Journal of

ALLOYS
AND COMPOUNDS

ELSEVIER Journal of Alloys and Compounds 408412 (2006) 1246—1251

www.elsevier.com/locate/jallcom

Interaction of Eu(lll) ion and non-porous silica: Irreversible sorption
of Eu(lIll) on silica and hydrolysis of silica promoted by Eu(lIl)

Yoshio Takahasii®*, Miho Murata2, Takaumi Kimur&

@ Department of Earth and Planetary Systems Science, Graduate School of Science, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8526, Japan
b Laboratory for Multiple Isotope Research for Astro- and Geochemical Evolution (MIRAGE), Hiroshima University, Hiroshima 739-8526, Japan
€ Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan

Available online 25 May 2005

Abstract

The interaction of Eu(lll) with non-porous silica was studied using sorption—desorption experiments and Eu(lll) was characterized by
laser-induced fluorescence spectroscopy. The independence of Eu(lll) sorption on ionic strength, the increased affinity of silica for heavie
rare earth ions, and the removal of water in the inner-sphere of Eu(lll) due to sorption demonstrate that the formation of an inner-sphere
complex of Eu(lll) with silanol groups at the silica surface is an important process in the initial reaction. A further decrease in the number of
hydrated water molecules with time and the irreversibility of the Eu(lll) sorption suggest that a new phase incorporating Eu(lll) and Si(IV)
forms at the silica surface. The presence of Eu(lll) greatly promoted the dissolution of silica, which indicated that Eu(lll) was effectively
hydrolyzing the SO—Si bonds. The formation process of the Eu(lll)-silicate phase is discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction on the dissolution of silica. If rare earth ions can be effective
catalysts for the dissolution of silica, then the reaction would
The interaction of silica with rare earth elements (REE) is be of great importance, particularly from the viewpoint of
important from several perspectives. In geochemistry, REE radioactive waste management, because the waste contains
abundances in cherts (siliceous sedimentary rocks) have beeREE as fission products and trivalent actinifigls Consid-
studied to predict the paleoenvironment in which the cherts ering the necessity of preserving the glass material in the
formed[1,2]. Chertis an authigenic rock, which isamorphous long term, the interaction between silica and REE is of great
atthe initial stage of the sedimentary processes, and turns intdmportance, because REE can also be regarded as analogues
quartz during diagenetic processes in the deep sea floor. Toof Am(lll) and Cm(lll), long-lived actinides in radioactive
understand the basic reaction between silica and the REEwaste.
dissolved in seawater, the process of dissolved REE incorpo- In the current study, the interaction between Eu(lll) and
ration into SIQ needs to be studied on the molecular scale. non-porous silica was examined. Initially, the sorption of
On arelated topic, there have been many studies on the dissoEu(lll) on silica was studied. Similar experiments were con-
lution of silica in the presence of alkaline and alkaline earth ducted with other REE to examine the dependence of the
ions related to weathering and alteration during water—rock sorption reaction on the ionic radii, which is related to the
interactiong3-5]. The previous studies suggested that silica REE species at the solid—water interfd¢e9]. Characteri-
could be dissolved faster in the presence of these ions. How-zation of Eu(lll) species at the interface was also conducted
ever, there have been no studies of the effect of rare earth iondy laser-induced fluorescence spectroscopy (LIF), and some
results from this technique have already been reported by
* Corresponding author. Takahashi et a[10]. From the LIF results, it was suggested
E-mail address: ytakaha@hiroshima-u.ac.jp (Y. Takahashi). that Eu(lll) was incorporated in the bulk silica orin a bulk-like
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silica phase. This has been verified by the Eu(lll) desorption 6650) equipped with an auto-sample exchanger. Glass mate-
experiments, and the dissolution of silica in the presence of rials were not used for this experiment. The time dependence
Eu(lll). The possibility that Eu(lll)-silicate was formed at of the Si dissolved fraction was monitored over 1-6 h. All of
the silica—water interface is discussed based on the presenthe sample solutions were filtered through a QuA% mem-
results. brane filter (PTFE; Advantec, Tokyo) and were acidified to
1% HNGO; before the GF-AAS measurements. The detection
limit of our system was around 1@y Sikg .
2. Experimental
2.5. Desorption experiments
2.1. Materials
After sorption on non-porous silica (aging time: 1 day),
Non-porous amorphous silica (Aerosil 200; surface area, the dissolved fraction of Eu(lll) was examined 1 h after the
2.0x 10°m?g~1; SiOH density, 2.5nm?) was purchased acidification to examine the reversibility of Eu(lll) sorption
from Japan Aerosil Co. Ltd. Montmorillonite (Nacalai on silica. As a reference, similar experiments were also con-
Tesque, Kyoto, Japan) employed in this study had a surfaceducted with Ba(ll), where the initial concentration of Ba(ll)
areaof 5.5« 10n? g1, as determined by BET analysisgN (0.20 mM) was identical to that of Eu(lll). In addition, the
The cation exchange capacity (CEC) of the montmorillonite reversibility of the sorption—desorption of Eu(lll) was exam-
was 3.0x 10meq100g?, as determined by the modified ined in the montmorillonite system, where the solid—liquid
Schofield method (pH 8, 2.0 mM NJ&I). Other reagents  ratio was 4.0 g dmq. Similar experiments in the absence of

