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Abstract—In the present study, the gradual layer-charge reduction of two Li-saturated smectites, SAz-1
from Arizona, USA, and FEO-G from Troodos, Cyprus, with octahedral charge of 0.54 electrons per half
unit cell (e/huc) and 0.39 e/huc, respectively, was monitored by X-ray diffraction of K-saturated, ethylene
glycol-solvated samples, by thermogravimetry-differential thermogravimetry, and by mid- and near-
Fourier transform infrared spectroscopy after heating at 80—300°C. With increasing heating temperature,
the layer charge and cation exchange capacity (CEC) of both smectites decreased gradually due to Li
fixation. At temperatures >200°C, ~25% residual CEC was observed, suggesting incomplete Li fixation
due to kinetic constraints. Dehydration of the original Li-smectites occurred in two steps, one peaking at
~100°C and another at 175—180°C. The latter decreased upon progressive Li fixation and vanished from
smectites treated above ~125°C. Dehydroxylation occurred at 635—640°C in both smectites and was not
affected by Li fixation. The second derivative analysis of the infrared spectra showed that Li fixation was
manifested in both smectites by the growth of two new sharp OH-stretching fundamentals at ~3640 and
3670 cm ™" and their overtones at ~7115 and 7170 cm™". The new bands constitute pairs of fixed energy
and relative intensity which grow simultaneously at the expense of the broad OH-stretching and overtone
features of the original smectites. Based on this result, Li fixation is suggested to be accompanied by the
simultaneous formation of two distinct trioctahedral-like structural OH species, which is compatible with
Li" occupying trans-octahedral vacancies in both smectites.
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INTRODUCTION

Smectites are clay minerals with important physical
and chemical properties, stemming from their crystal-
chemical characteristics, their very small particle size,
and the correspondingly large specific surface area.
Properties of smectite valued by industry include CEC,
swelling and rheological properties, hydration and
dehydration, high plasticity, bonding capacity, and the
ability to interact with inorganic and organic reagents
(Odom, 1984). A key determinant of these properties is
the layer charge which is due to substitutions in the
tetrahedral and/or the octahedral sheet, or to the
existence of vacancies in the octahedral sheet. The
layer charge is associated with CEC and ion-exchange
selectivity (Maes and Cremers, 1977, 1978; Shainberg et
al., 1987; Giiven, 1992; Laird, 1999). Layer charge has
been shown to be related also to the colloidal properties
of smectites such as swelling (Slade et al., 1991; Laird,
2006; Christidis et al., 20006), especially if heterogeneity
in charge magnitude and localization is also considered
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(Christidis and Eberl, 2003). Moreover, the magnitude of
the layer charge is related to the adsorption of organic
compounds on the smectite surface (Laird et al., 1992).
Reduced-charge smectites result from the thermal
treatment of Li-saturated dioctahedral smectites with
octahedral charge. The process, known as the Hofmann-
Klemen effect (Hofmann and Klemen, 1950), leads to
the reduction of the layer charge and is manifested by
the decrease in the CEC and the loss of the expandable
character of the smectites. Apparently, heating induces
the dehydration of Li cations and their migration into the
layer structure of the mineral, where they become fixed,
i.e. resistant to cation exchange. Suggested positions of
Li" ions in the structure include the vacant octahedral
sites (Hofmann and Klemen, 1950; Green-Kelly, 1953;
Sposito et al., 1983; Srasra et al., 1994; Muller et al.,
1997; Stackhouse and Coveney, 2002; Madejova et al.,
2006), the ditrigonal cavities of the tetrahedral sheet
(Tettenhorst, 1962; Luca et al., 1989; Alvero et al.,
1994; Theng et al., 1997), or both (Brindley and Ertem,
1971; Calvet and Prost, 1971; Madejova et al., 1996;
Karakassides et al., 1999). The Hofmann-Klemen effect
is specific to smectites with octahedral charge and was
initially proposed as a method to distinguish mont-
morillonite from beidellite, a 2:1 phyllosilicate with
tetrahedral layer charge (Green-Kelly, 1953).
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The aforementioned structural interpretations all stem
from a remarkably uniform phenomenology of the
Hofmann-Klemen effect. The amount of fixed Li*
increases with temperature (Calvet and Prost, 1971)
and reaches a plateau at ~220°C (Brindley and Ertem,
1971; Komadel et al., 1996). This result is common to
many different smectites with variable composition and
layer charge (Komadel et al., 1996; Gates et al., 2000;
Madejova et al., 2000a, 2000b; Bujdak et al., 2001). In
all these studies the reduction of layer charge with Li
fixation was monitored indirectly by measuring the CEC
of the smectites. Interestingly, Li‘-exchanged mont-
morillonite samples heated to complete fixation display
CEC values that are greater than those expected from the
complete reduction of their octahedral charge (Brindley
and Ertem, 1971; Lim and Jackson, 1986; Jaynes and
Bigham, 1987; Komadel, 2003). For example, a Li'-
exchanged Otay montmorillonite (SCa-2) with ~95%
octahedral charge was reported to undergo a reduction of
CEC by only 81% as a result of heating at 300°C
(Hrobarikova et al., 2001; Komadel, 2003). The
observed discrepancy has been attributed to the exis-
tence of mechanisms of Li fixation which do not lead to
charge reduction (e.g. fixation in the interlayer and/or
replacement of the structural OH groups by O'Li’,
Jaynes and Bigham, 1987) or to the incomplete
replacement of exchangeable cations during the initial
Li-exchange process (Hrobarikova et al., 2001).

