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Abstract-Smectites are considered to be an important component in backfill barriers due to their marked 
swelling and high cation exchange capacity. Both properties are affected considerably when these clays 
transform under natural conditions. However, we have recently described a chemical interaction between 
high-activity radionuclide simulators and smectites which could prove to be effective at immobilizing 
radionuclides definitively. Investigating the efficiency of this mechanism, independent of bentonite 
ageing, is a challenge. For this purpose, the reactivity shown by a non-expandable layered aluminosilicate, 
muscovite, has been compared to that shown by an expandable one, beidellite. Both samples were treated 
hydrothermally with a solution of lutetium nitrate, and the transformations were studied by X-ray 
diffraction, nuclear magnetic resonance and scanning electron microscopy/energy dispersive X-ray 
analysis. Lutetium cations react with the silicon framework of both 2: 1 layered aluminosilicates under 
hydrothermal conditions, and new phases, lutetium disilicate, kaolinite, boehmite and natrosilite are 
generated. The results demonstrate that the efficiency of the chemical mechanism is not determined by the 
swelling and the cation exchange capacity of 2: 1 layered aluminosilicates. Thus, the rare earth disilicate 
formation might account for the success of the clay barrier, once bentonite has lost its swelling and cation 
exchange capacity. 
Key Words-Bentonite, CEC, Hydrothermal Alteration, Lutetium Cations, Nuclear Waste Barriers, 
Radionuclide Barriers. 

INTRODUCTION 

Deep geological repositories are considered in the 
scientific community to be the most promising sites for 
disposing of nuclear waste containing long-lived radio­
nuclides. In a future repository, one of the ways that 
radionuclides may return to the Earth's surface and the 
biosphere is by groundwater-induced dissolution of the 
canister and the glass, and by subsequent transport by 
deep waters. In order to protect canisters from water 
intrusion and to eventually trap the radioelement 
released, waste-forms will be isolated from the sur­
rounding geological media by several barriers. There are 
diverse opinions regarding the geological features of 
appropriate locations for disposal sites. However, dis­
posal strategies for all nations assume that waste 
isolation will be maintained by reliance on a combina­
tion of engineered and natural barriers between the 
emplaced waste and the environment. Moreover, all 
countries have evolved towards using more robust 
engineered barrier systems to compensate for the 
uncertainties in the performance of natural barriers. 
Among them, the engineered backfill barrier will be 
essentially composed of clays. 

Smectites, 2: 1 layered silicates with layer charges 
ranging from 0.4 to l.2 (Bailey, 1980) are considered to 
be an important component in backfill barriers due to their 
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dual properties: a marked swelling and a high cation 
exchange capacity (CEC). Swelling will limit the access 
by water to the waste packages and, accordingly, reduce 
corrosion. A high CEC helps to retain radioactive 
nuclides, once they have escaped from the metal 
container. Any change in either of the two clay properties 
will influence the operation of the backfill barrier 
(Tsunashima et al., 1981; Borovec, 1981; Ames et al., 
1982, 1983; Miller et al., 1982; Morris et al., 1994; 
Oades, 1984; Dent et al., 1992; Heimann, 1993; Yamada 
and Nakazawa, 1993; Chisholm-Brause et al., 1994). It is 
well known that under natural conditions, the swelling 
ability and CEC of smectite can change (Jennings and 
Thompson, 1986; Eberl et al., 1993; Cuadros and Linares, 
1996). Moreover, Bauer et al. (2001) observed that the 
reaction of the radioactive fluids with clays results in a 
decrease in CEC and reduced adsorption of positively 
charged radionuclide species onto the smectitic materials 
would be expected. This is, therefore, considered to be a 
key problem for its use as a barrier for waste disposal 
(Meunier et al., 1998; Bauer et al., 2001). 