were analytical grade or better. sorbents were also conducted to confirm the reversibility of
Eu(lll) precipitation—dissolution processes in our experimen-
2.2. Sorption experiments tal system.

Non-porous silica was mixed with an EuColution in
which the total concentration of Eu(lll) was constant at 3. Results and discussion
0.20 mM, and the solid-liquid ratio of non-porous silica was
8.0gdn13. The ionic strength was adjusted using NagGlO  3.1. Sorption of Eu(Ill) on non-porous silica
and the pH was adjusted using NaOH and Hg#0lutions.
The dissolved fraction of Eu(lll) remaining in the solution Assuming equilibrium with atmosphere, the total Eu(ll)
was determined by batch experiments using Eu-152 tracerconcentration in this study (0.20 mM) exceeds the solubility
detected by a Nal scintillation counter, or by using stable iso- above pH 6.3 Fig. 1). This estimation is consistent with
topes measured by ICP-MS (VG, PQ-3). The ICP-MS method the pH dependence of the Eu(lll) fraction remaining in the
was similar to that used by Takahashi et[@|11]. Sorption solution, without the addition of non-porous sili¢ag. 2). In
of all REE (except for Pm) on the silica was conducted using the presence of non-porous silica, sorption experiments were
ICP-MS to examine the dependence of sorption on the ionic conducted af=0.020 and 0.10 MKig. 2). The Eu(lll) dis-
radii of REE. All the experiments were conducted at room
temperature. 103

[Eul,y= 0.20 mM

2.3. LIF experiments

_ 104 [EuCO;’| 3
The prepared suspension of non-porous silica was con- § [Ee]
tinuously stirred in a quartz cell, and directly exposed to a g 105 - .
pulsed laser beam (395 nm) from a dye laser pumped by an g
excimer laser. When the percentage of Eu(lll) sorbed was less & s

than 90%, the suspension was placed into a quartz tube and
centrifuged. The separated aqueous phase was removed, and
the slurry at the bottom of the quartz tube was exposed to the 107
laser beam. The fluorescence lifetimggf Eu(lll) emission

at 615nm was measured with a photomultiplier connected

to a digitizing oscilloscope. The experimental method was 1o#
similar to our previous studi 2].

[Eu(CO,), | [BHCO)S"]

2.4. Dissolution of silica
f Fig. 1. Solubility of Eu(lll) determined by equilibrium with the solid

. . . . phase of EUOHCQ calculated according to Runde et f13]. The to-
Dissolved Si was measured using a graphite-furnace g concentration of Eu(lll) ([Eujw) in our experiments is indicated

atomic absorption spectrometer (GF-AAS; Shimadzu, AA- ([Eujita=0.20 mM).
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Fig. 2. The pH dependence of the dissolved fraction of Eu(lIl)=0.020
and 0.10 M in the presence of non-porous silica (8.0 g8when the initial
concentration of Eu(lll) is 0.20 mM. The dissolved fraction of Eu(lIl) with-
out the addition of silica, and after the separation by filtration (.4, is
also displayed.
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complex with silanol groups. The increased affinity of silica
for smaller ions also supports the hypothesis that the inner-
sphere complex forms between Eu(lll) and silanol groups.