Since the early work of Calvet and Prost (1971),
infrared (IR) spectroscopy has been by far the most
widely used technique for the structural characterization
of reduced-charge smectites. Mid- and near-IR studies
on Li-exchanged and heated (>120°C) montmorillonite
samples have linked the Hofmann-Klemen effect to the
appearance of new sharp absorption bands corresponding
to the stretching, bending, combination, and overtone
modes of structural OH groups (Sposito et al., 1983;
Madejova et al., 1996; 2000a, 2000b; Hrobarikova et al.,
2001; Gates, 2005; Madejova, 2005; Madejova and
Komadel, 2005). By analogy to trioctahedral smectites
which also exhibit sharp OH bands at similar positions
(Russell and Fraser, 1994), the IR spectra of reduced-
charge montmorillonites have been interpreted as
suggesting the formation of local trioctahedral domains
of the AIMgLiOH or AIAILiOH types (Calvet and Prost,
1971; Srasra et al., 1994; Madejova et al., 2000a,
2000b). Alternatively, based on an earlier study on micas
(Besson and Drits, 1997a, 1997b), Zviagina et al. (2004)
assigned the new OH bands to pyrophyllite-like frag-
ments in the dioctahedral 2:1 phyllosilicates.

The present study revisits the structural aspects of
layer-charge reduction of two nearly ideal montmorillo-
nites (i.e. with negligible tetrahedral charge) which
differ in terms of octahedral charge. In addition to
determining the CEC of the samples with progressively
reduced charge, Li fixation was monitored by systematic
measurements of the layer charge by X-ray diffraction
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(XRD) after K-saturation (Christidis and Eberl, 2003). In
principle, the use of layer charge as a proxy to monitor
Li fixation is more appropriate than CEC, as it records
directly the outcome of the Hofmann-Klemen effect. The
monitoring of Li fixation with layer-charge measure-
ments was reported by Maes et al. (1979). However, the
alkylammonium method employed by these latter
authors has been suggested to underestimate layer
charge by up to 40% (Laird and Fleming, 2008).

In addition to layer-charge measurements, the same
samples were evaluated by attenuated total reflectance in
the mid-IR (ATR-FTIR) range and diffuse reflectance
(DRIFT) in the near-IR range. Besides allowing
comparisons with previous literature, the aim of this
vibrational investigation was to bring forward a more
detailed study of the sharp features which develop upon
fixation by taking advantage of second derivative
analysis (Gionis et al., 2006, 2007). Finally, the study
is complemented by thermogravimetric analysis (TGA)
to allow for the quantitative assessment of dehydration
and dehydroxylation in reduced-charge montmorillonites
as a function of heating temperature and to build on
early results by Alba et al. (1998).

