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Abstract—The mineralogical evolution of di- and trioctahedral smectites (i.e. montmorillonite and
saponite) exposed to high-pH environments has been studied to determine the influence of compositional
differences on clay dissolution and the formation of new phases. The present study helps to gauge the
effects of highly alkaline solutions on the swelling capacity of smectitic clays and experimental results are
extrapolated to predict the behavior of smectite-rich soils in various technical applications such as nuclear-
waste storage and architectural conservation. The present study revealed extensive dissolution of
montmorillonite in 5 M NaOH or 5 M KOH solutions and the neoformation of various zeolites, thereby
reducing the clay’s swelling capacity significantly. Saponite, in contrast, experienced less pronounced
changes, including transformation into a randomly interstratified saponite-chlorite and a Si-rich
amorphous phase. These changes only provoked a partial reduction in swelling capacity. The results
imply that under repository conditions (e.g. alkaline environment caused by hyperalkaline fluids released
during concrete leaching), the slow and limited transformation of saponite into corrensite-type minerals
would be beneficial for preserving the clay’s swelling capacity and, therefore, its effectiveness as a sealing
material. Conversely, the loss of swelling capacity as a result of zeolite formation in montmorillonite
observed in the present experiments would limit the clay’s effectiveness as a sealing material in waste
repositories. In the case of earthen architecture conservation, alkaline consolidation treatments aimed at
reducing the soils’ swelling capacity and, thereby, improving water resistance, would only be effective for
treating earthen structures made of soils rich in dioctahedral smectites. Soils containing trioctahedral
smectites, in contrast, are not likely to improve their water resistance because the swelling capacity will
only be partially reduced.

Key Words—Alkaline Treatment, Clay Swelling, Earthen Architecture Consolidation, Montmor-
illonite, Saponite, Zeolites.

INTRODUCTION

The reactivity of smectitic clays in high-pH environ-

ments has been investigated extensively in recent years

as a result of their use as sealing materials in nuclear and

hazardous-waste repositories (Gaucher and Blanc, 2006,

and references therein). Their low permeability and high

plasticity, swelling, buffering, and ion-exchange capa-

city make smectites ideal candidates for use as sealing

materials (Villar et al., 2006). Under repository condi-

tions, high-pH environments are created by hyperalka-

line fluids (pH & 13) released by concrete used for

structural support. The reactivity of these clay minerals

under highly alkaline conditions is, thus, of special

importance to predict their effective service life and to

prevent hazardous leak events.

The reactivity of smectitic clays exposed to highly

alkaline solutions is also of relevance in the consolida-

tion of earthen structures made of adobe or rammed

earth, one of the greatest challenges in architectural

conservation (Elert et al., 2015). Conventional consoli-

dation treatments (e.g. application of synthetic polymers

or alkoxysilanes) often only aim at diminishing the

alteration effects by increasing mechanical strength and

do not tackle the cause of the problem. Over time, the

consolidation effect is lost because the process that

causes the damage to the earthen material, that is, the

swelling and contraction of clay minerals exposed to

humidity, especially severe in the case of smectites,

continues (Doehne and Price, 2010). The recently

proposed alkaline treatment (Elert et al., 2015) can

overcome this problem, inducing the dissolution of clay

minerals and the neoformation of non-expandable

mineral phases with cementing properties such as

zeolites. These mineralogical changes can lead to

improved mechanical and water resistance (i.e. increas-

ing the capacity of the structure to withstand the

deleterious effects of water of different sources such as

rain, condensation, or rising damp) and prolong the

lifetime of important monuments and archeological sites

(Elert et al., 2015).

Despite the numerous studies focused on the altera-

tion of smectites in highly alkaline environments, some

significant gaps in knowledge exist. In general, diocta-

hedral smectites (i.e. montmorillonite and beidellite)

have been the focus of experiments investigating

clay�cement interactions under nuclear waste-reposi-

tory conditions at high pH (Gaucher and Blanc, 2006).

Only a few studies, in contrast, have been dedicated to
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saponite alteration in highly alkaline environments, even

though the potential of this clay as a sealing material in

repositories has been recognized for decades (Cuevas et

al., 1993). Becerro et al. (2009) and Fernandez et al.

(2014) compared the hydrothermal stability of di- and

trioctahedral smectites (including montmorillonite and

sepiolite) in contact with hyperalkaline solutions similar

in composition to early-stage concrete leachate at pH &
13 and T 5 175ºC. As a result of the high experimental

T, however, pH- and T-induced effects on clay-mineral

alteration cannot be distinguished and mineralogical

changes might occur which are not observed in practical

applications. Under repository conditions, for example,

the maximum expected T at the canister�bentonite
interface is limited to ~100ºC (Villar et al., 2006).

Another important aspect concerns the experiment

duration, which in the cited studies was limited to a

maximum of 15 months. Clay dissolution and neoforma-

tion of mineral phases at high pH is a relatively slow

process, especially at room T, and many mineralogical

changes can only be observed after prolonged treatment

exposure. Most studies, however, are typically limited to

less than a year and acceleration of mineral transforma-

tion is generally achieved by increasing the experimental

T (Gaucher and Blanc, 2006). It is, thus, unknown how

smectites, both di- and trioctahedral, behave after long-

term (>1 y) exposure to highly alkaline solutions at

relatively low T.

In order to fill some of the aforementioned knowledge

gaps, a comparative study on the long-term mineralogical

evolution of smectites in highly alkaline solutions was

carried out. Particular attention was paid to evaluating the

influence of compositional differences on smectite

dissolution and formation of new phases. Di- and

trioctahedral smectites (i.e. montmorillonite and saponite)

were, thus, included in this study. Long-term (i.e. up to

6 y) batch-reactor experiments were performed at room T

to ensure that mineralogical changes were only induced

by high pH. The effect of solution chemistry was

evaluated, comparing mineral dissolution and formation

of new phases using 5 M NaOH or 5 M KOH.

The experimental results reported here are part of a

laboratory study in which the ultimate goal was to

evaluate the possible use of alkaline treatments for the

consolidation of earthen architecture (e.g. adobe or

rammed-earth) made of clay-rich soils (Elert et al.,

2015). The outcome of the study, however, may not only

have important implications for the alkaline-consolida-

tion treatment proposed here, but also for other technical

applications, such as the aforementioned underground

storage of nuclear waste.

MATERIALS AND METHODS

Materials and sample preparation

The starting materials included a dioctahedral smec-

tite from Cabo de Gata (Serrata de Nijar, Almerı́a,

Spain) and a trioctahedral smectite from the Yunclillos

deposit (Toledo, Spain). The two deposits have been

characterized extensively, including the thorough ana-

lysis (chemical and mineralogical) of their smectitic

clays (Huertas et al., 2001; Suarez Barrios et al., 1996).

The clay fraction (<2 mm) was separated by centrifuga-

tion (KS-8000, Kubota, Tokyo, Japan) and carbonates

were eliminated using acetic acid (0.2 N). 5 g of each of

the <2 mm fractions of the clays were treated with

100 mL of 5 M NaOH or 5 M KOH solution (all

chemicals were reagent grade, Sigma-Aldrich Chemie

GmbH, Taufkirchen, Germany). Note that alkaline fluids

released by Portland cement have an ionic strength of

0.3�0.7 M (Fernandez et al., 2014). In the experiments

reported here, more concentrated solutions were used in

order to obtain results in a reasonable period of time and

to avoid a reduction in pH over the course of the

treatment caused by smectite dissolution (Gaucher and

Blanc, 2006). The solutions’ pH was ~13. The clay

samples were kept in tightly capped polypropylene

bottles and stored in the laboratory at 20ºC. Bottles

were stirred periodically and samples for analysis were

taken at predetermined time intervals (3.5, 6 months, 1,

4, 5, 6 y). Dispersed clay samples (3 mL) collected at

each time interval were washed with deionized water

until a neutral pH was reached prior to further analysis.

