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a b s t r a c t

This paper presents the results of a comprehensive investigation of the interaction of layered silicates
with Ca(OH)2 in hydrothermal conditions. The study is intended to evaluate the stability of the clay buffer
in radioactive waste repositories, at the intermediate stages of concrete leaching, when the pH is con-
trolled by the dissolution of portlandite. The influence of layer nature, octahedral occupation, presence
of tetrahedral Al and degree of crystallinity will be assessed by analysing the behaviour of a set of
well-selected phyllosilicates and using the combined capabilities of 29Si and 27Al MAS-NMR spectroscopy,
powder X-ray diffraction and SEM/EDX. The results show that the main factor affecting the stability of the
clay is the octahedral occupation, so that trioctahedral phyllosilicates are much more stable than diocta-
hedral ones. The nature and expandability of the layer does not seem to much influence the stability of
the clay, so that a 2:1 expandable phyllosilicate shows the same stability as a chemically analogous 1:1
non-expandable phyllosilicate. However other factors like the poor crystallinity of the starting material or
the presence of Al in the tetrahedral sheet of trioctahedral phyllosilicates weaken the clay structure in
alkaline conditions and favour the transformation towards other phases.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

High pH solution-mineral reactions occur in a variety of geolog-
ical environments as well as when the environment has been
modified by human activity in various engineering projects, such
as emplaced concrete. Concrete and cement are proposed as
matrix material, backfill material and structural components of
radioactive waste repositories (Glasser, 2001). Solidification or
disaggregation of concrete will produce high pH solutions. The re-
lease of this alkaline, high pH plume to the surrounding media has
been modelled (Reardon, 1990; Vieillard and Rassineux, 1992)
showing first a period of NaOH and KOH release (pH > 13.5),
followed by a solution composition controlled by portlandite
(Ca(OH)2) (pH = 12.5) and finally a solution composition controlled
by Ca-silicate-hydrate (CSH) gels (pH = 9–10). The effect of such
high pH conditions may be of importance for all components in
the repository, i.e., the rock fracture minerals where the repository
is placed, the bentonite buffer surrounding the canisters where the
fuel rods are encapsulated, the canister itself and, finally, the spent
fuel in case of failure of the enclosing barriers. The clay buffer is of
special concern since moderate mineralogical changes may lead to
reduction, and eventually, to loss of the indispensable sealing and
mechanical properties of the buffer (Pusch and Yong, 2003; Pusch
et al., 2003).
ll rights reserved.

.

Previous studies on the reactivity of clays in alkaline solutions
have been based, mostly, on the behaviour of the layered silicates
in KOH and NaOH solutions (short-term initial stage of the con-
crete leaching). They have focused on the collapse of expandable
smectite layers, in particular on the formation of illite/smectite
mixed-layers and on the illitization of kaolinite (Huang, 1993;
Bauer and Berger, 1998; Bauer et al., 1998; Bentabol et al., 2003).
Rassineux et al. (2001) carried out Wyoming interaction tests with
a 0.5 M Na–K–Ca alkaline solution, showing minor interlayering
effects but the formation of beidellitic smectites. Other authors
have reported the alkaline dissolution of montmorillonite and
the formation of Na/K-zeolites and trioctahedral Mg smectite
(Vigil et al., 2001; Ramírez et al., 2005; Sánchez et al., 2006). Clay
alteration at mid-term (pH = 12.5 caused by Ca(OH)2 dissolution)
has been less studied and mostly with montmorillonite; it is
characterized by the formation of CSH gels and Mg clays in the con-
crete–clay interface (Read et al., 2001; Savage et al., 2002; Ramírez
et al., 2002).

Despite the numerous studies described above, a systematic
analysis of the behaviour of different layer structure and composi-
tion phyllosilicates with a wide characterization of the obtained
solids and a complete discussion of the factors influencing the
stability in alkaline solutions is lacking in the literature. For this
reason, the target here is to study the behaviour of a set of carefully
selected phyllosilicates, submitted to hydrothermal treatment in
alkaline conditions at the intermediate stages of concrete leaching,
when the pH is controlled by the dissolution of portlandite
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(Ca(OH)2). Phyllosilicates of different structural nature and chemi-
cal composition have been selected in order to study the influence
of the following factors on their stability under the described alka-
line conditions:

– the octahedral sheet occupation: both tri and dioctahedral
phyllosilicates are studied,

– the degree of crystallinity: two kaolinite samples with differ-
ent crystallinity degrees and two trioctahedral smectites,
very similar in composition but with different crystallisation
degree have been used,

– the layer structure: 1:1 (kaolinites) and 2:1 (smectites) sam-
ples have been selected,

– the presence of Al substituting for Si in the tetrahedral
sheet of the clay: two dioctahedral smectites with and
without tetrahedral Al (beidellite and montmorillonite,
respectively) and two trioctahedral smectites with and
without tetrahedral Al (saponite and hectorite, respectively)
are studied to assess the influence of this factor on the
stability of the clays.

In the course of the experiments, some interesting observations
regarding the formation of different CaSi2Al2O8 polymorphs were
noticed, which are also analysed in detail.

