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ABSTRACT 

As a nuclide migration evaluation in the radioactive waste disposal system, the sorption behaviors of Eu, 

which is a multivalent metal ion, onto Ca-Al-Si hydrates (including Ca-Si hydrates) were examined in 

this study. In the sorption experiments, Ca-Al-Si hydrates were handled without drying process in 

consideration of saturated groundwater environment. The sorption behaviors of Eu onto Ca-Al-Si hydrate 

with various combinations of Ca/Si molar ratio and Al/Si molar ratio were monitored by using the Ca, Al, 

Si and Eu concentrations, the fluorescence emission spectrum and the fluorescence lifetime. In addition, 

the structural changes of Ca-Al-Si hydrates by Eu were evaluated by Raman spectrum measurement. In 

the results, the fluorescence lifetimes of most samples remarkably exceeded that of Eu(OH)3. This 

suggests that Eu ions are immobilized by not only Ca-Si hydrates but also Ca-Al-Si hydrates. 

 

INTRODUCTION 

A large amount of cementitious materials is required for the construction of the geological repository 

disposed high-level radioactive waste. Therefore, we should consider that alkaline components, i.e., 

calcium (Ca), sodium (Na) and potassium (K) in cementitious materials, alter the pH of groundwater up to 

13 around the repository. Such a high alkaline condition dissolves host rocks and elutes silicic acid, 

various cations and anions. In the viewpoint of the performance assessment of the repository system, the 

dissolution of silicate minerals may accelerate the migration of radionuclides with the enhancement of 

micro flow-paths in host rocks. On the other hand, Ca-Si hydrates as secondary minerals, which are 

formed by eluted components around the repository, will immobilize radionuclides by their sorption 

properties. Some previous studies including the authors’ studies reported that calcium-silicate-hydrate (C-

S-H), which is the main component of cementitious materials, significantly adsorbs cationic radionuclides 

[1, 2, 3]. However, assuming as secondary minerals in underground environment, various kinds of Ca-Si 

hydrates will be formed by adding some cations such as aluminum (Al) ions. Furthermore, little studies 

examined the interaction between Ca-Al-Si hydrate and radionuclides [4]. Therefore, this study focused 

on Ca-Al-Si hydrate composed of Ca ions, Al ions and silicic acid, examining the sorption behavior of 

europium (Eu) onto Ca-Al-Si hydrate without drying processes by fluorescence analyses. 

EXPERIMENTAL METHODS 

Ca-Al-Si hydrate was synthesized by adding Al ions to the preparation of C-S-H), following the basic 

procedure reported in the previous study [4, 5]. Most of previous studies about Ca-Al-Si hydrate have 

used Al2O3 in order to simulate the formation of Ca-Al-Si hydrate in cementitious materials. In this study, 

for assuming Ca-Al-Si hydrate formed as a secondary mineral, aluminum nitrate nonhydrate (Al(NO3)3・
9H2O, powder, soluble) was used so as to mix Al ions and other components homogeneously. All 

reagents except for fumed silica (SiO2) were purchased from Wako Pure Chemical Industries Ltd. Fumed 

silica was purchased as AEROSIL 300 from Japan AEROSIL Ltd. In the experiments, fumed silica, 

Al(NO3)3・9H2O and CaO were weighed the given amount and poured into 30 mL of a centrifuge tube. 
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Then, 29.4 mL of ultrapure water, 0.3 mL of 0.1 M NaOH solution and 0.3 mL of 0.1 M EuNO3 solution 

(nonradioactive) were added to the tube in this order. As an initial condition, the concentration of Eu in 

the centrifuge tube was 1.0 mM. NaOH solution was added in order to keep the alkaline condition since 

the pH in EuNO3 solution was about 3.4 and Ca-Al-Si hydrate dissolves at pH 10 or less. For preventing 

from the formation of calcite, the mixture of CaO with other components was conducted in a glove bag 

filled with N2 gas, and carbon dioxide was removed from the solutions by N2 bubbling for 20 minutes. 

The Ca/Si molar ratios of the Ca-Al-Si hydrate were set to 0.4, 0.8, 1.2 and 1.6, and the Al/Si molar ratios 

were set to 0, 0.125, 0.25, 0.375 and 0.5. “Al/Si=0” means the formation of C-S-H. The total amount of 

the solid phase was 1.5 g, the total volume of the liquid phase was 30 mL, and the Liquid/Solid ratio was 

fixed to 20 mL/g. After sealing the centrifuge tubes in the glove bag, they were cured in an incubate 

shaker (MMS-1, Tokyo Rikakikai Co., Ltd.) to shake with 120 strokes/min at 298 K or 323 K. The curing 

period was set to 14 days or 28 days with considering that concretes are generally cured for 28 days, 