Analytical methods

Elemental analysis of the untreated clay samples was

performed using a wavelength dispersive X-ray fluores-

cence (XRF) spectrometer (S4 Pioneer, Bruker AXS

GmbH, Karlsruhe, Germany).

Mineralogical evolution upon alkaline treatment was

studied with X-ray diffraction (XRD) using an X’Pert
PRO diffractometer (PANalytical B.V., Almelo, The

Netherlands). Analyses were performed on oriented

mounts which were prepared by pipetting the unreacted

and reacted dispersed clay samples on glass slides.

Oriented mounts were air-dried at room T. Equipment

specifications: CuKa radiation, Ni filter, 45 kV voltage,

40 mA current, �º divergence slit, �º anti-scatter slit,

3 to 60º2y scan range, and 0.05º2y s�1 goniometer

speed.

Morphology and qualitative composition of mineral

phases were studied using field emission scanning

electron microscopy (FESEM, AURIGA, Carl Zeiss

SMT, Oberkochen, Germany) coupled with an energy

dispersive X-ray spectrometer (EDS, INCA-200, Oxford,

Oxforsdshire, UK). Samples were mounted on aluminum

stubs using carbon sticky tape and carbon coated prior to

analysis. Equipment specifications: Schottky-type field

emission gun, 10�4 Pa vacuum, 10 kV beam accelerating

voltage, and secondary electron imaging mode.

Texture and quantitative composition of untreated and

treated samples were examined using transmission

electron microscopy (TEM). Two microscopes were

used, a Philips CM20 (Amsterdam, The Netherlands)
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equipped with an EDAX solid-state energy dispersive

X-ray (EDS) detector and a FEI Titan (Hillsboro, Oregon,

USA) with a high-angle annular dark field (HAADF)

detector. Samples were dispersed in ethanol, sonicated for

30 s, and deposited on Formvar# carbon-film coated gold

grids instead of standard copper grids in order to avoid

overlapping of the K band of Na and the L band of Cu

(Drief et al., 2001). Equipment specifications (CM20):

lanthanum hexaboride emission source, low-background

double-tilt sample holder, 1.33610�6 Pa vacuum,

200 kV accelerating voltage, and bright-field imaging

mode. Equipment specifications (Titan): extreme field

emission gun (XFEG), analytical double tilt sample

holder, 10�5 Pa vacuum, 300 kV accelerating voltage,

bright-field imaging mode, and 1�15 nm spot size.

Analytical electron microscopy (AEM) analyses were

performed on the clay fraction of the treated samples. The

AEM was done in scanning TEM mode using a 10 nm

diameter beam and 20 nm6100 nm scanning area. A

short counting time of 15 s was used for volatile elements

(K and Na) and a longer counting time of 50 s for non-

volatile elements. Pure mineral standards were used to

obtain k-factors allowing X-ray intensities to be corrected

by the thin-film method (Lorimer and Cliff, 1976).

Nitrogen sorption isotherms of powdered clay sam-

ples before and after alkaline treatment were obtained at

77 K on a Micromeritics TriStar 3000 instrument

(Norcross, Georgia, USA). About 0.2 g of sample was

degassed at 150ºC for 3 h prior to analysis using a

sample degas system (VacPrep 061, Micromeritics,

Norcross, Georgia, USA). The surface areas of untreated

and treated clay samples were determined using the BET

method (Brunauer et al., 1938).

RESULTS

Mineralogical characterization of untreated smectites

Based on XRF data (Table 1) of the <2 mm fraction,

the di- and trioctahedral smectites were classified as

montmorillonite (Mnt; Whitney and Evans, 2010) and

saponite (Sap), respectively. The XRF data were in good

agreement with published compositional data for clays

from the same deposits (Huertas et al., 2001; Suarez

Barrios et al., 1996). The XRD analysis of oriented

mounts of the <2 mm fraction revealed a shift of the 001

Bragg peak from ~13 Å (montmorillonite) and ~13.5 Å

(saponite) to ~17 Å upon ethylene glycol (EG) solvation

and to ~10 Å after heat-treatment at 550ºC (Figure 1). In

the saponitic clay, the XRD data further revealed trace

amounts of illite (Ilt), and a minor amount of sepiolite

(Sep) was detected using TEM. The structural formulae

of montmorillonite, saponite, and sepiolite based on

TEM-AEM ana ly s i s we re : K0 . 0 3Na0 . 2 9Ca 0 . 0 8
[Al1.39Mg0.57Fe0.15][Si3.87Al0.14]O10(OH)2, K0.01Ca0.01
[Al0 . 33Mg2 .42Fe0 . 05][Si3 .96Al0 . 06]O10(OH)2, and

Mg3.76Fe0.2Si5.93O15·6H2O, respectively.

Table 1. XRF elemental analysis (wt.%) of the <2 mm fraction of montmorillonite (Mnt) and saponite (Sap).

SiO2 Al2O3 Fe2O3 MgO TiO2 Na2O K2O CaO LOI Total

Mnt 58.43 18.04 4.92 4.72 0.19 1.94 1.13 2.20 7.43 99.00
Sap 47.22 4.18 1.60 22.34 0.24 1.94 0.51 0.78 20.62 99.42

Figure 1. XRD patterns of untreated (a) montmorillonite (Mnt) and (b) saponite (Sap); air-dried (AD), EG-solvated (EG), and heat-

treated at 550ºC.
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Mineralogical evolution of montmorillonite treated with

5 M NaOH

The alkaline treatment induced the dissolution of

montmorillonite and the neoformation of zeolitic phases

at room T. In the case of montmorillonite treated with

5 M NaOH solution for 3.5 months, a partial destruction

of the clay mineral was indicated by a reduction of the

001 Bragg peak intensity and an increase in peak

broadening (Figure 2a). After 6 months, hydroxysodalite

(Joint Committee on Powder Diffraction Standards

(JCPDS) card no. 410009, Na8[AlSiO4]6(OH)2·nH2O

(34 n 44)) was identified. Furthermore, an additional

peak at 14.4 Å was observed which matches the 111

Bragg peak of a faujasite-type zeolite (JCPDS card no.

380232, (Ca,Na)Al2Si2.5O9·6.4H2O). After 4 y the fau-

jasite-type zeolite was clearly identified and the

intensity of the hydroxysodalite Bragg peaks increased

also. At this point, the intensity of the 001 mont-

morillonite Bragg peak decreased further. Differences

between diffractograms of EG-solvated and air-dried

oriented mounts were minimal, confirming a significant

reduction of the clay’s swelling capacity as a result of its

dissolution and the neoformation of zeolites (Figure 2b).

Further alkaline treatment (i.e. up to 6 y) resulted in no

significant changes.