The resultant solids from the hydrothermal reactions have been
studied by means of both long- and short-range order techniques.
X-ray diffraction patterns have been used to identify any new
crystalline phases resulting from the hydrothermal treatments.
29Si MAS NMR (Magic Angle Spinning Nuclear Magnetic Reso-
nance) spectroscopy has been used to observe any Si-containing
amorphous phase not detected by diffraction, as well as to quantify
the percentage of Si-containing phases. 27Al MAS NMR spectra
have been recorded in order to study any diffusion of Al inside
the phyllosilicate framework or towards new phases formed as a
consequence of the reaction. Finally, Scanning Electron Microscopy
with EDX analysis has been used to study aspects of CaSi2Al2O8

polymorphism, as commented above.
2. Experimental

2.1. Starting materials

Seven well-characterized phyllosilicates were selected for
investigation (structural formulae are shown in Table 1). Two of
them are 1:1 phyllosilicates, while the rest have a 2:1 layer
structure. The 1:1 phyllosilicates selected are two kaolinites
(dioctahedral character and neutral layer charge) with different
degrees of crystallinity; KGa-1b is a well-crystallized kaolinite
while KGa-2 is poorly crystallized. Among the 2:1 phyllosilicates
selected, there are 2 dioctahedral (montmorillonite and beidellite)
and 3 trioctahedral (saponite, hectorite and laponite) members.
Two of them (beidellite and saponite) contain Al substituting
for Si in the tetrahedral sheet of the clay, while the rest exclu-
sively exhibit Si in the tetrahedral sheet. Finally, hectorite and
laponite differ in their degree of crystallization, which is poorer
in the latter because it is a synthetic sample. All the 2:1 phyllosil-
icates analysed have a layer charge deficit in the range corre-
sponding to smectites, in agreement with the Association
International pour ĺEtude des Argilles Nomenclature Committee
(1980). All the silicates, except laponite, are natural samples and
were supplied by the Source Clay Minerals Repository, University
of Missouri (Columbia). Laponite is a synthetic hectorite and was
obtained from Solvay Alkali GMBH. Original samples with particle
diameter <2 lm were used, after removal of carbonates and or-
ganic matter.
2.2. Hydrothermal treatments

Three-hundred milligrams of the powdered clay and 50 mL
Ca(OH)2 solution 0.0223 M (intermediate stage of concrete diasag-
gregation, Andersson et al., 1989) were transferred into stainless
steel T316SS hydrothermal reactors, which were heated to 300 �C
for 5 days. The internal pressure corresponds approximately to
the water vapour pressure at that temperature (8.58 MPa). At the
end of the reaction time, the reactors were cooled to room temper-
ature and the solids were separated by filtration, washed repeat-
edly with distilled water and allowed to dry in air at 40 �C.
Although it is well-known that geochemical processes of waste
degradation and waste/rock interaction in the hydrothermal envi-
ronment remain predictable to temperatures up to about 200 �C,
many studies devoted to simulating deep geological disposal con-
ditions use temperatures of up to 350 �C to increase reaction rates
(Mather et al., 1982; Savage and Chapman, 1982; Allen and Wood,
1988; Alba and Chain, 2007).

2.3. Characterization techniques

X-ray powder diffraction (XRD) patterns were carried out using
a Siemens D-501 diffractometer, with Ni-filtered Cu Ka radiation,
steps of 0.05� and counting time of 3 s. 29Si Magic Angle Spinning
Nuclear Magnetic Resonance (MAS-NMR) spectroscopy measure-
ments were carried out in a Bruker DRX400 (9.39 T) spectrometer
equipped with a multinuclear probe, using 4 mm zirconia rotors
spinning at 10 kHz. A single pulse sequence was used, with a pulse
length of 2.5 ls (p/2 pulse length = 7.5 ls), an observation fre-
quency for 29Si of 79.49 MHz, and an optimised delay time of
15 s. The chemical shifts are reported in ppm from Tetramethylsil-
ane (TMS). 27Al MAS NMR spectra were recorded at 104.26 MHz
with a pulse length of 1.1 ls (p/2 pulse length = 11 ls), a delay time
of 0.5 s. The chemical shifts are reported in ppm from a 0.1 M AlCl3

solution. The experimental 29Si NMR spectra of the starting materi-
als and the reaction products have been fitted to the individual con-
tributions of the different phases containing Si that had been
previously found in the corresponding XRD patterns. However,
following this strategy, one or two regions of some of the spectra
remained misfit, due, for example, to the fact that NMR sees both
crystalline and amorphous phases, while X-ray diffraction patterns
do no account for amorphous phases. Therefore, in addition to the
contributions produced by the phases observed in the XRD pat-
terns, low intensity curves have been necessary to obtain a good
fit in certain spectra, which have subsequently been assigned to
the corresponding environments. A modified version of the Bruker
Winfit program which handles the finite spinning speed in MAS
experiments (Massiot et al., 2002), has been used for the modelling.
Finally, Scanning Electron Microscopy was carried out in a JEOL
JSM 5400 microscope equipped with a LINK Pentafet probe and
ATW windows for Energy Dispersive X-ray Analysis (EDX).

3. Results

3.1. XRD study

3.1.1. XRD study of the starting materials
The bottom plots of Figs. 1a–d and 2a–c show the X-ray

diffraction patterns of the starting materials. In general, the XRD
pattern of layered silicates consists of two types of reflections, ba-
sal (symmetric lines, 0 0 l) and general (asymmetric ones, hk). The
position of the basal reflections varies, in the case of smectites,
with the separation between the layers. The 0 0 1 basal spacing
of the non-treated smectites ranges from 12.5 Å in saponite and
hectorite to 15.3 Å in montmorillonite, corresponding two differ-
ent degrees of hydration of the corresponding interlayer cations



Table 1
Structural formula of the studied phyllosilicates.