while Narita et al. [6] reported that concentrations of Ca and Si in the liquid phase reach an equilibrium 

state within 7 days under the same conditions as this study. After the curing period, the samples were 

centrifuged at 7500 rpm for 10 minutes. Then, the liquid phase was filtered by using a 0.20 μm membrane 

filter. The concentrations of Eu, Ca, Si and Al ions in the liquid phase were measured by inductively 

coupled plasma-atomic emission spectrometry (SPS7800, Seiko Instruments Inc.). The Eu concentration 

for all samples was lower than the detection limit of ICP-AES. In consideration of the pH value of the 

liquid phase in the range from 10 to 12, Eu might not only sorb onto Ca-Al-Si hydrate, but also precipitate 

as Eu(OH)3 by the hydrolysis. For the solid phase separated from the liquid phase, the chemical species of 

Eu were analyzed by fluorescence emission spectroscopic analysis (FP-6500, JASCO Co.) and 

fluorescence lifetime measurement (FluoroCube 3000U, HORIBA Ltd.) in order to know the 

immobilization mechanism for Eu ions. Furthermore, the Raman spectroscopy (NRS-3300QSE, JASCO 

Co.), of which excitation laser was 532 nm of YAG laser, was used for analyzing the polymerization 

degree of silicate chain and the formation of Al-tetrahedrons or octahedrons of Ca-Al-Si hydrate. 

 

 

RESULTS AND DISCUSSION 

 

Fluorescence emission spectrum of Eu with Ca-Al-Si Hydrate 

In the analysis of the fluorescence spectrometry, this study focused on the fluorescence emission of Eu 

causing the electronic transition in 4f orbital. By irradiating the light with 394 nm of wavelength, 4f 

electrons of 4f orbital are excited to a higher energy level with the transition in the orbital. After that, the 

fluorescence is emitted when those electrons de-excite to the base energy level. Fig. 1 shows the 

fluorescence spectra of Eu(OH)3 Eu3+ and Eu with Ca-Al-Si hydrate (Ca/Si=1.6, Al/Si=0.125). Eu(OH)3 

sample was obtained by adjusting the pH in Eu solution to 11 or more. As shown in Fig. 1, the peaks of 

the fluorescence emission spectrum of Eu(OH)3 were detected around 592 nm and 618 nm. On the other 

hand, the peak around 618 nm of Eu with Ca-Al-Si Hydrate split into two peaks. In the previous study, it 

is reported that, when Eu is incorporated into the structure of C-S-H with the substitution of Eu with Ca 

of C-S-H, the peak around 618 nm of Eu with C-S-H splits into 613 nm and 623 nm by the Stark effect 

[7, 8]. Also, such Stark effect is presumably observed in the case of Ca-Al-Si hydrate in common with 

that of C-S-H. 
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Fig. 1. Fluorescence spectra of Eu(OH)3, Eu3+ and Eu with Ca-Al-Si Hydrate cured at 323 K (Ca/Si=1.6, 

Al/Si=0.125). 

 

Fig. 2 shows the fluorescence spectra of Eu with Ca-Al-Si hydrate cured at 298 K for 14 days. The 

relative intensity shown as the vertical axis in Fig. 2 was normalized by intensity at 592 nm. In Fig. 2, the 

peak splitting around 618 nm caused by the Stark effect gradually disappeared as the Ca/Si molar ratio 

decreased and the Al/Si molar ratio increased. Therefore, the incorporation mechanism of Eu onto Ca-Al-

Si hydrate will be different from that onto C-S-H, probably by the influence of Al. 

 

        
(a) (b) 

          
               (c)                                              (d) 

 

Fig. 2. Fluorescence spectra of Eu with Ca-Al-Si hydrate cured for 14 days at 298 K;  

(a)C/S=0.4, (b)C/S=0.8, (c)C/S=1.2, (d)C/S=1.6. 
 



WM2019 Conference, March 3 - 7, 2019, Phoenix, Arizona, USA 

4 

 

Fig.3 shows the fluorescence spectra of Eu with Ca-Al-Si hydrate cured at 323 K for 14 days. In Fig. 3, 

the relation of the Stark effect, Ca/Si molar ratios and Al/Si molar ratios was hardly different from that in 

Fig. 2. It should be noted that the peak splitting caused the Stark effect became larger in comparison with 

that for 298 K. This means that Eu may be incorporated into Ca-Al-Si hydrate much more at a higher 

temperature. Incidentally, the fluorescence spectra of the samples cured for 28 days were almost the same 

as those for 14 days. 

 

  

(a)                                     (b) 

 

  

(c)                                   (d) 

Fig. 3. Fluorescence spectra of Eu with Ca-Al-Si hydrate cured for 14 days at 323 K; 

(a)C/S=0.4, (b)C/S=0.8, (c)C/S=1.2, (d)C/S=1.6. 