The FESEM images show the textural features of the

montmorillonite sample before (Figure 3a) and after

alkaline treatment with 5 M NaOH (Figure 3b�d).
Hydroxysodalite crystals had already formed after

3.5 months (Figure 3b). The scarcity and small size of

these crystals, however, prevented the acquisition of

reliable compositional information using EDS micro-

analysis. These crystals showed a composition similar to

the untreated montmorillonite due to the fact that the

electron beam excited signal from surrounding and

underlying material (insets, Figure 3a,b). After 4 y of

alkaline treatment, hydroxysodalite and faujasite crystals

were observed (Figure 3c). Surprisingly, even after

5 years of treatment some of the sample still displayed

a morphology which was similar to that of the original

montmorillonite (Figure 3d). The chemical composition,

however, changed according to EDS microanalysis and

the Mg concentration was greater than in the untreated

montmorillonite (inset, Figure 3a).

Structural formulae calculated based on TEM-AEM

analysis of the <2 mm fraction of montmorillonite treated

for 6 y with 5 M NaOH (Table 2) imply that the clay

underwent a partial saponitization. This is indicated by a

reduction of Si in the tetrahedral sheet and an increase in

octahedral Mg, Fe, and octahedral occupancy as compared

with the original montmorillonite. Sanchez et al. (2006)

also reported the formation of a saponitic phase in Febex

bentonite, a clay from the same deposit as that used here,

treated with 0.5 M NaOH at 200ºC for 540 days. For

comparison, the structural formula given by those authors

is included (Table 2). Furthermore, mineral phases were

detected which had experienced an increase in tetrahedral

and octahedral Al, a reduction in Mg and Fe, and an

increase in interlayer charge. The chemical changes

suggest a transformation of the original montmorillonite

into an illite-like phase, but with the dominant interlayer

cation being Na as a result of the sodic synthesis

environment. Interestingly, even after 6 y of treatment

some TEM analyses revealed a composition very similar

to that of the original montmorillonite (Table 2, analyses

1�3). This phase experienced only minor substitution of

Mg and Fe for octahedral Al, which resulted in a slightly

increased interlayer charge.

Mineralogical evolution of montmorillonite treated with

5 M KOH

As in the case of NaOH-treated montmorillonite,

clay-mineral dissolution and neoformation of different

types of zeolites were observed upon KOH treatment at

Figure 2. XRD patterns of montmorillonite (Mnt) upon NaOH treatment: (a) mineralogical evolution vs. time, solid-line pattern =

faujasite (FAU) and dashed-line pattern = hydroxysodalite (SOD); (b) air-dried (AD) and EG-solvated (EG) samples after a 4 y

treatment with NaOH.
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room T. A partial destruction of montmorillonite was

detected after 3.5 months (Figure 4a). Clear evidence for

zeolite formation, however, was first observed after 4 y,

when an edingtonite-type zeolite (zeolite K-F, JCPDS

card no. 380216, KAlSiO4·1.5H2O) and zeolite K-I

(JCPDS card no. 180988, K2Al2SiO8·3.8H2O) could be

identified. Zeolite formation was accompanied by an

intensity reduction of the 001 montmorillonite Bragg

peak. Differences between XRD patterns of EG-solvated

and air-dried oriented mounts were minimal, confirming

Figure 3. FESEM images of montmorillonite treated with 5 M NaOH: (a) untreated montmorillonite; (b) formation of

hydroxysodalite after 3.5 months of treatment; (c) hydroxysodalite (SOD) and faujasite (FAU) after 4 y; and (d) clay sample after

5 y of treatment. EDS spectra inset.

Figure 4. XRD patterns of montmorillonite (Mnt) upon KOH treatment: (a) mineralogical evolution vs. time, solid-line pattern =

zeolite K-I and dashed-line pattern = zeolite K-F; (b) air-dried and EG-solvated samples after 4 y of treatment with KOH.
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a significant decrease in the clay’s swelling capacity as a

result of clay-mineral dissolution and zeolite formation

(Figure 4b). Further alkaline treatment caused no further

significant changes.

Observations by FESEM confirmed the XRD results.

In the montmorillonite sample treated for 4 y with 5 M

KOH, a cruciform-shaped/prismatic zeolitic phase and

small hexagonal crystals were observed (Figure 5a).

These morphologies are in agreement with those of

zeolite K-F and zeolite K-I, respectively, which were

previously identified using XRD. After 5 y of treatment,

EDS microanalysis (Figure 5b inset) revealed a chemical

composition consistent with zeolite K-F. As in the case

of Na-treated montmorillonite, part of the sample still

had a morphology which was comparable with that of

the untreated clay (Figure 5c). The FESEM-EDS spec-

trum (Figure 5c inset), however, revealed changes in the

chemical composition, indicating an increase in Mg and

K after 5 y of alkaline treatment. The TEM image

(Figure 5d) gave additional evidence for the existence of

nanosized hexagonal zeolite K-I crystals after 4 y of

treatment.

The TEM-AEM analysis of the clay fraction of the

montmorillonite sample treated for 6 y with 5 M KOH

Table 2. TEM-AEM analyses of mineral phases of the <2 mm fraction of montmorillonite treated with 5 M NaOH for 6 y.

————————— Structural formulae of montmorillonite based on O10(OH)2 —————————
Si IVAl VIAl Mg Fe Soct.cat.1 K Ca Na Sint.cha.2

Untreated
average3

3.87
�0.10

0.14
�0.10

1.39
�0.08

0.57
�0.03

0.15
�0.05

2.09
�0.07

0.03
�0.02

0.08
�0.05

0.29
�0.11

0.48
�0.19

Dioctahedral smectite
1 3.88 0.12 1.00 0.64 0.46 2.10 0.09 0.21 0.21 0.72
2 3.90 0.10 1.12 0.67 0.32 2.11 0.01 0.21 0.18 0.61
3 3.98 0.02 1.19 0.62 0.21 2.02 0.07 0.12 0.37 0.68
6 y
average

3.92
�0.05

0.08
�0.05

1.10
�0.10

0.64
�0.03

0.33
�0.13

2.08
�0.05

0.06
�0.04

0.18
�0.05

0.25
�0.10

0.67
�0.06

Saponitization
4 3.71 0.29 0.97 0.94 0.32 2.23 0.00 0.25 0.27 0.77
5 3.66 0.34 0.82 1.04 0.39 2.25 0.04 0.00 0.19 0.23
6 3.65 0.35 0.86 1.07 0.32 2.25 0.12 0.36 0.00 0.84
7 3.62 0.38 0.98 1.25 0.16 2.39 0.00 0.18 0.20 0.56
8 3.62 0.38 1.00 1.15 0.25 2.40 0.11 0.09 0.20 0.49
9 3.60 0.40 0.85 1.03 0.41 2.29 0.05 0.27 0.16 0.75
10 3.60 0.40 0.93 1.02 0.40 2.35 0.02 0.21 0.16 0.60
11 3.57 0.43 0.80 1.46 0.23 2.49 0.04 0.14 0.23 0.55
12 3.45 0.55 0.90 1.04 0.52 2.46 0.11 0.18 0.00 0.47
13 3.44 0.56 0.79 1.06 0.43 2.28 0.09 0.33 0.22 0.97
14 3.44 0.56 1.06 0.98 0.34 2.38 0.14 0.13 0.17 0.57
15 3.40 0.60 0.82 1.21 0.45 2.48 0.00 0.20 0.18 0.58
16 3.28 0.72 0.69 1.46 0.43 2.58 0.00 0.41 0.00 0.82
6 y
Average