Sheet Cations 1:1 Phyllosilicates 2:1 Phyllosilicates

Dioctahedral Dioctahedral Trioctahedral

Kaolinite KGa-1ba Kaolinite KGa-2a Montmorillonite
SAz-1a

Beidellite SBCa-1b Saponite sapCa-1c Hectorite SHCa-1c Laponitec

IV Si(IV) 3.83 4.00 8.00 7.56 7.20 7.96 8.0
Al(III) 0.17 – – 0.44 0.80 0.04 –

VI Al(III) 3.86 3.66 2.71 3.63 – 0.04 –
Mg(II) – tr 1.11 0.19 5.79 5.30 5.45
Li(I) – – – – – 0.66 0.40
Fe(III) 0.02 0.07 0.12 0.18 0.14 – –
Mn(II) tr tr 0.01 – – – –
Ti(IV) 0.11 0.16 0.03 – – – –

Interlayer Ca(II) 0.01 tr 0.39 0.63 0.09 0.33 –
Na(I) 0.01 – 0.29 0.61 – 0.70
K(I) 0.01 tr 0.02 0.02 – –
Mg(II) 0.02 – – – – – –

Kaolinite KGa-1b: is a well-crystallised kaolinite.
Kaolinite KGa-2: is a poorly-crystallised kaolinite.
Structural formula taken from:

a Clay source repository web page.
b Becerro (1997).
c Chain (2007).
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(see Table 1). The poor crystallinity of the synthetic laponite
(Fig. 2c, bottom) hinders calculation of the basal spacing due to
the lack of resolution in the 0 0 l reflections. Both kaolinite sam-
ples show the basal spacing typical of this layer silicate (7.1 Å),
much lower than that observed in the smectite samples due to
the absence of both one tetrahedral sheet per layer and interlayer
cations. The general nature of the hk band system is the same for
all the smectites, the differences being in the details of spacing
and relative intensities. In particular, spacing values for the 0 6 0
reflection (one sixth of the b unit cell parameter) of 1.530 Å and
1.490 Å are characteristic of the trioctahedral and dioctahedral
end-members phyllosilicates, respectively (Grim, 1968). The XRD
pattern of the non-treated montmorillonite shows a 0 6 0 spacing
value of 1.498 Å, a value slightly higher than that in pure diocta-
hedral phyllosilicates, due to the substitution of Mg2+ for Al3+ in
the octahedral sheet (Desprairies, 1983) (Table 1). The 0 6 0 spac-
ing value in beidellite is 1.491 Å, in agreement with the lower Mg
content of the octahedral sheet in comparison with montmoril-
lonite. Saponite shows a 0 6 0 spacing value of 1.527 Å, very close
to the value of 1.530 Å for pure trioctahedral samples. However,
the values in laponite and hectorite are slightly lower (1.520 Å
and 1.511 Å, respectively), due to the partial substitution of Li+

by Mg2+ in the octahedral sheet. Finally, the 0 6 0 spacing value
is 1.49 Å in both kaolinite samples, in good agreement with the
pure dioctahedral nature of both kaolinites.

The next section discusses the XRD patterns of the dioctahedral
and trioctahedral phyllosilicates after the hydrothermal treatment
in Ca(OH)2 solution.

3.1.2. XRD study of the dioctahedral phyllosilicates
The XRD pattern of the montmorillonite after treatment (Fig. 1a,

top) shows, in addition to the reflections of montmorillonite, slight
changes as otlined below, a set of well resolved reflections indica-
tive of the formation of new crystalline phases, the main ones being
the low symmetry triclinic polymorph of anorthite CaAl2Si2O8 (PDF
41-1486) and xonotlite (Ca6Si6O17(OH)2, PDF 23-0125), a Ca silicate
hydrate. A low intensity reflection at 7.8� 2h indicates the formation
of tobermorite 11 Å (Ca5(OH)2Si6O16�4H2O, PDF 45-1480) as a min-
or phase. The basal spacing of montmorillonite decreases very
slightly to 14.8 Å, but the remnant clay is clearly expandable. The
b unit cell parameter cannot be evaluated due to the superposition
of anorthite lines on top of the 0 6 0 reflection.
The hydrothermal treatment of beidellite causes the growth of sev-
eral crystalline phases, the main one being the hexagonal polymorph
of CaAl2Si2O8 (PDF 31-248), marked with H in the plot (Fig. 1b, top).
The reflection at 7.8� 2h indicates the formation of tobermorite 11 Å
and some wollastonite (CaSiO3) reflections can also be observed in
the 25–35� 2h region of the pattern. Some expanded clay is still pres-
ent after the treatment as inferred by the low intensity 0 0 1 reflection
at ca. 6.4� 2h together with a slightly higher 0 0 3 reflection at ca. 17.9�
2h, which correspond to a basal spacing of 14.8 Å.

The hydrothermal treatment of the well-crystallised kaolinite
sample (Fig. 1c, top) causes the growth of hexagonal CaAl2Si2O8

(PDF 31-248) as the main crystalline phase and xonotlite. Reflec-
tions of kaolinite are also present in the pattern of the treated
sample. The XRD pattern of the poorly-crystallised kaolinite
sample (Fig. 1d, top) is very similar to that of the well-crystallised
kaolinite, producing hexagonal CaAl2Si2O8 as the main crystalline
phase after the hydrothermal treatment, with some xonotlite and
unchanged kaolinite reflections.