 

Fluorescence lifetime 

For the measurement of the fluorescence lifetime of Eu, a light emitting diode (LED) which pulse width 

was 15 ns were used as a light source. The fluorescence peak at 592 nm was selected for the analysis 

because the peak at 618 nm, which is larger than that at 592 nm, splits and changes the peak shape by the 

Stark effect. Under the experimental condition of this study, the fluorescence decay behavior of Eu is 

affected by some factors.  
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When there are many water molecules around Eu, the fluorescence of Eu attenuates rapidly because the 

fluorescence energy is absorbed by the thermal vibration of the OH group containing water molecules. On 

the other hand, if Eu forms an inner-sphere complex in the Ca-Al-Si hydrate, the fluorescence decay 

becomes slower with the decrease in water molecules around Eu [6]. Specifically, Eu3+ with many 

hydrated water and hydrolysis species of Eu such as Eu(OH)3 will show the shorter fluorescence lifetime, 

and Eu interacting with Ca-Al-Si hydrate will indicate the longer one. 

 

As shown in equation (1), the fluorescence intensity attenuates exponentially with time and the time-

dependent decay of the fluorescence for single species is represented as a straight line in a semi-

logarithmic graph [9].   

𝐼(𝑡) = 𝐼0 ∙ exp(−
𝑡

𝜏𝑓
) ,・・・(1) 

where I(t), If and 𝜏𝑓 indicates fluorescence intensity at a certain time, initial fluorescence intensity and 

fluorescence lifetime respectively. 

 

  

(a)                                        (b)  

   

                (c)                                         (d) 

Fig. 4. Fluorescence lifetime of Eu with Ca-Al-Si hydrate cured for 14 days at 298 K, Eu(OH)3) and Eu3+; 

(a)C/S=0.4, (b)C/S=0.8, (c)C/S=1.2, (d)C/S=1.6. 
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Fig. 4 shows the fluorescence lifetime of the samples cured at 298 K for 14 days. In Fig. 5, the 

fluorescence of Eu(OH)3 attenuated linearly. However, the fluorescence decay of other samples was 

represented as a curved line. This decay curve indicates the samples contain some species of Eu. In 

addition, the fluorescence lifetime of Eu with Ca-Al-Si hydrate was obviously longer than that of Eu 

(OH)3. These suggest that the sorption of Eu is due to the interaction of Eu and Ca-Al-Si hydrate such as 

the complex formation, rather than the precipitation as hydrolysis species [8]. Besides, some decay curves 

for Eu with Ca-Al-Si hydrate were similar to that for Eu(OH)3. This suggests that the formation of 

Eu(OH)3 might be more in some Ca-Al-Si systems with large Al/Si molar ratio. 

 

Fig. 5 shows the fluorescence lifetime of the samples cured at 323 K for 14 days. Most of the 

fluorescence decay for Eu with Ca-Al-Si hydrate cured at 323 K represented a straight line unlike that in 

Fig. 4 and became slower than that at 298 K. These changes are probably due that Eu existing as Eu(OH)3 

at 298 K is incorporated into Ca-Al-Si hydrate with forming an inner-sphere complex at 323 K. 

Furthermore, the dependencies of the fluorescence lifetime on the composition of Ca-Al-Si hydrate 

became clear in Fig. 5. In particular, under the condition of the higher Ca/Si molar ratio, the larger the 

Al/Si molar ratio was, the shorter the fluorescence lifetime became. Including the results of the 

fluorescence spectra, these suggest that Eu is incorporated into the structure of Ca-Al-Si hydrate more 

stable at the higher temperature.  

 

 

(a)                                      (b) 

 

                    (c)                                     (d) 

Fig. 5. Fluorescence lifetime of Eu with Ca-Al-Si hydrate cured for 14 days at 323 K, Eu(OH)3 and Eu3+; 

(a) C/S=0.4, (b)C/S=0.8, (c)C/S=1.2, (d)C/S=1.6. 
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Structural alteration of Ca-Al-Si hydrate 

Fig. 6 is the change from the initial set value in the Ca/Si molar ratio of the solid phase on the Al/Si molar 

ratio. The Ca/Si molar ratio of the solid phase was calculated from the measurement of the concentration 

of Ca, Si and Al in the liquid phase. From the measurement results of these concentrations of the liquid 

phase, Ca ions gradually dissolved into the liquid phase as the Al/Si molar ratio increased, and the elution 

of Al and Si was hardly observed. Therefore, the Ca/Si molar ratio of the solid phase decreased with the 

increase in the Al/Si molar ratio as shown in Fig. 6. These indicate that Al is selectively taken in 

compared with Ca on the formation of Ca-Al-Si hydrate. For other experimental conditions, there were no 

influences of the Eu addition, the curing temperature and the curing time on the Ca/Si molar ratio of the 

solid phase. 