On the other hand, we have recently observed that 
when a smectite sample is in contact with an aqueous 
solution of a lanthanide salt (simulating radionuclide) at 
pressures and temperatures close to those expected in 
deep geological disposal, a chemical reaction occurs 
leading to the formation of an insoluble lanthanide 
disilicate phase (Alba et al., 2001). Although this 
mechanism might be effective at immobilizing the 
highly active radionuclide, it is important to investigate 
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the efficiency of this mechanism independently of 
bentonite longevity, i.e. independently of the swelling 
and cation exchange properties of the clays. 

Thus, it is the aim of this paper to compare the 
behavior of a non-expandable layer silicate with that of an 
expandable one under hydrothermal conditions in a 
lanthanide aqueous solution. The formation of the 
insoluble disilicate phase from the non-expandable 
silicate would indicate that the loss of CEC and swelling 
properties by bentonite may not be a serious problem for 
its use in the engineered barrier. However, the existence 
of similar chemical interactions between bentonite and 
those long-lived radioactive wastes that are not simulated 
by rare earth cations should be tested, in order to evaluate 
the engineering barrier safety. For this purpose, we have 
selected two phyllosilicate samples: a non-expandable 
mica and an expandable smectite. The main differences in 
the samples are in the CEC and swelling ability. 

EXPERIMENTAL METHODS 

Material 

Starting materials. Beidellite, SBCa-l, (structural for­
mula: Nao.6/v (Si7.56Alo.44) vI(AI3.63Mgo.l9Feo.ls) 
02o(OH)4 plus 5% of kaolinite) (Becerro, 1997) was 
obtained from the the Source Clays Repository of The 
Clay Minerals Society, formerly located at the 
University of Missouri (Columbia), while the muscovite 
used (Perez-Maqueda et al., 2003) (structural formula: 
K2.0IV (Si6.oAI2.o) V\AI3.nMgo.osFeo.l5 Tio.o6)02o(OH)4) 
came from Sierra Albarrana, (Cordoba, Spain). 

Hydrothermal treatments. The powdered samples were 
suspended in 50 mL of LU(N03)3 solution, in a molar 
ratio of LuiSi = 1.1 and were heated at 300°C for 3 days 
in a stainless steel reactor (Perdigon, 2002). The reaction 
products were collected by filtering, washed with 
distilled water and dried in air at 60°C. Although it is 
well known that geochemical processes of waste 
degradation and waste/rock interaction in the hydro­
thermal environment remain predictable to temperatures 
up to -200°C (Mather et al., 1982; Savage and Chapman, 
1982; Allen and Wood, 1988), many studies devoted to 
simulating deep geological disposal conditions use 
temperatures of up to 350°C to increase reaction rates 
(Mather et al., 1982; Savage and Chapman, 1982; Allen 
and Wood, 1988). 

Experimental techniques 

X-ray powder diffraction (XRD). Diffraction patterns were 
obtained using a diffractometer (Kristalloflex D-500 
Siemens) at 40 kY and 40 rnA with Ni-filtered CuKat 
radiation and a graphite monochromator. Samples were 
prepared using a side-packed aluminum holder. The XRD 
patterns were recorded over the range 3 to 70~e at a step 
size of 0.05° and with a counting time of 10 s per step. The 
background was subtracted from raw intensity data inter-

actively using the computer program "X'Pert HighScore" 
(produced by Philips Analytical B.Y. Almelo, The 
Netherlands. © Koninklijke Electronics N.Y.). 

Scanning electron microscopy (SEM). The morphology 
and chemical composition of the samples were analyzed 
using a scanning electron microscope (JEOL JSM 5400) 
equipped with a LINK Pentafet probe and ATW 
windows for energy dispersive X-ray (EDX) analysis. 