3.1.3. XRD study of the trioctahedral phyllosilicates
The hydrothermal treatment of the three trioctahedral smec-

tites (Fig. 2a–c, top plots) provokes very similar changes in the
three samples with xonotlite as the main new phase in the reaction
product accompanied by antigorite (Mg3Si2O5(OH)4; PDF 44-1447),
more abundant in the saponite sample. Both, basal and structural
smectite reflections can be observed in the three patterns, which
indicate the permanence of a portion of each phyllosilicate after
the treatment. The 0 0 1 reflection in saponite and hectorite shifts
towards lower angles (d0 0 1 � 14.5 Å), indicating a change in both,
type and hydration of the interlayer cations as a consequence of
the hydrothermal treatment in Ca(OH)2. A d0 0 1 spacing value
cannot be calculated for laponite due to the very broad nature
and lack of definition of the 0 0 l reflections.

The superposition of peaks of different phases as well as the pre-
ferred orientation effects of the 0 0 l phyllosilicate planes, make a
quantitative analysis of phases from the XRD patterns complicated.
In order to overcome this problem, as well as to study the
short-range order around the Si atoms, single pulse 29Si MAS
NMR spectra have been obtained for all the reaction products. The
non-quadrupolar nature of this nucleus makes it feasible to
quantify the different Si environments from the integrated area of
the corresponding contributions obtained from the deconvolution
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of the experimental spectra. 27Al MAS NMR spectra have also been
recorded in the Al-containing clays (montmorillonite, beidellite,
both kaolinites and saponite) in order to study the effect of the
treatments on the Al environments as well as to observe any diffu-
sion event in the silicate framework as a consequence of the
reaction.

3.2. 29Si and 27Al MAS NMR study

3.2.1. 29Si and 27Al MAS NMR study of the starting materials
29Si MAS NMR signals for the starting phyllosilicates (bottom

plots of Figs. 3a–d and 4a–c) are in good agreement with those ex-
pected for the phyllosilicates with the unit formulae described in
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Table 1. The major component for all the samples corresponds to
Q3(0Al) environments (nomenclature from Liebau, 1985), the dif-
ferences observed in their chemical shifts being a consequence of
both their layer charge values and their octahedral nature (Sanz
and Serratosa, 1984). This main signal is the only one that appears
in the montmorillonite, and both kaolinite spectra because of the
absence or very low content of tetrahedral Al in their structure.
The tetrahedral Al content of saponite and beidellite causes addi-
tional Si signals at higher frequency values corresponding to
Q3(1Al) and Q3(2Al) Si environments. Hectorite and laponite, show
additional signals due to partially condensed Si tetrahedra, with
anionic and hydroxilic basal oxygens (Wheeler et al., 2005). Finally,
it is to be noted that the unique 29Si resonance of the starting
poorly-crystallised kaolinite (Fig. 3d, bottom) shows a FWHM va-
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lue much higher than that of the well-crystallised kaolinite (Fig. 3c,
bottom), corresponding to the higher degree of disorder around the
Si atoms in the poorly crystallised sample. The same difference in
FWHM is observed between hectorite and laponite. The integrated
intensities of these contributions, calculated from theoretical
Table 3
29Si chemical shift, FWHM and area under the curve of the different contributions
obtained from the fitting of the 29Si MAS NMR spectrum of the dioctahedral 1:1
phyllosilicates.

Phase 29Si chemical shift (ppm) FWHM (Hz) Integral

Starting KGa-1b kaolinite
Q3(0A1) �91.5 114 100

Treated KGa-1b kaolinite
Kaolinite Q3(0A1) �91.2 149 43
Hexagonal CaSi2Al2O8 �84.3 98 25

�83.4 104 24
Xonotlite �97.1 143 3

�87.1 143 2
�86.4 143 2

Amorphous �95.1 137 1

Starting KGa-2 kaolinite
Q3(0A1) �91.5 267 100

Treated KGa-2 kaolinite
Kaolinite Q3(0Al) �91.3 98 33
Hexagonal CaSi2Al2O8 �84.4 96 23

�83.5 102 23
Xonotlite �97.4 151 4

�87.0 151 4
�86.3 155 4

Amorphous �80.4 343 7
Amorphous �95.1 131 2

Table 2
29Si chemical shift, FWHM and area under the curve of the different contributions
obtained from the fitting of the 29Si MAS NMR spectrum of the dioctahedral 2:1
phyllosilicates.

Phase 29Si chemical
shift (ppm)

FWHM (Hz) Integral

Starting montmorillonite
Q3(0Al) �93.7 294 100

Treated montmorillonite
Montmorillonite

Q3(0A1) �93.7 463 31
Q3(1A1) �88.8 270 15

Xonotlite �97.4 83 3
�86.3 144 7
�87.0 145 4

Anorthite (�85 ppm includes
tobermorite)

�82.5 190 12
�85.0 181 18
�90.1 229 5

Amorphous �101.6 632 5

Starting beidellite
Beidellite

Q3(0A1) �91.9 385 82
Q3(1A1) �87.2 356 15
Q3(2A1) �83.2 190 1

Kaolinite �91.3 85 2

Treated beidellite
Beidellite

Q3(0A1) �91.9 369 13
Q3(1A1) �86.4 493 24
Q3(2A1) �81.1 477 6

Hexagonal CaSi2Al2O8 �84.4 162 20
�83.5 162 16

Wollastonite �89.2 169 2
�87.9 154 1

Tobermorite �85.5 350 7
Amorphous (Na2SiO3) �76.8 581 11
Lorentzian curves, are included in Tables 2–4 and are in good
agreement with the [IV]Al/Si ratios shown in their structural
formulae.