3.2. Characterization of Eu(Ill) species by LIF

The formation of the inner-sphere complex has been con-
firmed by the LIF characterization of Eu(lll) specj¢é§-17]
The emission of Eu(lll) around 592 and 615 niaigy. 4a) irra-
diated by dye laser at 395 nm is effectively quenched by OH
oscillators of HO hydrated to Eu(lll). However, the effect
can be negligible for OD oscillators ofJ® bound to Eu(lll).
Based on this isotopic effect on the lifetime of Eu(lll) emis-
sion, the number of water molecules in the inner-sphere of
Eu(lll) (Nn,0) can be obtained:

1 1 >
™0/

whereth,0 andrp,o are the lifetimes in HO and O sys-
tems, respectively, while thevalue is 1.0717]. In the case
of the Eu(lll)-silica system, /kp,o (emission decay con-
stant) is almost constant around 0.33Th when using RO

Mo =k W

TH,0

solved fraction decreased due to the sorption on non-porous?S the solventKig. 4b), which shows that the contribution

silica at above pH 5. In the case of clay minerals, the amount

of sorption decreases with the increase in ionic strength, '
mainly due to the reduction in the electrostatic effect at the .
surface[14]. The present results show that the electrostatic g Unporous silica (pH 9.:8)
effect is not important for the Eu(lll) sorption on silica, and £
that the inner-sphere complex of Eu(lll) with silanol groups it —
e . .. H =| Without nonporus silica (pH 5.1)
forms at the silica surface. When the REE fraction remaining FANS )
. . . . - LA . -
in the solution was plotted with the order of the atomic num- tess - o 7(‘);
ber, it was found that heavier REE are sorbed on the silica to (a) Wavelength (nm)
a greater extent than lighter REEig. 3). This suggests that : : : - : :
the smaller ion (i.e., heavier REE) has an increased affinity .. Without nonporus silica;
for the silica surface due to the increased stability of the sF \ 1s
o .
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Fig. 4. (a) Fluorescence spectra of Eu(lll) for aqua complex (pH 5.1 with-
out non-porous silica) and Eu(lll) incorporated in unporous silica. (b) The
ol v v number of water molecules bound to Eu(I,0, in the non-porous silica

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er TmYb Lu

Fig. 3. Dissolved fraction of REE in the presence of non-porous silica.
Initial REE concentration, 5Qgkg~!; non-porous silica concentration,
8.0gdnT3; 7=0.020 M; pH 5.0.

system at various ages, calculated from @¢. Reciprocals of the fluores-
cence lifetimes ) in the non-porous silica system using® as solvent,

and in the absence of non-porous silica are also shown. Initial concentra-
tion of Eu(lll), 0.20 mM; concentration of non-porous silica, 8.0 gdm
1=0.020 M. Most of the results were reported by Takahashi ¢1@].
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of other species to the quenching can be negligible in the
system. TheVy,o values in the Eu(lll)—silica system were

100

©)
[ ]

In the absence of Eu(II)
In the presence of Eu(III)
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calculated Fig. 4b) based on the relationship in HG).

In the absence of non-porous silica, and below pH 7.5, the
Nn,0 decreased due to the formation of dissolved complexes,
such as Eu(lll)-hydroxide and Eu(lll)—carbonatéq 1),
while the Ny,0 increased at above pH 7.5 due to the en-
ergy transfer among Eu(lll) ions in the Eu(lll) precipitates
[10,18,19] The energy transfer which causes the apparent
increase in thé&vy,o was not observed for Eu(lll) in the non-
porous silica system, demonstrating that Eu(lll) does not exist
as homogenous Eu(lll) precipitates in the presence of non-
porous silica. At above pH 5 in the non-porous silica system, I O e @)
the Ny,0 values were lower than the hydration number of
Eu(lll) (i.e., 9), demonstrating that the inner-sphere complex
of Eu(lll) and silanol groups was forming. Such a change
in the local structure of Eu(lll) can be suggested also in the
change of relative intensity of each peak in the emission spec-Fig. 5. The pH dependence of dissolved Si (mgXgin the non-porous
tra (Fig. 4a). These results are consistent with the results in silica systemin the absence and presence of Eu(lll) 1 h after the preparation.
Section3.1 Moreover, it was found that thHHzo value de- Initial conscentration of Eu(lll), 0.20 mM; concentration of non-porous silica,
creased with increased aging time. After 280 days above pHgOgdWr +1=0.020M.