MATERIALS AND METHODS

Preparation of reduced-charge samples

Reduced-charge montmorillonite (RCM) preparations
were based on two samples with minimum tetrahedral and
different octahedral charge: SAz-1 (The Clay Minerals
Society Source Clays Repository) is a typical high-charge
montmorillonite and FEO-G (Christidis, 2006) is a low-
charge montmorillonite from the Polycanthos area,
Cyprus. Both samples have a small Fe content. Their
chemical compositions (microprobe analysis, <0.2 pm
fraction) and structural formulae are compared in Table 1.
According to these analyses, the layer charge of neat
SAz-1 and FEO-G are 0.54 and 0.39 e/huc, respectively
(Gates, 2005; Christidis, 2006). The RCMs were prepared
from the <2 pm fraction of SAz-1 and from a hand-
crushed sample of FEO-G, due to the limited availability
of the latter stock material. The SAz-1-based RCMs
contain minor quartz and feldspar (2.5% in total) and
clinoptilolite (1%) and the FEO-G-based RCMs contain
minor quartz (4%), kaolinite (~3%), opal-CT, and illite
(1—-2%) (Christidis, 2006). The two clays were saturated
with Li" at ambient temperature (for 2 x 12 h in 1 M LiCl
solution, at a 1:100 clay/LiCl solution ratio), washed with
ethanol until free of excess salts (AgNO; test), dried at
60°C, and crushed with pestle and mortar. This standard
experimental approach was assumed to lead to complete
Li saturation (Bain and Smith, 1987). Portions (~500 mg)
of these Li-saturated samples were heated for 24 h to a
temperature in the range 60—300+5°C. These samples are
referred to as LiSAz-1_xxx or LiFEO-G_xxx, where xxx
indicates the heating temperature. Due to sample shortage,
Li-FEO-G was heated only at 60, 120, 200, and 300°C.
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Table 1. Chemical analysis and structural formulae of the
SAz-1 montmorillonite (Gates, 2005) and the FEO-G
montmorillonite (Christidis, 2006). The chemical composition
of FEO-G was obtained from microprobe analysis. The
chemical analysis of SAz-1 was reported on a LOI-free basis.

FEO-G SAz-1
SiO, 60.67 67.59
Al,O3 21.05 19.85
Fe,03 0.87 1.71
MgO 3.81 6.508
CaO 0.5 3919
Na,O 2.24 0.118
TiO, N/A 0.28
MnO N/A 0.035
K,0 0 0.074
Total 89.13 100.08
Structural formulae based on O;¢(OH),
Tetrahedral cations
Si 3.97 3.99
AlY 0.03 0.01
Octahedral cations
AIV! 1.60 1.38
Fe’! 0.04 0.07
Mg 0.36 0.56
Interlayer cations
Ca 0.04 0.25
Mg 0.01
Na 0.29 0.03
K 0 0
Layer charge 0.39 0.54
Interlayer charge 0.39 0.53
Tetrahedral charge (%) 7.7 2

Determination of layer charge and CEC

Layer charge was determined according to the
method described by Christidis and Eberl (2003). The
original samples and RCM preparations were K-satu-
rated with 1 M KCl solutions, washed free of excess salts
(AgNO; test), transferred to glass slides to make
oriented clay mounts, left to dry at ambient temperature,
and finally exposed to ethylene-glycol vapor at 60°C
overnight. The ethylene glycol-solvated samples were
examined by XRD (Bruker AXS D8 Advance diffract-
ometer) in the range 2—35°26, using CuKa radiation,
with a step size of 0.02°20 and 0.3 s counting time per
step. The layer charge was determined on the basis of the
XRD data using the LayerCharge computer code
(Christidis and Eberl, 2003). A conservative estimate
of the error associated with this determination of the
layer charge is +0.02 e/huc. The method has a lower
threshold for determination of layer charge of
0.39 e/huc, which precluded the study of FEO-G-based
RCMs.
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The CEC of all samples was determined with a
homebuilt Kjeldahl microsteam apparatus, after saturation
with 1 M ammonium acetate at pH 7. Approximately
300 mg of each sample was saturated twice overnight
with 10 mL of 1 M ammonium acetate, washed free of
excess salts, and heated together with excess NaOH
(~30 mL, 5 N) in the Kjeldahl reactor. The product of the
distillation (ammonia) was collected in a conical flask
containing 25 mL of boric acid (1 N) and methyl red and
bromocresol green indicators, followed by titration with
0.05 N sulfuric acid. The error associated with this
titration is of the order of £2 cmol/kg, but the error of the
overall determination is larger for samples with very low
CEC, due to difficulties associated with their expansion
and NH; exchange. The CEC data are expressed per 100 g
of clay dried at 260°C, using the weight-loss results
obtained from TGA (see below). Before CEC determina-
tion, the samples had been dried at 60°C. Drying at 105°C
was avoided because Li migration was observed to take
place at this temperature.