The 27Al MAS NMR spectra of the Al-containing starting clays
are shown in the bottom plots of Fig. 5a–e. The spectra of the dioc-
tahedral samples (montmorillonite, beidellite and both kaolinites)
consist of a signal at ca. 0 ppm corresponding to octahedral Al,
while saponite shows a resonance at ca. 65 ppm assigned to tetra-
hedral Al (Sanz and Serratosa, 1984). This signal is also observed in
the beidellite spectrum due to the presence of Al substituting for Si
in the tetrahedral sheet of this clay (see Table 1). The low intensity
resonance observed at ca. 56 ppm in the montmorillonite spectrum
should be assigned to tetrahedral Al not belonging to the clay but
to a feldspar impurity, in accordance with the data reported by
Kirkpatrick et al. (1985). Finally, the asymmetry presented by the
octahedral Al band in the montmorillonite spectrum has been as-
signed by Woessner (1989) to the existence of several sites of
27Al with the same coordination and similar chemical shift (d) val-
ues but different quadrupolar coupling constants (QCC) and asym-
metry parameter (g) values.

3.2.2. 29Si and 27Al MAS NMR study of the treated dioctahedral samples
Up to 6 different resonances can be distinguished in the profile

of the 29Si MAS NMR spectrum of montmorillonite after the hydro-
thermal treatment (Fig. 3a, top), indicating the great variability of
Si environments created as a consequence of the reaction, com-
Table 4
29Si chemical shift, FWHM and area under the curve of the different contributions
obtained from the fitting of the 29Si MAS NMR spectrum of the trioctahedral 2:1
phyllosilicates.

Phase 29Si chemical shift FWHM Integral

Starting saponite
Saponite

Q3(0A1) �95.8 211 68
Q3(1A1) �90.8 204 30
Q3(2A1) �85.0 199 2

Treated saponite
Saponite

Q3(0A1) �95.1 287 23
Q3(1A1) �89.7 356 14
Q3(2A1) �85.0 278 4

Xonotlite �97.4 167 10
�87.0 167 12
�86.2 167 13

Antigorite �92.7 357 24

Starting hectorite
Hectorite Q3(0A1) �94.8 215 85
Si–O without H+ �96.9 281 15
Treated hectorite
Hectorite Q3(0A1) �94.5 328 80
Xonotlite �97.0 103 3

�87.1 91 3
�86.3 91 3

Amorphous (sphene) �79.9 156 8
Antigorite �93.1 278 3

Starting laponite
Laponite

Q3(0A1) �94.5 263 79
Si–O (without H+) �97.3 188 13
Si–O (with H+) �85.2 316 8

Treated laponite
Laponite

Q3(0A1) �93.3 212 58
Si–O (without H+) �95.5 324 17
Si–O (with H+) �85.2 278 3

Xonotlite �97.6 63 6
�87.1 61 5
�86.3 52 5

Antigorite �93.1 238 6
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pared to the unique Si environment in the starting material
(Fig. 3a, bottom). The XRD data shows the formation of three differ-
ent crystalline phases: triclinic anorthite, xonotlite and tobermor-
ite 11 Å. The 29Si chemical shift values for pure triclinic anorthithe
(Kirkpatrick et al., 1985), xonotlite (Noma et al., 1998) and toberm-
orite (Cong and Kirkpatrick, 1996), as described in the literature,
are given in Table 5. All those resonances, together with that of
montmorillonite have been used as starting parameters for the fit-
ting of the 29Si MAS NMR spectrum of the treated sample. How-
ever, the fitting required the use of two additional contributions,
as observed in Table 2, at chemical shift values of �88.8 ppm, com-
patible with Q3(1Al) environments in the remaining clay, and
�101.6 ppm, which can be assigned to an amorphous Si-containing
phase not detectable by diffraction. It is also of note that the fitting
process did not allow for inclusion of the contribution of tobermor-
ite, due to its proximity to one of the anorthite resonances. There-
fore, the area under the resonance curve at �85.0 ppm contains
Table 5
29Si chemical shift values for the pure minerals, as described in the references given in
the text.

Mineral name 29Si chemical shift values (ppm)

Triclinic CaSi2Al2O8 (anorthite) �82.9; �84.8; �89.6
Xonotlite �97.5; �86.3;�87.1
Tobermorite �85,3
Hexagonal CaSi2Al2O8 �83.0; �84.0
Wollastonite �87.8; �89.0; �89.5
two contributions: one from anorthite and one from tobermorite.
The area under the curve values obtained from the fitting of the
spectrum indicate that:

(i) almost half of the Si atoms in the sample (46%) are Q3 envi-
ronments in the remnant clay,

(ii) thirty-three percent of the Si environments in the clay are
surrounded by Al ions, which might indicate diffusion of Al
from the octahedral to the tetrahedral sheet of the phyllosi-
licate as a consequence of the hydrothermal treatment. The
27Al MAS NMR spectrum of the sample should clearly show
the partial change in Al coordination from VI to IV. Fig. 5a
shows that, while the starting montmorillonite shows
almost exclusively an Al resonance at ca. 0 ppm correspond-
ing to octahedral Al, the spectrum of the treated sample
shows, in addition, a high intensity broad signal in the chem-
ical shift range typical of tetrahedral Al. However, given that
the anorthite structure has Al in tetrahedral sites, the signal
observed in the Al spectrum could contain the resonances of
Al in both, the anorthite structure and the tetrahedral sheet
of montmorillonite,

(iii) thirty-five percent of the Si atoms in the sample are forming
part of anorthite and tobermorite while �14% are in
xonotlite.