Nuclear magnetic resonance (NMR) measurements. 
Single-pulse spectra were recordered using a Broker 
DRX400 spectrometer equipped with a multinuclear 
probe using a magnetic field of 9.36 T. Powdered 
samples were packed in 4 mm zirconia rotors and spun 
at 12 kHz. The 29Si MAS (magic angle spinning) NMR 
spectra were acquired at a frequency of 79.49 MHz, 
using a n/6 pulse width of 2. 7 ~s and a pulse space of 
3 s. The 27 Al MAS-NMR spectra were recorded at 
104.26 MHz with a n120 pulse width of 1.6 ~s and delay 
time of 3 s. The chemical shifts are reported in ppm from 
tetramethylsilane for 29Si and from 0.1 M solutions of 
AICl3 for 27 AI. 

RESULTS AND DISCUSSION 

Muscovite 

Figure 1 a shows the XRD patterns of the untreated 
muscovite; it reveals numerous basal reflections and the 
hkl reflections which are compatible with the 2Mj 

polytype and with a perfect ordering of the layers with 
respect to each other. After the hydrothermal treatment, 
the XRD pattern (Figure 1 b) shows several new reflec­
tions in addition to the muscovite reflections and they 
are consistent with the development of two new 
crystalline phases, LU2Si207 (JCPDS file number 35-
0326) and boehmite (JCPDS file number 76-1871). The 
residual mica structure indicates that complete dissolu­
tion and replacement of the muscovite with new phases 
did not occur, but instead, muscovite was gradually 
replaced by the new phases. 

The SEM image of the mica submitted to hydro­
thermal treatment (Figure 2a) shows three different 
types of particles. The irregular rough particles show 
EDX lines (Figure 2b) corresponding to the Katl and 
Matj lines of Si and Lu, respectively, and they are the 
main constituents of LU2Sh07. Other particles were 
composed of large flakes and had an EDX spectrum 
(Figure 2c) with Katj lines of Si, Al and K, which are the 
main constituents of muscovite. These data are in 
agreement with the XRD results and indicate that the 
hydrothermal treatment at 300°C did not considerably 
alter the layer morphology of the starting mica, the 
lamellar structure of which is seen clearly in the 
micrograph. Finally, an EDX spectrum of small particles 
was observed (Figure 2d) with mostly Katj lines of Al 
from boehmite which was also identified by XRD. 
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Figure 1. XRD patterns of muscovite: (a) untreated, and (b) hydrothermally treated with lutetium nitrate solution. m = muscovite 
(76-0668), b = boehmite (76-1871), * = LU2Si207 (35-0326). 

In order to provide direct information on the short­
range changes that occur during the hydrothermal 
reaction, a study of the main constituents of the 
muscovite was carried out using MAS NMR spectro­
scopy. Figure 3a shows the 29Si NMR spectra of the 
sample before (bottom) and after hydrothermal treatment 
(top). The 29Si chemical shift of the untreated sample 
(-85.1 ppm) corresponds to Q3(IAl) environments and 
is in agreement with the values reported previously for 
muscovite (Lippmaa et al., 1980). Sanz and Serratosa 
(1984a), using a low-Fe sample, resolved two weaker 
additional resonances at -89 and -81 ppm, which they 
assigned to Q\OAI) and Q\2AI) environments. 
However, Mackenzie et al. (1987) did not observe 
these two resonances and they explained this fact as 
either being due to peak broadening and poorer 
resolution because of the presence of paramagnetic Fe 
or because the tetrahedral Al was fully ordered within 
the tetrahedral structure. This situation has been shown 
by theoretical modeling (Herrero et al., 1985) to give 
rise to a single Q3(IAl) resonance. Our spectrum agrees 
with that shown by Mackenzie et al. (1987) and a single 
broad signal at -85.1 ppm due to Q3(IAI) was observed. 