TGA and IR spectroscopy

Small portions of each sample (~50 mg) were
analyzed with an automated TGA system (TGA-6,
Perkin Elmer). Both TG and DTG curves were obtained.
The samples were heated gradually from 40 to 900°C at a
heating rate of 10°C/min under a flow of dry N, gas. The
sample weight was measured at intervals of 1.5°C. The
dehydroxylation temperatures were obtained from the
DTG curves.

All IR spectra were measured on neat powder
samples equilibrated to ambient temperature (25°C,
30—35% RH). Mid-IR spectra (525—4000 cm™') were
measured on a Fourier-transform instrument (Equinox 55
by Bruker Optics) equipped with a single-reflection
diamond ATR accessory (DuraSamplIR II by SensIR
Technologies). Contact between the powder samples and
the diamond element was ensured by a suitable press,
applying a pressure of ~100 MPa. Each spectrum
represents the average of 300 scans recorded at an
optical resolution of 2 cm™ ! (digital resolution 1 cm™ ).
The spectra are shown in the absorption mode after
correction for the wavelength dependence of the
penetration depth. The NIR spectra
(3600—12000 cm ') were measured on a Fourier-trans-
form spectrometer (Vector 22/N by Bruker Optics)
equipped with an integrating sphere accessory. All
spectra were measured against a gold reference and
shown in the absorption mode. Each spectrum is the
average of 200 scans at an optical resolution of 4 cm™!
and digital resolution of 2 cm~'. The 2" derivatives of
the mid- or near-IR absorption spectra were calculated
using the Savitzky-Golay algorithm (Opus software,
Bruker) to allow for the identification of weak sharp
features overlapping with broad bands. Typically, a
13-point smoothing window was employed, unless
otherwise indicated.
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RESULTS AND DISCUSSION
Layer charge and CEC of the reduced-charge smectites

Application of the Greene-Kelly test to SAz-1 at
different temperatures resulted in systematic variations
of the XRD traces of K-saturated, ethylene glycol-
solvated samples (Figure 1). These XRD traces are
comparable to those of natural samples and suggest a
progressive change from high-charge to low-charge
smectite. The first-order reflection peak of the
K-saturated LiSAz-1 060 occurred at 6.42°20 (dgo, =
13.7 A), and shifted gradually upon heating at 135°C to
5.14°20 (doo1 = 17.1 A) The XRD traces of samples
LiSAz-1 _060-100 exhibited dyo; spacings of <15 A and
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doosz spacings at ~4.70 A. These traces are, therefore,
typical of high-charge smectites (layer charge
>(0.475 e/huc) according to Christidis et al. (2000).
RCMs heated between 105 and 115°C exhibited dyg; at
16.5—15.5 A and irrational d spacings of higher-order
basal reflections which are typical of smectites with
intermediate layer charge (0.46—0.44 e/huc). Heating at
120—135°C decreased the layer charge further, as in low
layer-charge smectites (0.42—0.39 e/huc) which are
characterized by a >16.6 A 001 diffraction maximum
and rational, higher-order basal reflections (Christidis et
al., 2006). Above 130°C, the first-order reflection
decreased quickly in intensity while remaining fixed in
position (Figure 1). Indeed, the layer charge of