8, theNy,o values decreased to less than one, demonstrating

that almost no water molecules remained in the inner-sphere10%2 (s1) for Eu(lll) [21], which is comparable with that of
of Eu(lll). This result suggests that the Eu(lll) sorbed on Na', K*, C&*, and B&". Therefore, it is expected that sil-
silica is gradually incorporated in the bulk silica with time. ica dissolution is also promoted by Eu(lll). To demonstrate
We assume that the following two events are important in the effect of Eu(lll) more clearly, the time dependence of the
the overall process: (1) hydrolysis of the-8-Si bonds by silica dissolution was examined in the presence of'Ear
Eu(lll), which enhances the dissolution of silica and (2) bind- Ba?* atpH 5.5 Fig. 6). Previous studies have shown thafBa
ing of Eu(ll) at the silica surface to hydrolyzed silanol at the is the most effective ion among alkaline and alkaline earth

surface. These assumptions were verified in the following ions in promoting silica dissolutiofs]. Our results clearly
experiments. demonstrate that at pH 5.5 the presence ot*Epromotes

silica dissolution to a greater degree thaf B&romotion of
the dissolution of silica by Eu(lll) shows that the hydrolysis

Dissolved Si (mg kg)

pH

3.3. Dissolution of silica in the presence of Eu(Ill)

The dissolution of silica is generally enhanced with an 10 , , . . , ,
increase in pHKig. 5). In addition, it is suggested that the
addition of Eu(lll) promotes the dissolution of silica at a %*
pH of less than 8. Many geochemical studies have revealed
that silica dissolution is enhanced in the presence of various
alkaline and alkaline earth iorf8—5,20] Dove et al.[4,5]
demonstrated that the dissolution rate depends on the affin-
ity of the metal ion for the silica surface and the exchange
rate constant of hydrated water to the metal ibg)( It is
suggested that thiey is related to silica dissolution because i
the motion of water at the surface becomes more rapid due %
to the presence of the metal ion at the silica surface. This L

Dissolved Si (mg kg'!)

is supported by théex values of water hydrated to different
ions; kex (s 1) =10°0 (Na*), 10°2 (K*), 108> (C&H), 1073
(B&?*), and 1852 (OSi(OH% ™). Because of this, metal ions
with a largerkex Value promote the hydrolysis of-SD-Si to

a larger degreft,5].

--©--- In the absence ofEu(lll% and Ba(ll)

----#--- In the presence of Eu(IIl)

---#4--- In the presence of Ba(Il)

2 3 4
Time (h)

5

6

However, there have been no studies on silica dissolution
in the presence of rare earth ions. Trivalent rare earth ions ) - .
have an increased affinitv for the silica surface in compari- and Ba(ll), and in the presence of Eu(I_II) or Ba(ll). Initial c_o_ncentratlons of
- o . y ) . P Eu(lll) and Ba(ll), 0.40 mM; concentration of non-porous silica, 1.0 gdm
son with the affinity displayed by alkaline and alkaline earth the jonic strength was 0.10 M, while the pH was maintained at 5.5 by hy-
ions. Thekey value for the exchange of hydrated water is ca. droxylammonium chloride (0.020 M).

Fig. 6. Time dependence of dissolved Si (mgkgin the absence of Eu(lll)
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Fig. 7. (a) Dissolved fraction of Eu(lll) in the absence of sorbents, and in the presence of montmorillonite (43) gkime dissolved fractions of Eu(lIl)
before and after the acidification of the samples which were initially at a pH above 8 were compared. (b) Dissolved fractions of Eu(lll) and Ba(ll) in the
presence of non-porous silica (8.0 gdh The dissolved fractions before and after the acidification of the samples, which were initially at a pH above 8 were
compared. Initial concentrations of Eu(lll) and Ba(ll), 0.20 mM;0.020 M.

of the Si-O-Si bonds is facilitated by the presence ofEu
at the silica surface.