The 29Si MAS NMR spectrum of beidellite after the hydrother-
mal treatment (Fig. 3b, top) is dominated by a main signal centred
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at ca. �84 ppm and a long tail towards lower frequencies. The XRD
pattern showed the formation of hexagonal CaSi2Al2O8 as the main
phase, together with lower intensity reflections of b-wollastonite
and tobermorite 11 Å. The 29Si chemical shift values for pure
hexagonal CaSi2Al2O8 (Hong et al., 1999), b-wollastonite (Hansen
et al., 2003) and tobermorite (Cong and Kirkpatrick, 1996) phases,
are given in Table 5. The results of the fitting of the experimental
spectrum of the treated beidellite, using the chemical shift values
reported for the single phases as starting parameters, is shown in
Table 2. As in montmorillonite, an additional contribution, in this
case at �76.8 ppm, was necessary to obtain a good fitting,
which must correspond to an amorphous Si-containing phase
(Na2SiO3 gives a resonance at exactly that value, Carpentier et al.,
2004). In view of these results, the following observations can be
made:

(i) Although the XRD pattern of the sample showed very low
intensity reflections corresponding to beidellite, the decon-
volution of the 29Si MAS NMR spectrum indicates that ca.
43% of the Si environments in the sample belong to the
remnant clay. This fact, together with the high FWHM value
of the beidellite Si resonances, indicates a high degree of
disorder in the remnant clay.

(ii) Most of the SiO4 tetrahedra in the clay have some AlO4

neighbours (�56% of the total Si environments in the
remaining clay are Q3(1Al) and �14% are Q3(2Al)) which
implies a massive diffusion of Al from the octahedral to
the tetrahedral sheet of the clay. This fact is compatible with
the 27Al MAS NMR spectrum of the treated sample (Fig. 5b,
top), which shows a main double signal corresponding to
Al in hexagonal CaSi2Al2O8 (Hong et al., 1999) and a wide
shoulder (marked with asterisk) in a frequency region com-
patible with Al in the tetrahedral sheet of the clay. A consid-
erable decrease in the intensity of the octahedral Al signal is
also observed if compared to the same signal in the spec-
trum of the starting sample (Fig. 5b, bottom).

(iii) ca. 36% of the Si environments in the sample correspond to
hexagonal CaSi2Al2O8.

(iv) Finally, the area under the curve of the 29Si signal corre-
sponding to Tobermorite, at �85.3 ppm, is 7% while ca. 3%
of the Si environments in the sample belong to wollastonite.
The high FWHM value obtained for the Na2SiO3 contribution
indicates the amorphous character of the phase, not visible
in the XRD pattern.

Fig. 3c shows the experimental and fitted 29Si MAS NMR spectra
of the well-crystallised kaolinite sample before and after the
hydrothermal treatment. In good agreement with the XRD pattern
of the sample, the 29Si NMR spectrum of the reaction product con-
tains a main double resonance corresponding to Si in hexagonal
CaSi2Al2O8, and a peak at �91.2 ppm caused by the Q3(0Al) envi-
ronments in the remaining kaolinite. The deconvolution of the
spectrum (Table 3), however, requires the use of three additional
low intensity contributions; two of them, at �86.4 and
�97.1 ppm, clearly correspond to xonotlite, which can be recogni-
sed after a detailed examination of the XRD pattern. The third is a
very low intensity signal at ca.�95.1 ppm which must be produced
by an amorphous Si-containing phase. The areas under the individ-
ual Si contributions indicate that ca. 43% of the Si environments in
the sample correspond to kaolinite, while �49% have been trans-
formed into hexagonal CaSi2Al2O8. The rest is Si in xonotlite and
in the amorphous phase. The 27Al MAS NMR spectrum of the reac-
tion product (Fig. 5c, top) is simple and contains a main double
signal corresponding to tetrahedral Al in hexagonal CaSi2Al2O8

(Hong et al., 1999) as well as a signal of octahedral Al in the
remaining clay. No signs of Al diffusion from the octahedral to
the tetrahedral sheet are observed in this case, as opposed to what
was observed in montmorillonite and beidellite.

The 29Si MAS NMR spectrum of the poorly-crystallised kaolinite
submitted to the hydrothermal treatment (Fig. 3d, top) is very sim-
ilar to that of the treated well-crystallised kaolinite, with a slightly
higher intensity of the hexagonal anorthite double signal com-
pared to the kaolinite signal. The areas under the individual Si con-
tributions (Table 3) indicate that in this case, only 33% of the Si
environments in the sample correspond to kaolinite, while �46%
have been transformed into hexagonal CaSi2Al2O8. The rest is Si
in xonotlite (�12%) and in two other Si-containing phases (9%),
not detected by XRD analysis, which show signals at �80.4 ppm
and �95.1 ppm. The 27Al MAS NMR spectrum of the reaction prod-
uct (Fig. 5d, top) is very similar to that of treated well-crystallised
kaolinite, with a double signal corresponding to tetrahedral Al in
hexagonal CaSi2Al2O8 (Hong et al., 1999) and a signal of octahedral
Al in the remaining clay.