LiSAz-1
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Figure 1. Room-temperature XRD patterns of K-saturated and ethylene glycol-solvated LiSAz-1 samples previously subjected to
heating in the 60—135°C range for 24 h. Note the shift of dyg; from ~13.7 A (60°C) to 17.1 A (135°C). Charges (e/huc) calculated
according to Christidis and Eberl (2003) are shown in parentheses. The inset shows the patterns of the corresponding samples heated
at higher temperatures and up to 300°C. Note the appearance of a new peak ~9.5 A which is indicative of collapsed montmorillonite

layers.
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LiSAz-1_130 and LiSAz-1_135 was found to be 0.39 e/
huc (Table 2) and was probably overestimated because
this value coincides with the detection limit of the
Christidis and Eberl (2003) method. For the same reason,
the layer charges of LiFEO-G-based RCMs cannot be
estimated correctly. Samples LiSAz-1 140—180 dis-
played broad diffraction maxima between 4 and 5°20
and another diffraction maximum at ~9.8°20 (9.1 A),
indicating the existence of a superstructure due to
ordered interstratification of totally collapsed and
expandable smectite layers. The progressive appearance
of a new diffraction maximum with d = 9.5 A in samples
LiSAz-1_180—300 indicated the presence of completely
collapsed montmorillonite layers (Sato et al., 1992). The
lack of a diffraction maximum at 5°20 in these samples
was compatible with the negligible tetrahedral charge of
SAz-1. This is because montmorillonites with a sig-
nificant proportion of tetrahedral charge display diffrac-
tion maxima both at 5°20 and at 9.3°20, after the
completion of the Greene-Kelly test, due to the existence
of discrete phases or to mixed-layer montmorillonite-
beidellite (Lim and Jackson, 1986; Guisseau et al.,
2007). Application of the Greene-Kelly test to FEO-G at
120, 200, and 300°C yielded identical results to SAz-1
(data not shown). In summary, the position of the 001
diffraction maximum was not affected after heating at
120°C, but shifted to ~9.3°20 (9.5 A) after heating at 200
and 300°C.

The CEC values of LiSAz-1 sample series (Table 2)
displayed a sigmoidal dependence on the heating
temperature from ~130 to ~40 cmol/kg with a mid-
point at ~120°C (Figure 2). The overall trend is similar
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to that reported by Madejova et al. (2000a, 2000b) and
Bujdak er al. (2001), the main difference being the
smaller final CEC value reported by the latter authors.
Fewer data points exist for the LIFEO-G system, but the
observed % reduction of the CEC with heating
temperature was comparable to that of LiSAz-1,
suggesting that the two montmorillonites respond to Li
fixation in a very similar manner despite differences in
their initial layer charge.

Measured layer charges follow well the trend of the
CEC data up to 120—125°C, and then level off toward
0.39 e/huc (Figure 2, inset). This value is the lower
detection limit of the layer-charge determination method
employed, because it corresponds to a material consist-
ing solely of low-charge smectitic layers (Christidis and
Eberl, 2003). Interestingly, a similar leveling off was
observed in the data of Maes et al. (1979) who used the
alkylammonium method to measure the layer charges of
RCMs based on montmorillonite from Camp Berteau
(Morocco).

The CEC of the Li samples heated at temperatures
>200°C was greater than that expected from complete
charge reduction and the residual CEC did not depend on
the layer charge of the original samples (Figure 2). The
compensation of deprotonated hydroxyl groups (Jaynes
and Bigham, 1987) and the incomplete replacement of
exchangeable cations during Li-exchange (Hrobarikova
et al., 2001) might explain the observed trends.
However, the former option, while significant in the
case of Fe-rich smectites including nontronites (Russell,
1979; Jaynes and Bigham, 1987), is less important in the
case of Al-Mg, Fe-poor montmorillonites, especially

Table 2. CEC, layer charge, weight % loss in the 40—260°C, and dehydroxylation regions of the reduced-charge LiSAz-1 and
LiFEO-G samples. Weight loss % data are expressed with reference to the weight of the samples at 260°C.