3.54
�0.13

0.46
�0.13

0.88
�0.10

1.13
�0.17

0.36
�0.16

2.37
�0.11

0.06
�0.05

0.21
�0.11

0.15
�0.09

0.63
�0.19

Saponitic
phase4

3.63 0.37 0.71 1.14 0.10 2.27 0.14 0.55** 0.69

Na-illitization
18 3.38 0.62 1.67 0.26 0.09 2.02 0.02 0.14 0.59 0.89
19 3.34 0.66 1.58 0.20 0.13 1.91 0.14 0.13 0.17 0.57
20 3.33 0.67 1.91 0.11 0.05 2.07 0.05 0.16 0.23 0.60
21 3.24 0.76 1.44 0.53 0.23 2.20 0.04 0.30 0.18 0.82
22 3.09 0.91 1.99 0.12 0.05 2.16 0.00 0.09 0.40 0.58
23 3.03 0.97 1.67 0.34 0.14 2.15 0.00 0.32 0.31 0.95
6 y
average

3.24
�0.14

0.77
�0.14

1.71
�0.21

0.26
�0.16

0.11
�0.08

2.09
�0.11

0.04
�0.05

0.19
�0.10

0.31
�0.16

0.74
�0.17

1 Sum of octahedral cations
2 Sum of interlayer charge
3 The average structural formula of untreated montmorillonite is included for comparison
4 The structural formula of a saponitic phase reported by Sanchez et al. (2006) is included for comparison
** M+ + M2+
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(Table 3) confirmed FESEM results. The structural

formulae indicate different degrees of saponitization

which are associated with a gradual decrease in

tetrahedral Si and a significant increase in Mg and

octahedral occupancy. In some cases, Mg had not only

partially replaced octahedral Al but also K, Na, and Ca,

and had become the dominant interlayer cation. Only

one analysis (Table 4, analysis 1) revealed a chemical

composi t ion similar to that of the untreated

montmorillonite.

Mineralogical evolution of saponite treated with 5 M

NaOH

The XRD analysis showed a decrease in the 001

Bragg peak intensity but no new mineral phases were

detected in saponite after 1 y of treatment using 5 M

NaOH (Figure 6a). After 5 y of treatment the 001 Bragg

peak of saponite shifted from ~13.5 Å to 14.7 Å and

additional peaks at 9.7, 7.4, 4.9, 3.7, and 2.9 Å appeared.

These changes suggested a transformation of saponite

into an interstratified chlorite-saponite. The above-

mentioned reflections of the newly formed phase

partially fit with corrensite (JCPDS card no.130190,

Mg8Al3Si6O20(OH)10·4H2O). The 001 reflection of

corrensite, however, typically at ~29 Å (Hauff, 1981),

was absent, indicating that the sample was not a

regularly interstratified 1:1 chlorite-saponite. After EG

solvation, the Bragg peak at 14.7 Å shifted to 15.5 Å and

not to 17 Å as in the case of the untreated saponite. Heat

treatment at 550ºC caused a collapse of this Bragg peak

to ~12 Å (Figure 6b). These results are further evidence

that saponite has transformed into a randomly inter-

stratified chlorite-saponite. Note that a very similar

behavior upon EG solvation and heating was reported for

regularly interstratified chlorite-saponite. According to

Hauff (1981) and Beaufort and Meunier (1994), the 002

Bragg peak of corrensite expands to ~15.5 Å upon EG

salvation and collapses to 12 Å upon heat treatment.

Crystalline zeolitic phases were not detected in saponite

treated with 5 M NaOH for 6 y.

FESEM images show that even after 6 y of treatment

the morphology of large saponite particles did not

experience significant modifications compared with the

untreated sample (Figure 7a,b). The amount of smaller

particles, however, decreased drastically upon alkaline

treatment. The EDS microanalysis (Figure 7c inset)

showed a composition similar to that of the original

clay (Figure 7a inset).

Figure 5. FESEM and TEM images of montmorillonite treated with 5 M KOH: (a) formation of zeolite K-F and K-I after 4 y of

treatment; (b) zeolite K-F after 5 y containing mainly K as extraframework cations; (c) clay sample after 5 y of treatment; (d) TEM

image of hexagonal zeolite K-I crystals after 4 y. EDS spectra inset.
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The TEM-AEM analyses revealed gradual composi-

tional changes in saponite upon alkaline treatment using

5 M NaOH (Table 4). Note that all structural formulae are

calculated based on O20(OH)10, taking the structural

formula of corrensite into account. Changes were detected

after just 6 months of treatment: the Si concentration

Table 3. TEM-AEM analyses of the <2 mm fraction of montmorillonite treated with 5 M KOH for 6 y.

————————— Structural formulae of montmorillonite based on O10(OH)2 —————————
Analysis Si IVAl VIAl Mg Fe Soct.cat.1 K Ca Na Sint.cha.2

Untreated
average3

3.87
�0.10

0.14
�0.10

1.39
�0.08

0.57
�0.03

0.15
�0.05

2.09
�0.07

0.03
�0.02

0.08
�0.05

0.29
�0.11

0.48
�0.19

Dioctahedral smectite
1 3.85 0.15 1.59 0.56 0.07 2.22 0.10 0.00 0.00 0.10

Saponitization
2 3.87 0.13 1.06 1.03 0.16 2.25 0.16 0.05 0.26 0.52
3 3.86 0.14 0.31 2.41 0.11 2.83 0.07 0.04 0.00 0.15
4 3.83 0.17 0.81 1.33 0.28 2.42 0.12 0.12 0.0 0.36
5 3.82 0.18 0.27 2.56 0.11 2.94 0.00 0.00 0.00 0.00
6 3.78 0.22 0.57 1.95 0.07 2.59 0.02 0.23 0.25 0.73
7 3.77 0.23 0.25 2.58 0.13 2.96 0.00 0.00 0.00 0.00
8 3.77 0.23 1.20 0.90 0.19 2.83 0.11 0.11 0.00 0.33
9 3.72 0.28 0.39 2.41 0.13 2.93 0.00 0.00 0.00 0.00
10 3.71 0.29 1.02 1.10 0.27 2.31 0.09 0.14 0.00 0.37
11 3.71 0.29 1.01 1.26 0.16 2.43 0.16 0.11 0.00 0.38
12 3.69 0.31 1.24 0.71 0.30 2.25 0.21 0.11 0.00 0.43
13 3.69 0.31 0.25 2.68 0.09 3.02 0.00 0.00 0.00 0.00
14 3.69 0.31 0.97 1.11 0.26 2.34 0.26 0.14 0.00 0.54
15 3.63 0.37 0.59 1.23 0.24 2.16 0.21 0.16 0.00 0.53
16 3.59 0.41 0.13 2.83 0.15 3.11 0.00 0.00 0.00 0.00
17 3.51 0.49 1.02 1.10 0.22 2.34 0.22 0.09 0.27 0.67
18 3.45 0.55 0.79 1.34 0.34 2.47 0.34 0.15 0.00 0.64
19 3.45 0.55 1.02 1.23 0.27 2.52 0.20 0.09 0.00 0.38
20 3.37 0.63 0.48 1.59 0.17 2.34 0.17 0.32 0.00 0.81
21 3.34 0.66 0.81 1.71 0.32 2.84 0.00 0.00 0.00 0.00
6 y
average

3.66
�0.16

0.34
�0.16

0.71
�0.36

1.65
�0.68

0.20
�0.08

2.59
�0.31

0.12
�0.10

0.09
�0.09

0.04
�0.10

0.34
�0.27

1 Sum of octahedral cations
2 Sum of interlayer charge
3 The average structural formula of untreated montmorillonite is included for comparison.

