate ions, of which values exceeded 0.1 mL/g used for the 
present assessment of the repository in Japan. In consequence, Ca-Al-Si hydrate formed as a 
secondary minerals might contribute to the retardation effect for iodine (I-129) around the 
repository. 
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