Sample CEC % of CECogo Layer charge Weight loss, % Weight loss, %
(cmol/kg) (e/huc) (40—260°C) (260—900°C)
LiSAz-1_060 131.6 100.00 0.54 16.45 4.58
LiSAz-1_080 131.6 100.00 0.53 16.45 4.58
LiSAz-1 100 126.7 96.25 0.50 15.87 4.53
LiSAz-1 105 119.9 91.12 0.46 15.29 4.48
LiSAz-1 110 113.8 86.49 0.44 15.26 4.58
LiSAz-1 115 107.7 81.86 0.44 14.61 4.50
LiSAz-1_120 96.1 73.05 0.42 12.21 4.78
LiSAz-1 125 89.8 68.21 0.40 9.81 5.07
LiSAz-1_130 75.6 57.42 0.39 9.15 5.18
LiSAz-1 135 62.2 47.29 (0.39) 6.94 5.77
LiSAz-1 140 57.7 43.84 — 5.41 5.27
LiSAz-1_160 53.2 40.39 - 3.88 4.92
LiSAz-1 180 46.5 35.37 — 3.01 5.23
LiSAz-1_200 34.8 26.45 — 2.33 5.70
LiSAz-1 250 36.7 27.89 — 1.95 4.83
LiSAz-1_300 39.5 30.04 — 2.11 5.03
LiFEO-G 060 89.2 100.00 0.39 9.09 5.89
LiFEO-G_120 67.7 75.93 — 5.92 5.78
LiFEO-G 200 29.0 32.52 — 2.33 5.37
LiFEO-G_300 243 27.25 - 2.15 5.05
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Figure 2. Dependence of CEC on the heating temperature of LiSAz-1 and LiFEO-G. The sigmoidal line is a guide to the eye through
the LiSAz-1 dataset. The inset compares the layer charge and CEC data of the same samples (Table 2).

those with low layer charge (Jaynes and Bigham, 1987),
such as the FEO-G examined here. Also, incomplete Li
exchange is not considered significant because the two
smectites studied displayed similar behavior, although
they had different layer charge. Indeed, had this been the
case, the fraction of the residual CEC would have been
smaller in the low-charge FEO-G smectite (e.g. Maes
and Cremers, 1978).

The possible influence of variable charge on the
residual CEC was also examined. The CEC calculated
from the structural formulae for the layer charges of the
original and the RCMs (Table 1) was compared to the
CEC from ammonium acetate. The difference between
the two values varied from +7.1 to —7.7% with respect
to the ammonium acetate CEC, the average difference
being ~+1% of the CEC. The CEC of the original FeO-G
determined by ammonium acetate is almost identical to
the CEC derived from Table 1, assuming 5% structural
H,0, i.e. 99.1 cmol/kg (104.5 cmol/kg on an anhydrous
basis). The <2 pum fraction of FeO-G contains ~8—9%
impurities (3% kaolinite, 4% quartz, the rest being opal-
CT and illite). The CEC of pure smectite determined by
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ammonium acetate was, therefore, 97—98 cmol/kg
(102—103 cmol/kg on an anhydrous basis) i.e. almost
identical to the value calculated. Similarly, the CEC of
SAz-1 calculated from Table 1 was 136.1 cmol/kg
(143.3 cmol/kg on an anhydrous basis). The sample
contained ~2.5% quartz and feldspar and ~1% clinopti-
lolite. Clinoptilolite increased the CEC determined by
ammonium acetate by ~0.6 cmol/kg. Hence the actual
CEC of the SAz-1 smectite as determined by ammonium
acetate is 134.4 cmol/kg (141.5 cmol/kg on an anhydrous
basis). Therefore, the variable charges in the present
case cannot explain the residual CEC. This is expected,
as the CEC measurements were performed at pH 7, i.e.
close to the iep of the edges of smectite (e.g. Tombacz
and Szekeres, 2004).

An alternative explanation is to consider that the
Green-Kelly test does not lead to complete reduction of
the octahedral layer charge. By definition, smectites
have layer charges of 0.2—0.6 e/huc and swell under
addition of glycerol and/or ethylene glycol vapors
(Brigatti et al., 2006). Hence, 2:1 phyllosilicates with
layer charges of <0.2 e/huc are not expected to swell.
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Interstratification between collapsed layers and swelling
layers was observed in samples heated at 140°C but was
absent from samples heated at higher temperatures
(Figure 1). Hence, in samples heated above 200°C the
possible remaining empty octahedral sites next to Mg-
bearing octahedral sites are not clustered in swelling
domains but are randomly dispersed. Such an arrange-
ment of octahedra which were not occupied by Li for the
SAz-1 montmorillonite (Figure 3) would not cause
swelling of the smectite layers. Indeed, if 25% of the
available octahedra remained vacant, they would
account for residual layer charge of 0.145 e/huc or a
CEC of 35 cmol/kg, observed in the present study.