Figure 6. XRD patterns of saponite (Sap) upon NaOH treatment: (a) mineralogical evolution vs. time, solid-line pattern = corrensite;

(b) air-dried (AD), EG-solvated (EG), and heat-treated (550ºC) samples after 6 y of treatment.
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decreased while Al, Fe, and especially Mg increased.

These results confirm that saponite experienced a

chloritization process and transformed into a randomly

interstratified chlorite-saponite. Compared with published

data for regular 1:1 chlorite-saponite interstratification

(Brigatti and Poppi, 1984; Newman and Brown, 1987), the

Si concentration is still quite high and the Al concentra-

tion too small after 6 y of treatment. This indicates that

the chloritization process was not complete and that the

newly formed phase had a saponite/chlorite layer ratio

which was >1:1. The high-resolution TEM image

(Figure 7d) provides evidence for the presence of chlorite

layers with 14 Å d spacing sandwiched between saponite

layers. Note that saponite layers contracted to 10 Å upon

exposure to the electron beam.

Mineralogical evolution of saponite treated with 5 M

KOH

The XRD data revealed a shift of the 001 Bragg peak

of saponite from ~13.5 Å to ~14.5 Å. The formation of a

new mineral phase, however, was not detected, even after

6 y of treatment at room T (Figure 8a). Illite was still

Table 4. TEM-AEM analyses of saponite treated with 5 M NaOH for 6 months, 1 y, and 6 y.

—————————— Structural formulae of saponite based on O20(OH)10 ——————————
Analysis Si IVAl VIAl Mg Fe Soct.cat.1 K Ca Na Sint.cha.2

Untreated
average3

9.01
�0.11

0.00 0.74
�0.10

5.51
�0.22

0.11
�0.03

6.37
�0.13

0.01
�0.02

0.01
�0.01

0.00 0.02

1 8.84 0.00 0.87 5.75 0.08 6.70 0.00 0.16 * **
2 8.25 0.00 0.81 7.09 0.12 8.02 0.00 0.04 * **
3 8.13 0.00 0.87 7.43 0.00 8.30 0.00 0.00 * **
4 8.03 0.00 0.77 7.56 0.12 8.45 0.00 0.09 * **
6 months
average

8.31
�0.36

0.00 0.83
�0.05

6.96
�0.83

0.08
�0.06

7.87
�0.80

0.00 0.07
�0.07

* **

5 8.09 0.00 0.99 7.02 0.12 8.13 0.08 0.13 * **
6 7.97 0.03 0.86 7.51 0.08 8.45 0.04 0.09 * **
7 7.56 0.44 0.59 8.05 0.17 8.81 0.09 0.04 * **
1 y
average

7.87
�0.28

0.16
�0.25

0.81
�0.20

7.53
�0.52

0.12
�0.05

8.46
�0.34

0.07
�0.03

0.09
�0.05

* **

8 7.91 0.09 0.96 8.06 0.25 9.27 0.00 0.00 0.00 **
9 7.66 0.34 0.75 7.79 0.21 8.75 0.00 0.00 0.00 **
10 7.60 0.40 0.75 7.64 0.31 8.70 0.00 0.00 0.00 **
11 7.59 0.41 0.70 7.80 0.24 8.74 0.00 0.00 0.00 **
12 7.53 0.47 0.61 8.04 0.20 8.85 0.00 0.00 0.00 **
13 7.49 0.51 0.57 8.12 0.22 8.91 0.00 0.00 0.00 **
14 7.47 0.53 0.81 7.73 0.25 8.79 0.00 0.00 0.00 **
15 7.38 0.62 0.76 7.84 0.25 8.85 0.00 0.00 * **
16 7.37 0.63 0.67 7.70 0.43 8.80 0.00 0.00 0.00 **
17 7.18 0.82 0.36 8.66 0.17 9.19 0.00 0.00 * **
6 y
average

7.52
�0.20

0.48
�0.20

0.69
�0.16

7.94
�0.30

0.25
�0.07

8.89
�0.19

0.00 0.00 ** **

1 Sum of octahedral cations
2 Sum of interlayer charge
3 The average structural formula of untreated saponite based on O20(OH)10 is included for comparison
* not analyzed
** not calculated

Figure 7 (facing page). FESEM (a) and TEM (b) image of untreated saponite (Sap) and sepiolite (Sep), respectively; (c) FESEM

image after 6 y of treatment with 5 M NaOH; (d) HRTEM image of randomly interstratified chlorite-saponite after 6 y of treatment

with 5 M NaOH. Note that (001) saponite layers collapse to 10 Å d spacing upon electron beam irradiation, whereas (001) chlorite

layers (d spacing = 14 Å) are not affected by the electron beam; (e) FESEM image of an amorphous phase present after 6 y of

treatment with 5 M KOH; (f) FESEM image of saponite after 6 y of treatment with 5 M KOH. EDS spectra inset; (g) TEM image of

an amorphous phase present after 6 y of treatment with 5 M KOH (SAED pattern in inset); (h) Annular dark-field STEM

microanalysis showing elemental distribution corresponding to the TEM image in part g.
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detected and its 001 Bragg peak intensity actually seemed

to have increased slightly. Cuevas Rodriguez (1993), who

studied the hydrothermal stability of saponites from the

same area, interpreted this phenomenon as a recrystalliza-

tion process experienced by illite in the presence of K,

leading to an increased degree of crystallinity. After EG

solvation of the sample treated for 6 y, the 001 saponite

Bragg peak still shifted from ~14.5 Å to ~16.7 Å

(Figure 8b), suggesting that the clay had not experienced

significant changes in swelling capacity.

Using FESEM analysis, a partial dissolution of the

sample affecting smaller clay particles and the neofor-

mation of an amorphous phase which covered the

surrounding saponite particles (see TEM-SAED results,

below) were observed after 6 y of treatment (Figure 7e).

Note that even after 6 y of treatment with 5 M KOH,

some of the sample showed a chemical composition

which was similar to the untreated saponite (Figure 7f

inset). No crystalline zeolitic phase was observed in the

KOH-treated saponite.

Analysis by TEM confirmed the amorphous character

of this newly formed phase (Figure 7g inset). This phase

was composed primarily of Si, leading to an increase in

Si concentration at the outer rim (Figure 7h, arrow).

Note that some zones of the map contained high

concentrations of Al and K, probably due to the presence

of illite impurities.

The TEM-AEM analysis confirmed XRD and FESEM

results, illustrating only minor compositional changes in

saponite upon treatment with 5 M KOH (Table 5). Note

that the Si concentration of the untreated saponite is

slightly higher and the Mg concentration slightly lower

than those reported for saponite (Newman and Brown,

1987). This discrepancy is caused by the presence of

sepiolite which interferes with the TEM-AEM analysis

(Cuevas et al., 2001). Upon KOH treatment, a reduction

in Si and a concomitant increase of Mg and octahedral

occupancy were observed. The Al concentration, how-

ever, remained practically unchanged. After 6 y of

treatment, the clay mineral’s composition was nearly

identical to that of the untreated saponite (Table 5,

analysis 1�5), indicating a relatively small effect of the

treatment with 5 M KOH on the trioctahedral clay.