3.5. Possible formation process of the Eu(lll)-silicate
phase at the silica surface

The present results have revealed the following aspects of
the interaction between Eu(lll) and silica: (1) Eu(lll) forms

The desorption of Eu(lll) and Ba(ll) from the silica an inner-sphere complex with the silanol group at the sil-
was examined by acidification (pH 6) of the suspension, ica surface, (2) the decrease in thg,o value with time
which was initially at above pH 8. In the absence of suggests that most water molecules hydrated to Eu(lll) are
silica, or in the montmorillonite system, the dissolved finally excluded, (3) Eu(lll) promotes the hydrolysis of the
fraction of Eu(lll) after acidification was plotted on the SiO-Si bonds as suggested by the effective dissolution of
initial sorption curve Fig. 7a). These results show that the silica in the presence of Eu(lll), and (4) Eu(lll) sorption on
precipitation—dissolution reaction in the absence of silica, silica is irreversible. Based on these results, formation pro-
and the sorption—desorption reaction in the montmorillonite cess of Eu(lll)—silicate phase at the silica surface is discussed
system are reversible. as follows. After the initial sorption, Eu(lll) induces the hy-

In contrast, the desorbed fraction in the silica system was drolysis of S-O—Si bonds in the vicinity of the Eu(lll) ion.
decreased in comparison with the initial sorption curve, sug- The hydrolyzed silanol group at the silica surface can form a
gesting that the reaction is not reversible in the non-porous complexwith Eu(lll). Itis speculated that the repeated recom-
silica system[fig. 7b). Similar results were also observed for bination of hydrolyzed silanol with Eu(lll) or the coverage
the Ny,0 data[10]. After acidification to pH 6.5, thevy,o of the Eu(lll) at the surface by the silicic acid dissolved in
values for Eu(lll) species initially at above pH 9 were rou- water will resultin the formation of a new phase consisting of
tinely low. TheNw,0 values after the acidification were lower  Eu, Si, and O at the silica surface, where the water molecules
than 2, which is much lower then the initidly,o value at hydrated to Eu(lll) are eventually excluded.
pH 6.5 Fig. 4). The irreversibility of the sorption, combined The formation of a new phase has also been suggested
with the N0 results, suggest that the Eu(lll) sorbed at the in the corrosion of glass materials containing Y and La,
surface forms a new phase, which is resistant to Eu(lll) des- where the new phase was thought to be composed of Y or
orption by acidification. The formation of the phase is also La hydroxideg22]. If the new phase is homogeneous Eu(lll)
compatible with the LIF resultd{g. 4), which showed that  hydroxides, the energy transfer among Eu(lll) ions induces
the Ny,0 decreased dramatically with time. The irreversibil- reduction of lifetime of Eu(lll) fluorescencfl0]. In this
ity is somewhat unclear for Ba(llJF{g. 7b). It appears that  study, however, the quenching effect was not observed in
the formation of the new phase is more important for Eu(lll), the LIF data, which suggests that the new phase is not made
although Ba(ll) can also promote silica dissolution. up of homogeneous Eu(lll) hydroxides, but incorporates Si

3.4. Desorption experiments
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to form Eu(lll)-silicates. To confirm the formation of the [5] P.M. Dove, C.J. Nix, Geochim. Cosmochim. Acta 61 (1997)
Eu(lll)—silicate in our silica samples, scanning and transmis- 3329-3340.

sion electron microscopy must be conducted in the future [6] D.G. Brookins, Geochemical Aspects of Radioactive Waste Disposal,
) Springer-Verlag, New York, 1984.

' .In summary, the present result; show that REE SOrpioN 0N 17 v Takahashi, A. Tada, T. Kimura, H. Shimizu, Chem. Lett. (2000)
silica can be an irreversible reaction, and that the dissolution 701-702.
of silica is promoted by rare earth ions. Based on the results, [8] F. Coppin, G. Berger, A. Bauer, S. Castet, M. Loubet, Chem. Geol.
the hydrolysis of silica by REE and the formation of a new 182 (2002) 57-68.

phase containing REE and Si at the surface are important [°! Iégg‘kahasm' A. Tada, H. Shimizu, Anal. Sci. 20 (2004) 1301~

processes in u.nder'standmg the behavior of REE in nature,[lo] Y. Takahashi, T. Kimura, Y. Kato, Y. Minai, T. Tominaga, Radiochim.
and also in radioactive waste glass. Acta 82 (1998) 227-232.
[11] Y. Takahashi, H. Yoshida, N. Sato, K. Hama, Y. Yusa, H. Shimizu,
Chem. Geol. 184 (2002) 311-335.
[12] Y. Takahashi, T. Kimura, Y. Minai, Geochim. Cosmochim. Acta 66
(2002) 1-12.
. . . . .. [13] W. Runde, G. Meinrath, J.I. Kim, Radiochim. Acta 58/59 (1992)
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