Two signals at -91.7 and -84.4 ppm were observed 
in the 29Si MAS NMR spectrum of the treated sample. 
The signal at a lower frequency has been assigned to the 
new phase LU2Si207 (Perdig6n, 2002) and the one at a 

higher frequency to the remnant muscovite. It is 
noticeable that the muscovite Si peak shifted to a 
lower field after the treatment. This indicates that, 
although the mica had not suffered any structural long­
range order change, some structural short-range changes 
did occur. It has been reported (Alba et al., 2001) that 
octahedral cations diffuse into the interlayer space 
during hydrothermal treatment, so that the octahedral 
vacancies increase during the treatment. In agreement 
with Weiss et al. (1987) a deshielding of Si was 
observed as octahedral occupancy decreases. Finally, 
from the integrated intensity of the peaks, 36.6% of total 
Si was estimated to be in the LU2Siz07 phase. 

Figure 3b shows the 27 Al MAS NMR spectra of the 
untreated (lower) and hydrothermally treated (upper) 
muscovite. Both spectra contain two resonances, at -5 
and 71 ppm, corresponding to Al in the octahedral and 
tetrahedral sites, respectively (Sanz and Serrato sa, 1984b). 
A considerable decrease in the intensity of tetrahedral Al 
was observed after treatment due to the formation of new 
phases containing octahedral AI, such as boehmite. 

Beidellite 

Figure 4 shows the XRD patterns of beidellite before 
and after the hydrothermal treatment. In general, the 
XRD patterns corresponding to a dioctahedral smectite 
are made up of two distinct types of reflections, basal 

https://doi.org/10.1346/CCMN.2005.0530105 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2005.0530105


40 Alba and Chain Clays and Clay Minerals 

1.0 

0,8 

~ 
~0,6 

~ 
'0 
c: 
2°.4 
c: 

0.2 
o 

0.5 1.0 

1.0 

I 
II, 
I 
,I 

1.5 2.0 2.5 3,0 

Energy (keV) 

1.0 

0.8 

.-... 
:::::I 
eli 0.6 ---,.., -'0 
ai 04 -;:. c: 

0.2 

0.0 

b 1.0 

0,6 

.--. 
:::::I 0,6 

~ ,.., -.~ 0.4 
Q) -.E 

0.2 

3.5 4.0 

0.5 1.0 

0,5 to 

AI 

Si 

I' r\ 

1.5 2.0 2.5 3.0 

Energy (keV) 
AI 

~ 
II 

1.5 2,0 2.5 3.0 

Energy (keV) 

c 

3.5 4.0 

d 

35 4.0 

Figure 2. SEM image (a) and EDX spectra (b,c,d) of the hydrothermal reaction products of muscovite hydrothermally treated with 
lutetium nitrate solution. 

and general, indexed in the patterns. The 14.8 A doOl 

value of beidellite is compatible with a two-layer 
hydrate. The general reflections or hk bands are 
asymmetrical lines with a sharp peak and a long 
tailing-off. They are characteristic of the structure of 
the smectite layers themselves and independent of 
external conditions. Two reflections at 7.1 and 3.5 A 
have been assigned to the kaolinite impurity. 

The XRD pattern of the beidellite submitted to 
hydrothermal treatment at 300°C for 3 days in 
LU(N03) solution (Figure 4b) is considerably different 
from the previous pattern. It shows a set of well-resolved 
and narrow lines corresponding, mainly, to the crystal­
lization of kaolinite (JCPDS chart 78-1996); addition­
ally, reflections corresponding to LU2Si207 (JCPDS 
chart 35-0326), boehmite (JCPDS chart 76-1871), and 
natrosilite, ~-Na2Sh05, (JCPDS chart 23-0529) were 
observed. The absence of any reflection corresponding 

to the smectite structure denotes the absence of a 
precursor in the reaction product. Thus, the reaction 
mechanism in this case probably involves the complete 
dissolution of smectite followed by the crystallization of 
new phases. This mechanism has already been observed 
in some smectite reaction processes such as smectite 
illitization (Nadeau et al., 1984; Inoue et al., 1987; Yau 
et al., 1987; Eberl and Srodon, 1988; Ylagan et al., 
2000). 