Nitrogen-sorption measurements of montmorillonite and

saponite

The BET surface area measurements provided addi-

tional evidence for the more pronounced textural changes

experienced by montmorillonite upon alkaline treatment

as compared to saponite. The experimentally unaltered

montmorillonite and saponite had BET surface areas of

63.6 m2/g and 143.8 m2/g, respectively (Table 6). These

values are in agreement with reported data for clays from

the same deposits (60 m2/g (Sanchez et al., 2006) and

161 m2/g (Prieto et al., 1999), respectively).

Montmorillonite treated with either 5 M NaOH or

5 M KOH experienced a surface area increase of ~100%.

In saponite, on the other hand, surface area changes of

<10% were observed which are well within the

experimental error of this technique (Table 6).

The nitrogen sorption isotherms of both smectites

were identified as type II, common for smectites

(Rouquerol et al., 1998) with a hysteresis loop of type

H3, caused by aggregates of plate-like particles and

indicative of the presence of fine, slit-shaped pores (Sing

et al., 1985). A significant reduction of the hysteresis

loop was observed for alkaline-treated montmorillonite

(Figure 9a), whereas the hysteresis loop of saponite did

not experience any changes (Figure 9b).

DISCUSSION

Comparison of the mineralogical evolution of

montmorillonite and saponite upon alkaline treatment

Experimental results revealed a very different miner-

alogical evolution of montmorillonite and saponite upon

Figure 8. XRD patterns of saponite (Sap) upon KOH treatment: (a) mineralogical evolution vs. time, Ilt = illite; (d) air-dried and EG-

solvated samples after 6 y.
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Table 5. TEM-AEM analyses of saponite treated with 5 M KOH for 6 months and 6 y.

—————————— Structural formulae of saponite based on O10(OH)2 ——————————
Si IVAl VIAl Mg Fe Soct.cat.1 K Ca Na Sint.cha.2

Untreated
average3

3.96
�0.11

0.06
�0.08

0.33
�0.10

2.42
�0.21

0.05
�0.03

2.80
�0.13

0.01
�0.02

0.01
�0.01

0.00 **

1 3.91 0.09 0.21 2.66 0.02 2.89 0.02 0.00 0.11 **
2 3.83 0.11 0.17 2.79 0.06 3.02 0.06 0.00 0.06 **
3 3.56 0.31 0.00 3.27 0.07 3.34 0.06 0.02 0.00 **
4 3.64 0.33 0.00 2.98 0.07 3.05 0.06 0.04 0.20 **
5 3.54 0.32 0.00 3.01 0.11 3.12 0.09 0.06 0.37 **
6 months
average

3.70
�0.17

0.23
�0.12

0.08
�0.11

2.94
�0.23

0.07
�0.03

3.10
�0.17

** ** ** **

8 3.96 0.04 0.28 2.50 0.09 2.87 0.00 0.00 0.00 **
9 3.95 0.05 0.32 2.49 0.05 2.86 0.00 0.00 0.00 **
10 3.85 0.15 0.32 2.51 0.07 2.90 0.00 0.00 0.00 **
11 3.84 0.16 0.22 2.66 0.07 2.95 0.00 0.00 0.00 **
12 3.78 0.22 0.27 2.51 0.11 2.89 0.14 0.00 0.00 **
13 3.76 0.24 0.23 2.70 0.05 2.98 0.00 0.00 0.00 **
14 3.73 0.27 0.28 2.63 0.07 2.98 0.00 0.00 0.00 **
15 3.73 0.27 0.11 2.77 0.06 2.94 0.02 0.04 0.16 **
16 3.71 0.29 0.09 2.77 0.06 2.92 0.02 0.06 0.22 **
17 3.70 0.30 0.10 2.76 0.05 2.91 0.07 0.04 0.21 **
18 3.70 0.30 0.22 2.70 0.09 3.01 0.00 0.00 0.00 **
19 3.61 0.38 0.00 3.06 0.09 3.15 0.06 0.00 0.00 **
20 3.58 0.42 0.13 2.91 0.09 3.13 0.00 0.00 0.00 **
21 3.55 0.42 0.00 3.05 0.06 3.11 0.02 0.04 0.22 **
22 3.54 0.46 0.01 3.02 0.14 3.17 0.04 0.00 0.00 **
23 3.46 0.48 0.00 3.25 0.09 3.34 0.02 0.00 0.00 **
6 y
average

3.72
�0.14

0.28
�0.13

0.16
�0.12

2.77
�0.23

0.08
�0.02

3.01
�0.14

** ** ** **

1 Sum of octahedral cations
2 Sum of interlayer charge
3 The average structural formula of untreated saponite is included for comparison
** not calculated.

Figure 9. Nitrogen adsorption isotherms (a) untreated montmorillonite and montmorillonite treated for 5 y with 5 MNaOH and 5 M

KOH; and (b) untreated saponite and saponite treated for 6 y with 5 M NaOH and 5 M KOH.
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alkaline treatment at room T which influenced the

swelling capacity of the clays to a significant degree.

Montmorillonite treated with 5 M NaOH or 5 M KOH

dissolved readily. In these samples zeolite formation was

detected and only a small amount of expandable clays

remained, revealing a significant reduction in swelling

capacity. NaOH-treated saponite, in contrast, showed no

zeolite formation and transformed gradually into a

randomly interstratified chlorite-saponite which experi-

enced significant expansion upon EG solvation. The

KOH treatment of saponite resulted in the limited

formation of a Si-rich amorphous phase, identified

with FESEM/TEM, which did not alter the swelling

capacity of the clay.

From these observations the saponite can be inferred

to present a lower degree of ‘alterability’ than mont-

morillonite in alkaline environments. Further proof for

the greater persistence of saponite under the experi-

mental conditions is given by the fact that a saponitic

phase was identified as one of the transformation

products in the case of NaOH-treated montmorillonite.

This finding is in agreement with results reported by

Ramirez et al. (2002) and Sanchez et al. (2006). Under

natural conditions, saponitization of dioctahedral smec-

tite at high pH has also been observed (Pozo Rodriguez

and Casas Sainz de Aja, 1992). Additionally, Bristow et

al. (2009) commented on the importance of a high pH

(~9 or higher) for the formation of trioctahedral

smectites at appreciable rates.

Surface-area measurements confirmed that mont-

morillonite underwent significant textural changes, result-

ing in an important increase in surface area which was

related to the formation of faujasite with a reported surface

area of 400 m2/g (Sutarno and Arryanto, 2007). The

hydroxysodalite also detected will not contribute to a

surface-area increase, having a reported surface area of

only 22.8 m2/g (Li et al., 2007). The relation between

zeolite formation and surface-area increase is not as

evident in the case of montmorillonite treated with KOH.

The pores of zeolite K-I and K-F (pore size: 0.26 nm;

Breck, 1974) should not be accessible to nitrogen, which

only has access to pores with a size of 5~0.5 nm (Groen

et al., 2003). Accordingly, the reported BET surface area

of zeolite K-F is only 20.2 m2/g (Miyaji et al., 2009). The

presence of Ca, however, in addition to K in the

experimentally produced zeolites K-I and K-F may have

resulted in a larger surface area. According to Csicsery

(1984), monovalent cations can block pores and restrict the

pore size to <~0.4 nm, while divalent cations only occupy

every second cationic position, leaving space for larger

molecules to enter, including N2. This would explain why

montmorillonite experienced a surface-area increase of

nearly 100% after 5 y of treatment with 5 M KOH.