Finally, it is noted that, in all cases, the Si signals corresponding
to the clays shift towards higher frequency values after the treat-
ment. Following Sanz and Serratosa (1984) there are three factors
that influence the position of the tetrahedral Si signal in phyllosil-
icates, namely, nature of tetrahedral cations, composition of the
octahedral sheet and nature of the interlayer cations. The latter is
important when the interlayer cations are dehydrated, as in the
case of micas and illites, so that they themselves are the second
neighbours of the Si atoms. In the case of the dioctahedral phyllo-
silicates studied in the present investigation, the shift of the signal
towards higher frequencies must be interpreted as being due to the
decrease in the occupation of the octahedral sheet as a conse-
quence of the diffusion of Al ions towards the new phases or the
tetrahedral sheet of the remnant clay. On the other hand, it can
be observed in Tables 2–4, that the contributions corresponding
to Si atoms in the remnant clays display higher FWHM values in
the treated samples as compared with the starting materials. This
fact is interpreted as an increase in the local disorder around the Si
atoms after the alkaline reaction.

3.2.3. 29Si and 27Al MAS NMR study of the trioctahedral phyllosilicates
The 29Si MAS NMR spectrum of saponite after the hydrothermal

treatment (Fig. 4a, top) shows three emerging resonances from a
broad band that must correspond to Si in xonotlite (Noma et al.,
1998) and in the remaining saponite, in agreement with the XRD
data. The lack of resolution of the two main saponite resonances,
which were clearly observed in the spectrum of the starting sapo-
nite (Fig. 4a, bottom) must be due to the presence of the Si signal
corresponding to antigorite (at �93.1 ppm in the pure mineral,
Kosuge et al., 1995). The deconvolution of the experimental
spectrum (Table 4) shows that �55% of the Si environments in
the sample correspond to saponite, while �34% and �11% belong
to xonotlite and antigorite, respectively. Likewise, the results of
the deconvolution show that the percentage of Q3(1Al) and
Q3(2Al) environments in the remaining saponite has decreased,
from 32% to 27%, indicating that the new Si-containing phases
form, preferentially, from Si atoms with Al neighbours. This is con-
firmed by the 27Al MAS NMR spectrum of the sample (Fig. 5e, top)
which shows a main signal corresponding to tetrahedral Al at the
same position as in the starting clay (Fig. 5e, bottom), but with a
higher FWHM value likely caused by the disorder around the
remaining Al, once the neighbour Si atoms have left the framework
to form new phases. In addition, a lower intensity signal typical of
Al in octahedral coordination can be observed in the spectrum of
the treated saponite, which could be partially substituting for Mg
in the antigorite octahedral sheet.

The 29Si MAS NMR spectrum of the treated hectorite (Fig. 4b,
top) displays, in addition to the main signal which corresponds
to Si in the remaining hectorite, two new contributions on the high
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frequency side. The band centred at ca. �86 ppm must contain two
Q2 signals of xonotlite, while the Q3 signal of this phase is observed
as a shoulder on the low frequency side of the main signal (Noma
et al., 1998). The resonance at �79.9 ppm indicates the presence of
incipient nuclei of an amorphous phase with Si, possibly in Q0 envi-
ronments, and not detected by diffraction; a chemical shift value of
�80 ppm has been reported for sphene, an orthosilicate made up of
Ca, Si, Ti and O (Sheriff et al., 1991). The deconvolution of the
experimental spectrum (Table 4) indicates that only 20% of the Si
nuclei of the starting hectorite form new phases while the rest
stays forming part of the layered silicate, which demonstrates
the high stability of this trioctahedral smectite in alkaline
conditions.

Finally, the 29Si MAS NMR spectrum of laponite after the hydro-
thermal treatment (Fig. 4c, bottom) shows well resolved xonotlite
resonances as well as a main signal which must include the Si res-
onances of laponite and a resonance corresponding to the Si nuclei
in antigorite (at �93.1 ppm in the pure mineral, Kosuge et al.,
1995), in agreement with the XRD data. The fitting of the spectrum
(Table 4) shows an increase in the percentage of partially con-
densed Si tetrahedra with an anionic basal O in the laponite struc-
ture which can be interpreted as due to a partial dissolution of the
layers. The sum of the three resonances corresponding to Si in lap-
onite is 80%, while 15% of the Si nuclei in the sample correspond to
xonotlite and 5% to antigorite.

As in the case of the dioctahedral samples, the Si signals corre-
sponding to the clay shifts, in all three smectites, towards higher
frequency values after the treatment. A lower occupation of the
octahedral sheet in this case must also be responsible case for such
shifts (Sanz and Serratosa, 1984).
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Fig. 6. SEM micrograph of the treated montmorillonite sample and EDX spectra
associated with the particles marked with arrows.
4. Discussion

The results of the present study have shown that when the
studied phyllosilicates are submitted to hydrothermal conditions
in a Ca-rich alkaline medium, the degree of transformation of the
Si environments in dioctahedral clays is much higher than that ob-
served in the trioctahedral members. Thus, in dioctahedral samples
ca. 54–67% of the Si atoms abandon the clay to form new phases,
while 22–59% of the Si atoms in the trioctahedral members form
other phases. This fact is important in the application of clays as
the sealing material in projected nuclear waste repositories and
suggests that the use of some trioctahedral component in the clay
barrier would contribute to an increase its stability. An additional
advantage of using trioctahedral phyllosilicates as part of the clay
buffer is that all of them produce, at least in the present conditions,
xonotlite as a reaction product, a Ca silicate hydrate which has
been assessed for immobilization of radioactive waste (McCulloch
et al., 1985). The full occupation of the octahedral sheet in the
starting material is, therefore, a decisive factor in the stability of
the clays in alkaline conditions being even more important than
the nature of the layer itself, i.e., number of sheets making up a
layer (2:1 or 1:1) and expandability. Thus, the well-crystallised
kaolinite (1:1 non-expandable phyllosilicate composed of Si and
Al) shows the same degree of transformation as beidellite (2:1
expandable phyllosilicate with the same composition).