TGA analysis

The DTGA thermograms of the RCMs based on
LiSAz-1 exhibited a systematic dependence on the
temperature of Li fixation (Figure 4). This dependence
was mainly manifested by drastic changes of the low-
temperature thermogravimetric envelope (<260°C) in
terms of both complexity and integrated intensity.
Events in this range are attributed to dehydration
processes. The first event, peaking at ~100°C in
LiSAz-1 060, corresponds to the loss of adsorbed water.

Figure 3. Schematic diagram showing the process of incomplete
charge reduction in SAz-1 Li-montmorillonite heated at
temperatures >200°C. (a) Representation of the octahedral sheet
of SAz-1 montmorillonite. (b) Representation of the octahedral
sheet after charge reduction. 25% of the vacant octahedra were
not filled by Li during the Green-Kelly test. The octahedra with
black squares are vacant, whereas those shaded are filled with
Li.
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A second event, centered at 175—180°C, was observed as
a shoulder in samples subjected to low fixation tempera-
tures. Its amplitude decreased abruptly at temperatures
exceeding 115°C and vanished at ~130°C, i.e. a range
which coincides with the appearance of interstratified
structures between collapsed and swelling smectite layers
(Figure 4). A similar high-temperature dehydration event
has typically been observed in smectites saturated with
Ca?™, Mg2+, or Li" and attributed to H,O in the
coordination sphere of these high field strength interlayer
cations (Alba ef al., 1998). An alternative explanation to
H,O interacting with localized tetrahedral charge (Koster
van Groos and Guggenheim, 1987) should be ruled out in
the case of SAz-1 and FEO-G.

The total weight % loss in the 40—260°C range is
expressed against the weight measured at 260°C and is
included in Table 2. This quantity exhibits a sigmoidal
dependence on the fixation temperature which is similar
to that of CEC (Figure 2) and, therefore, weight % loss
and CEC are linearly related (R2 =097, o =1 wt%,
graph not shown). Finally, the high-temperature event in
the DTGA data corresponds to the dehydroxylation of the
smectite. It was observed (Figure 4) as nearly independent
of the Li-fixation temperature in both position
(635—640°C) and integrated intensity (4.9+0.4 wt.%,
Table 2). The dehydroxylation temperature of the RCMs
based on LiSAz-1 is very similar to that of neat SAz-1
montmorillonite (633—639°C, Guggenheim and Koster
van Groos, 2001) and the corresponding weight % loss
was identical to that predicted theoretically (4.8 wt.%).
The four RCM samples based on LiFEO-G exhibited very
similar phenomenology (Table 2). The greater weight loss
observed was compatible with the presence of minor
kaolinite.

IR spectroscopy

The ATR and NIR spectra of several RCMs based on
LiSAZ-1 and spanning the whole range of fixation
temperatures (60—300°C) are shown in Figure 5. Besides
trivial details due to differences in the optical setups
employed, these spectra are identical to those published
by Madejova et al. (2000a, 2000b) for the same system.
In agreement with the TGA data, both spectral series are
characterized by the very pronounced intensity reduction
of H,O bands upon increasing fixation temperature.
These bands dominate the spectra at 1635 cmfl,
3000-3900 cm ', 4900-5400 cm ', and
6500—7300 cm™", and correspond to the bending (3),
stretching (vo;), combination (vo;+3), and 1% overtone
stretching (vgp) envelopes, respectively (Bishop et al.,
1994). Subtler but important changes were also observed
in all other frequency ranges, including those of the
structural OH-bending vibrations (950—675 cm™"),
Si—O stretching vibrations (1175-950 cm™"),
OH-stretching vibrations (3500—3700 ¢cm '), combina-
tion modes (4300—4600 cmfl), and overtone modes
(7000—7200 ¢cm™'). Overall, Li fixation appeared to
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Figure 4. DTGA diagrams of the reduced-charge LiSAz-1 samples series as a function of heating in the 60—300°C range. The data
have been normalized to the weight of the samples at 260°C and are shown offset for clarity.

involve the emergence of new sharp features. Therefore,
their detailed study was based on comparing the 2™
derivative spectra, which offered enhanced sensitivity,
especially at low fixation temperatures where these
bands are weak and overlapping with the strong and
broad envelopes of H,O modes (Figure 6).