In the case of saponite, important surface-area

changes were not observed. Note that chloritization of

saponite would actually be expected to cause a surface-

area decrease, the reported surface area for a regularly

interstratified 1:1 chlorite-saponite (corrensite) being

36 m2/g (Siegel et al., 1990). Thus, only limited

chloritization can be inferred as having occurred in

NaOH-treated saponite.

Modifications of the shape of the hysteresis loop of

the nitrogen isotherm can give important information on

textural changes experienced by clays upon alkaline

treatment. The hysteresis loop reduction detected in

treated montmorillonite is a result of a partial dissolution

of the plate-like clay particles and the neoformation of

zeolites of equant shape, both resulting in a decrease of

fine, slit-shaped pores. The hysteresis loop of saponite,

in contrast, remained basically unchanged during these

experiments, indicating that the transformation experi-

enced by this clay did not result in major textural

modifications. These observations were in agreement

with FESEM analysis results showing the persistence of

plate-like aggregates of saponite particles after pro-

longed alkaline treatment which give rise to the

aforementioned slit-shaped pores.

The contrasting textural and mineralogical evolution

of montmorillonite and saponite exposed to highly

alkaline solutions can be explained considering differ-

ences in chemical composition and charge distribution

between them. The greater resistance of trioctahedral

smectites, namely saponite, hectorite, and Laponite1,

compared with that of dioctahedral smectites such as

montmorillonite and beidellite when treated with alka-

line solutions at 300ºC was reported by Becerro et al.

(2009). Those authors suggested that the full occupancy

of the octahedral sheet by mainly Mg2+ (i.e. forming a

brucite sheet) would be decisive for the greater

resistance of the former group of clays under alkaline

attack. Pokrovsky and Schott (2004) demonstrated that

dissolution rates of brucite were drastically reduced as

Table 6. BET surface areas of smectites treated with 5 M NaOH and 5 M KOH.

———— Surface area (m2/g) ————
Time – Montmorillonite – —— Saponite ——

NaOH KOH NaOH KOH

0 63.58 63.58 143.75 143.75
6 months 82.81 60.24 154.36 153.82
5 y 141.39 123.22 � �
6 y � � 144.77 136.81
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pH increased from 8 to 12. Using acid/base titration, the

same authors determined the point of zero charge (PZC)

of brucite to be pH ~11. According to the same authors

the concentration of deprotonated >MgOH groups was

only significant at pH >12. In the case of montmorillon-

ite, Al is the dominant octahedral cation, forming a

gibbsite sheet. The gibbsite dissolution rate increases

significantly at pH >10 (Nagy, 1995). The PZC of

gibbsite is pH ~9 (Karamalidis and Dzombak, 2010) and

complete deprotonation is achieved at pH ~12 (Rozalen

et al., 2009). Note that the PZC marks the pH at which

the solubility of a particular phase is at its minimum

(Somasundaran and Agar, 1967). Considering that

dissolution rates are proportional to the concentration

of negatively charged surface sites (i.e. deprotonated

>MgO� and >AlO� sites) at high pH (Brady and

Walther, 1989; Stumm, 1997), the dissolution of brucite

sheets can be expected to occur at lower rates than the

dissolution of gibbsite sheets under equally high pH

conditions.

Differences in charge distribution may also contri-

bute to the observed variations in reactivity of di- and

trioctahedral smectites. The surface of the tetrahedral

sheet of 2:1 phyllosilicates contains ditrigonal cavities

with reactive siloxane functional groups. Depending on

the nature of the electronic charge distribution (i.e

octahedral or tetrahedral substitution), these groups can

form complexes with water-solvated or unsolvated

interlayer cations (i.e. outer- or inner-sphere com-

plexes). Outer-sphere complexes involving electrostatic

bonding are less stable than inner-sphere complexes

involving covalent bonding or a combination of covalent

and electrostatic bonding (Sposito, 1984). As a result of

weaker bonds between the tetrahedral sheet and the

interlayer cation associated with octahedral substitution,

the entry of water molecules into the interlayer space

and, thus, the hydration of interlayer cations are

facilitated in the case of Na-montmorillonite (Norrish,

1954). Clay layers will be forced apart when the number

of hydration layers around the cation increases, offering

a greater surface area for reaction (i.e. dissolution). In

contrast, tetrahedral substitution leads to stronger bonds,

limiting interlayer cation hydration. This is exemplified

by Na-beidellite which displays predominantly tetrahe-

dral substitution. Because Na cations are strongly

bonded to the clay surface and do not hydrate easily

beyond the one-layer hydrate, swelling of Na-beidellite

is limited (Hensen and Smit, 2002). A similar effect

should also occur in saponite, where a restricted access

of water molecules into the interlayer space will limit

separation of clay layers, thus, hampering the dissolution

process under alkaline conditions.

Newly formed phases in montmorillonite upon alkaline

treatment

In the case of montmorillonite, mineralogical changes

were dominated by the neoformation of various zeolitic

phases, accompanied to a minor degree by the transfor-

mation into high-charge clay minerals or saponitic

phases.

The zeolitic phases detected in treated montmorillon-

ite are in agreement with previously reported data of

zeolites synthesized under similar pH conditions using

clays as starting materials (Barrer et al., 1968; Bauer et

al., 1998; Felsche et al., 1986). Published results

indicate that the cation of the mineralizing solution,

either Na+ or K+, determines the type of zeolite formed

upon alkaline treatment of clays. Barrer (1982) discussed

the structure-directing role of cations and concluded that

sodic environments favored the formation of faujasite

and sodalite hydrates, whereas treatments with KOH

resulted in the formation of zeolite K-F (edingtonite-

type zeolite) and zeolite K-I.

Apart from zeolite formation, Na-illitization and

saponitization of the remaining clay fraction was

detected in the experimentally altered montmorillonite

upon NaOH treatment. Illitization has been identified as

a common transformation process of dioctahedral

smectites (Eberl et al., 1993; Bauer and Velde, 1999;

Drief et al., 2002). Generally, illitization is linked to the

presence of K and results in an important increase in

tetrahedral charge due to isomorphic substitution

(Cuadros, 2008). Here, a similar process in NaOH-

treated montmorillonite was observed. The resulting

phase, however, contained Na as the dominant interlayer

cation as a result of the high concentration of Na in the

mineralizing solution. In some cases the structural

formulae based on TEM-AEM analysis (Table 2, ana-

lyses 18�20) could actually be interpreted as a high-

charge beidellite. The formation of beidellite upon

alkaline treatment at room T (Karnland et al., 2007)

and upon hydrothermal alteration of montmorillonite

(Meunier et al., 1998) has been observed previously.

According to Mosser-Ruck and Cathelineau (2004),

beidellitization can be regarded as an initial step of

illitization.

Saponitization of dioctahedral smectite is generally

associated with an increase in tetrahedral charge as well

as in octahedral Mg (Sanchez et al., 2006). The

experimental results reported here indicate that saponi-

tization is a slow process and, after 6 y of treatment, the

identified product phase still lacked Mg compared to the

commonly reported saponite compositions (Newman and

Brown, 1987) and was, thus, interpreted as an inter-

mediate phase (i.e. di- + tri-octahedral smectite inter-

growth) during saponite formation.