 

 
Fig. 6. Ca/Si molar ratio of solid phase on Al/Si molar ratio. (Cured 14 days at 298 K) 

 

The structure of Ca-Al-Si hydrate was analyzed by Raman spectroscopy. Fig.7 shows the Raman spectra 

of the samples for Ca/Si=1.6, cured for 14 days at 298 K. In the fluorescence emission spectrum, 

substitution of calcium with Eu was confirmed by the Stark effect, but in the Raman spectrum, the 

influence of the addition of Eu was hardly observed. In the sorption experiment, the Eu concentration in 

the solution was adjusted to 1 mM. However, since the Eu concentration is low relative to the whole Ca-

Al-Si hydrate, it can be considered that it may not be reflected in the Raman spectrum. In the Raman 

spectra of Fig. 7, several peaks caused by the structure of Ca-Al-Si hydrate were observed. Table 1 shows 

chemical bonds concerning the peaks of the Raman spectra shown in Fig. 7. Qn indicates the 

polymerization degree of the SiO4 tetrahedrons in the silicate chains composing Ca-Al-Si hydrate, where 

“n” is the number of bridging oxygen atoms. As reported by some previous studies [10, 11], the Raman 

spectra of C-S-H corresponding to the sample for Al/Si=0 in this study indicate the peaks of Q1 and Q2 

tetrahedra for the symmetric stretching vibration. However, those of Ca-Al-Si hydrate showed the peaks 

of Q3, Al-tetrahedron and Al-octahedron, with the decrease in the peaks of Q1 and Q2. This suggests that 

the increase in the number of Al-tetrahedron and Al-octahedron with the incorporation of Al into the C-S-

H structure will progress the polymerization of SiO4 tetrahedron. Furthermore, the addition of Eu scarcely 

affected the Raman spectra although some of fluorescence emission spectra showed the Stark effect by 

the substation of Eu with Ca on the formation of Ca-Al-Si hydrate. More specifically, the sorption of Eu 

may alter not the structure of Ca-Al-Si hydrate concerning the silicate chain, Al-tetrahedron and Al-

octahedron but the Ca-O layer only. We might need some additional experiments with larger 

concentration of Eu to analyze any influences of Eu by Raman spectroscopy. 

From the results mentioned above, Ca-Al-Si hydrate will efficiently sorb Eu in the same way as C-S-H 

hydrate.  
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In particular, considering the condition of the higher temperature in deep underground, the progress of the 

corporation of Eu into Ca-Al-Si hydrate at 323 K may contribute the immobilization effect for 

radionuclides around the repository.  

 

 

Fig. 7. Raman spectra of Ca-Al-Si hydrate (Ca/Si=1.6) cured for14 days at 298 K. 

 

Table 1. Relationship of peaks of Raman spectrum and Chemical bonds of Ca-Al-Si hydrate [2] 

 

CONCLUSIONS 

This study estimated the sorption behavior of Eu onto Ca-Al-Si hydrate by the fluorescence analysis and 

Raman spectroscopy, with focusing the influence of curing temperature and time. The fluorescence 

emission spectra of Eu with Ca-Al-Si hydrate showed that the incorporation effect for Eu into Ca-Al-Si 

hydrate with substituting Ca became larger under the condition of the higher Ca/Si and the lower Al/Si 

molar ratios. In addition, the fluorescence lifetime measurement indicated that Eu coexisting Ca-Al-Si 

hydrate not only precipitated as Eu(OH)3 under the high alkaline condition but also sorbed onto Ca-Al-Si 

hydrate with forming an inner-sphere complex. Besides, from the comparison of the fluorescence decay 

for the samples cured at 298 K and 323 K, the sorption of Eu onto Ca-Al-Si hydrate might become more 

effective at the higher temperature. This suggest that Eu existing as Eu(OH)3 in the samples cured at 298 

K might be incorporated into Ca-Al-Si hydrate as an inner sphere complex at 323 K. Furthermore, no 

differences were observed in the sorption behavior of Eu onto Ca-Al-Si hydrate cured for 14 days and 28 

days.  
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From the results in this study, Eu will be able to be incorporated not only into C-S-H which is a main 

component of cementitious materials but also into Ca-Al-Si Hydrate containing in the cements and 

forming as a secondary mineral around the repository. These also suggest that the migration of cationic 

nuclides will be significantly retard by the sorption onto Ca-Al-Si hydrate, in addition to the formation of 

the hydrolysis caused from the solubility limitation under a high pH condition.  
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