The SEM image of the sample after the hydrothermal 
treatment at 300°C for 3 days (Figure 5a) shows 
particles with different shapes. The majority of the 
particles had a lamellar appearance and had an EDX 
spectrum (Figure 5b) with peaks that correspond to the 
KCXl lines of Si and AI, due to kaolinite. The large 
particle with sharp edges had a chemical composition 
compatible with LU2Si207 (Figure 5c). No isolated 
particles of the other minor phases were observed. 
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Figure 5. SEM image (a) and EDX spectra (b,c) ofthe hydrothermal reaction products of beidellite treated hydrothermally with 
lutetium nitrate solution. 

Figure 6a shows the 29Si MAS NMR spectra of the 
untreated and hydrothermally treated beidellite. The 29Si 
spectrum of the untreated sample was in good agreement 
with that expected for beidellite (Becerro, 1997). The 
major component at -9l.9 ppm corresponds to Q3(OAl); 
it was accompanied by two minor contributions at -87.3 
and -83.2 ppm due to Q3(lAl) and Q3(2Al), respec­
tively. The integrated intensities of these contributions, 
80.9:16.0:0.8, are in good agreement with the Si/Al 
ratio, 17.1, shown in the formula. Additionally, a 
contribution at -91.2 ppm due to the 2.3% Si in 
kaolinite was observed (Mackenzie and Smith, 2002). 
After hydrothermal treatment, three different 29Si 
environments were observed as being due to kaolinite 
(-9l.2 ppm), natrosilite (-87.5 ppm) (Martaza, 1989) 
and LU2Si207 (-9l.7 ppm) with integrated areas of 
80.8%, 5.2% and 14.0%, respectively. No 29Si due to the 
original smectite was observed. 

Figure 6b shows the 27 Al MAS NMR spectra of the 
untreated and hydrothermally treated beidellite. The 
spectrum obtained for the untreated sample consists of 
two components centered at -3 and 69 ppm, correspond­
ing to Al in octahedral and tetrahedral coordinations, 

respectively (Sanz and Serrato sa, 1984b). This spectrum 
displays a drastic decrease in IVAI that can be explained 
in terms of diffusion from its initial locations to form the 
new AI-containing crystalline phases, kaolinite and 
boehmite, where the Al is in octahedral coordination. 

All these results indicate that Lu cations react with 
the silicon framework of both 2:1 layered aluminosili­
cates under hydrothermal conditions. Thus, the chemical 
mechanism of rare earth immobilization might well be 
efficient independent of the natural ageing of 2: 1 layered 
aluminosilicates, which has been of concern in the use of 
bentonite as a buffer material in a nuclear waste 
repository. 

However, the two materials behaved differently. On 
one hand, the extension of disilicate formation, eval­
uated by 29Si MAS NMR, depends on the nature of the 
aluminosilicate. The 29Si spectra revealed that 36.6% of 
Si belonged to LU2Si207 in the treated muscovite vs. 
14% in the treated beidellite. Also, the stability of the 
starting materials during the hydrothermal treatment was 
clearly different. The XRD patterns showed that the 
muscovite structure remained during the treatment while 
the beidellite structure was completely destroyed. 
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Figure 6. MAS NMR spectra of untreated (lower) and hydrothermally treated with lutetium nitrate solution (upper) beidellite: 
(a) experimental (dots), simulated (solid line), and contributions (dashed line) to the29Si MAS NMR spectra, and (b) 27AI MAS 
NMR spectra. 

CONCLUSIONS 

The swelling and CEC properties do not seem to be 
the characteristics of silicates that determine the 
reactivity. However, the stability of the silicate is 
important. If the silicate is not stable enough, complete 
dissolution of the silicate followed by crystallization of 
new phases would occur and the extent of reaction would 
be decreased. Thus, this study has made it clear that it is 
important to account for the chemical transformation 
that 2: I layered silicates undergo during radionuclide 
disilicate formation. This is different from the effects 
observed with natural ageing, because it can affect the 
immobilization capacity of this material throughout 
subsequent radionuclide leaks. 
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