Newly formed phases in saponite upon alkaline

treatment

The NaOH-treated saponite transformed into a

randomly interstratified chlorite-saponite which can be

considered as a transitional phase towards corrensite.

Corrensite, in turn, is often identified as an intermediate

phase in the smectite�chlorite transformation (Beaufort
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et al., 1997; Brigatti and Poppi, 1984; Bristow et al.,

2009; Murakami et al., 1999). The results reported here

indicate that chloritization can be a relatively slow

process. After 6 y of alkaline treatment, the saponite had

only transformed into a randomly interstratified chlorite-

saponite which still showed an important swelling

capacity upon EG solvation.

Compositional changes in the KOH-treated saponite

were only minor after 6 y, and the structural formula

based on TEM-AEM data was still consistent with that

of saponite. The detected newly formed amorphous

phase acted as a sink for Si which was released during

saponite dissolution. Note that the release of Si from

saponite followed by the precipitation of amorphous

silica would enable Mg enrichment of the remaining

saponitic phase. The XRD analysis revealed a shift of

the 001 Bragg peak of saponite from ~ 13.5 to ~14.5 Å

upon alkaline treatment, which was probably a result of

the formation of some brucite sheets. Unlike in the case

of NaOH-treated saponite, clear evidence for chloritiza-

tion could not be detected in the sample treated with

KOH.

Interestingly, no crystalline zeolitic phases were

observed in saponite upon alkaline treatment. The reason

for the absence of zeolitic phases may be twofold. On

the one hand, the comparatively low Al concentration of

saponite may inhibit zeolite crystallization. The synth-

esis of low-aluminum zeolites (i.e. high-silica zeolites,

Si/Al > 5) generally requires the use of organic cations

such as alkylammonium which act as mineralizers and

structure-directing agents, or by the addition of zeolite

seeds (Davis and Lobo, 1992; Moliner, 2012).

Furthermore, the required reaction T is greater than in

the case of low-silica zeolites (Barrer, 1982; Davis and

Lobo, 1992). In addition, the required reaction time

becomes longer with increasing Si content of the starting

material (Barth-Wirsching and Höller, 1989). Kovalchuk

et al. (2008) presented data on the activation of fly-ash

with NaOH which showed that zeolites did not form at a

Si/Al ratio >3.5.

On the other hand, the large Mg concentration in the

case of saponite may also hinder zeolite nucleation.

Breck (1974) reported on experimental simulation of the

action of sea water on basalt weathering. In the presence

of Mg, montmorillonite was the main product, whereas

an analcime-type zeolite formed in the absence of Mg.

Gottardi (1989) came to the same conclusion, proposing

that only sheet silicates (i.e. clay minerals) were

obtained when Mg was added to a mixture intended for

zeolite synthesis. The reason for the inhibiting effect of

Mg on zeolite nucleation is, however, not clear.

According to Kirov and Filizova (2012), Mg cannot act

as a template and cannot form zeolites on its own as a

result of its large and stable hydration shell. In any case,

the effect of Mg on zeolite nucleation does not seem to

be the same for all zeolite types. Singh and Dutta (1998)

reported on the inhibiting effect of Mg on faujasite

nucleation during the initial stage of synthesis whereas

zeolite P1 crystallization was not affected by its

presence. Furthermore, many natural zeolites such as

faujasite, erionite, and offretite contain Mg as extra-

framework cations (Gottardi, 1989). Small concentra-

tions of Mg are permissible in zeolite synthesis solutions

in any case. This can be inferred from the fact that

zeolites crystallized when montmorillonite was used as a

starting material which contained Mg, but in a concen-

tration almost six times less than in the unaltered

saponite used in the present study. A systematic study

would be required in order to elucidate unambiguously

the ultimate reason for the absence of zeolites in

alkaline-treated saponite.

Implication for earthen-architecture consolidation and

nuclear-waste storage

The experimental results here show that mont-

morillonite lost almost completely its swelling capacity

upon alkaline treatment with 5 M NaOH or 5 M KOH

solutions. This finding indicates that in the case of

earthen structures containing montmorillonite, an alka-

line consolidation treatment would certainly result in

improved water resistance because dioctahedral smec-

tites transform into zeolites which do not expand when

in contact with water (Mumpton, 1985). This is

consistent with the results reported for improved water

resistance of alkaline-treated adobe blocks made of soil

from the Alhambra Formation which contained diocta-

hedral smectites (Elert et al., 2015). Furthermore, the

formation of zeolites is expected to improve mechanical

properties of clays and soils. Slaty et al. (2013) obtained

a cement clinker replacement with a compressive

strength of up to 23 MPa based on kaolinite reacted

with NaOH at 80ºC for 24 h. The authors related the high

compressive strength of this material to the formation of

zeolites and feldspathoids including phillipsite, natrolite,

and hydroxysodalite which fill pore spaces and bind the

matrix. Roy (1999) suggested that the high durability of

pozzolanic Roman cement mortars could be related to

the presence of zeolites such as analcime.

The swelling capacity of saponite, in contrast, was

only reduced to a certain degree upon alkaline treatment

(Figures 6b and 8b), calling into question the effective-

ness of an alkaline treatment for the consolidation of

earthen architecture containing significant amounts of

trioctahedral smectites, because the water resistance is

not expected to improve significantly. As a sealing

material in hazardous-waste repositories, however,

saponite can be considered as a viable alternative to

the more frequently used dioctahedral smectites. Under

repository conditions, the limited and slow transforma-

tion of saponite into corrensite-type minerals will be

beneficial to preserving the clays’ swelling capacity and,

thus, its effectiveness as a sealing material. The lower

alterability of saponitic clays in hyperalkaline fluids as

compared to dioctahedral smectites was pointed out by
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Fernandez et al. (2014). The loss of swelling capacity

observed here as a result of zeolite formation in

montmorillonite, in contrast, limits the effectiveness of

the clay as a sealing material in waste repositories as a

result of increased permeability. The excellent adsorbent

and cation-exchange properties of zeolites, however, can

be regarded as a positive effect of zeolite formation,

facilitating the trapping of nuclear fission products.

CONCLUSIONS

The experimental results reveal a significant influence

of the chemical composition of smectites on their

reactivity in an alkaline environment at pH~13 and

room T. The mineralogical evolution of montmorillonite

and saponite follows a very distinct pathway under

identical conditions. Extensive zeolite formation from

montmorillonite will result in a reduction in the swelling

capacity of a clay and, thus, in an improvement in water

resistance of alkaline-treated earthen architecture. Under

repository conditions, however, reduced swelling capacity

will influence the sealing properties of the clay nega-

tively, rendering it more permeable. The minor miner-

alogical changes in saponite suggest that water resistance

or mechanical properties of earthen architecture contain-

ing trioctahedral smectites will not be improved signifi-

cantly upon alkaline treatment. Under repository

conditions, mineralogical changes are not desirable

because they can cause a decrease in the swelling and

sorption capacity of the clay, thereby increasing the

permeability of the sealing material and rendering it

ineffective. Thus, under these circumstances saponite can

be considered as a viable candidate for use as a sealing

material in nuclear-waste repositories, taking into account

its long-term persistence in high-pH environments.

Further research including in situ testing of both di- and

trioctahedral smectitic clay barriers under repository

conditions is warranted, however.
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