On the other hand, the poorly-crystallised kaolinite sample is
more reactive than the well-crystallised kaolinite, as demonstrated
by the% of Si environments transformed as a consequence of the
hydrothermal reaction: 67% in the poorly-crystallised kaolinite
versus 57% in the well-crystallised kaolinite. The lower crystallin-
ity of the former is very likely the factor favouring the higher de-
gree of transformation. The same is observed in the trioctahedral
members, hectorite and laponite (a synthetic poorly crystallised
hectorite): 22% of the Si atoms in laponite form new phases while
only 20% do so in hectorite. The higher similarity in the behaviour
of these two trioctahedral members versus both kaolinite samples
reinforces the higher stability of trioctahedral samples versus dioc-
tahedral ones in alkaline conditions. It has to be pointed out that
laponite particles are much smaller than hectorite ones, so that this
fact also contributes to the higher reactivity of the former.

Another interesting point is that saponite, a trioctahedral
phyllosilicate, shows a much lower stability than the two other
trioctahedral members; this fact can be explained on the basis of
the presence of Al in the tetrahedral sheet of the clay. The decon-
volution 29Si MAS NMR spectrum of the treated saponite sample
shows that the% of Q3(1Al) and Q3(2Al) environments in the
remaining clay decreases with respect to the values found in the
starting material, indicating that the tetrahedral Si atoms located
close to the Al atoms are more reactive in forming new phases. This
is reasonable given the higher Si–O bonding energy as compared to
the Al–O one. A similar behaviour was observed during the hydro-
thermal reaction of a Lu-homoionised saponite to form Lu2Si2O7

(Alba et al., 2001). Although beidellite also contains Al substituting
for Si in the tetrahedral sheet, as saponite, the % of Q3(1Al) and
Q3(2Al) environments in the remaining clay increase with respect
to the starting material as a consequence of the Al diffusion from
the octahedral sheet to the vacant tetrahedral positions created
after the migration of the Si atoms to the new phases.

Finally, the formation of different CaSi2Al2O8 polymorphs from
the dioctahedral samples deserves an additional comment. CaSi2

Al2O8 has several reported polymorphic forms: triclinic, hexagonal
and orthorhombic, the triclinic phase being the thermodynami-
cally stable one at all temperatures (Davis and Tuttle, 1952;
Hong et al., 1999). The XRD patterns show that all dioctahedral
phyllosilicates produce CaSi2Al2O8 as a consequence of hydrother-
mal treatment in Ca(OH)2. However, while the hexagonal phase of
CaSi2Al2O8 is the main product of the treatment of beidellite and



1260 M. Mantovani et al. / Applied Geochemistry 24 (2009) 1251–1260
both kaolinite samples, the treatment of montmorillonite produces
anorthite (the triclinic form of CaSi2Al2O8). Both montmorillonite
and beidellite are 2:1 phyllosilicates while kaolinite is formed by
1:1 layers; therefore, the formation of one or another polymorph
does not seem to be dependent on the nature of the silicate layer
itself, i.e., it is not conditioned by the parent structure. The key
could be in the chemical composition of the octahedral sheet;
68% of the occupied octahedral sites are filled with Al in the mont-
morillonite sample, the rest being mainly Mg and some Fe; in
contrast, beidellite and both kaolinite samples contain Al in more
than 90% of the occupied octahedral sites. This suggests that the
presence of Mg could favour the formation of the low symmetry
form if it enters the Ca sites. Considerable solid solution has been
observed with NaAlSi3O4 but no studies of the solubility of Mg into
CaSi2Al2O8 have been reported to the authors’ knowledge. The
SEM/EDX analysis of the samples seems to support this hypothesis.
Fig. 6 shows the micrograph of the treated montmorillonite sample
where two different morphologies are observed: lamellar and
fibrous particles; both of them show an associated EDX spectrum
with Si, Al, Ca and Mg peaks, with the Mg contribution slightly
more pronounced in the lamellar particles, which must correspond
to the remaining montmorillonite, while the fibres must corre-
spond to anorthite. Further studies on the local environment of
Mg are necessary in order to confirm this hypothesis.

5. Conclusions

Trioctahedral phyllosilicates are much more stable than
dioctahedral ones when submitted to hydrothermal treatment in
a solution of Ca(OH)2. The nature and expandability of the layer
does not seem to influence the stability of the clay, so that a 2:1
expandable phyllosilicate, like beidellite, shows the same reactiv-
ity as the chemically analogous well-crystallised kaolinite sample,
which is a 1:1 non-expandable phyllosilicate. However other
factors like the poor crystallinity of the starting material or the
presence of Al in the tetrahedral sheet of trioctahedral phyllosili-
cates weaken the clay structure in alkaline conditions and favour
transformation towards other phases.
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