In agreement with previous literature (Sposito et al.,
1983; Madejova et al., 1996; Karakassides et al., 1997,
Gates, 2005; Madejova and Komadel, 2005), the
envelope of Si—O stretching modes shifted to higher
temperatures upon increasing fixation temperature. The
trend was best monitored via the emergence of a sharp
feature at 1123 cm™! (similar to a pyrophyllite band at
~1120 cm ™', Russell and Fraser, 1994) at the expense of
a mode at ~1110 cm ™' (Figure 5) which corresponds to
an in-plane Si—O stretching mode (Johnston and
Premachandra, 2001).

In the range of OH-bending modes (Farmer, 1974),
LiSAz-1 060 exhibited well defined bands at 911, 836,
and 787 cm™' which are commonly assigned to AIAIOH,
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AIMgOH, and possibly FeMgOH species, respectively
(Madejova and Komadel, 2005; Gates, 2005). The
assignment of the 787 cm™' band may be questionable
in the case of LiSAz-1 because of the low Fe content of
this clay (Gates, 2005). Instead, this band should be
attributed to silicate impurities. Montmorillonite exhi-
bits a variable position of the main AIAIOH stretch
fundamental in the range 3615—3630 cm™' (Madejova et
al. 1994; Bishop et al. 2002; Zviagina et al. 2004)
whereas the first stretching overtone is found at
~7055—7090 cm™! (Clark et al., 1990; Bishop et al.,
2002), both overlapping with H,O modes. Within these
ranges, LiSAz-1 060 occupies an end-member position
with low-energy positions of the AIAIOH fundamental
and overtone modes at 3615 cm~! and 7056 cm',
respectively (determined from the 2™ derivative spec-
tra). High-wavenumber shoulders to these bands were
observed at ~3650 c¢cm ™', as well as at 7125 and
7160 cm™' (Figure 6). Whether these shoulders are due
to AIMgOH species (e.g. Madejova et al. 1994) or to
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Figure 5. ATR (upper) and NIR (lower) absorption spectra of selected-reduced charge LiSAz-1 montmorillonites prepared by
heating at various temperatures and fully equilibrated to ambient temperature. The spectra are offset for clarity and baseline

corrected in the 6000—8000 cm ™' range.

pyrophyllite-type domains (Zviagina et al., 2004) is not
clear. Finally, the AIAIOH stretching-bending combina-
tion mode of dioctahedral aluminous smectites is
typically observed in the 4520—4550 cm™' range
depending on composition (Post and Noble, 1993;
Gates, 2005). LiSAz-1 060 exhibited this mode at
4518 cm ™' as a combination of the 911 and 3615 cm ™'
fundamentals. A lower-wavenumber contribution at
~4445 cm™" (Figure 6) is attributed to the corresponding
AIMgOH combination mode (Gates, 2005).

Increasing Li fixation induces significant changes to
the 2™ derivative spectra (Figure 6). A doublet of new
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OH-stretching fundamentals at 3641 and 3669 cm ™" (A =
28 ecm™') grew progressively with increasing fixation
temperature, accompanied by the corresponding over-
tones at 7116 and 7172 cm ™' (A =56 cm™"). In the range
of the OH-bending fundamentals, new bands appeared at
797, 844, 896, and 927 cm . Stretching-bending
combinations were dominated by a sharp doublet at
4465 and 4538 cm ' (A = 73 cm '), a higher-energy
component below ~4570 cm™ !, and a number of low-
wavenumber features below 4300 cm™'. These spectral
changes were resolved already upon heating at 100°C
and then evolved in parallel suggesting that their
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Figure 6. Second derivative absorption spectra of the RCM’s based on LiSAz-1 over four ATR and NIR wavenumber ranges. The
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ensemble constituted the unique vibrational signature of
Li fixation in SAz-1.

This description above of the spectral changes
accompanying Li fixation is very similar to that reported
by several authors on the basis of absorption spectra
(Calvet and Prost, 1971; Madejova et al., 2000a, 2000b;
Petit et al., 2004), with one subtle but important
difference. These authors described the evolution in
the OH-stretching (or overtone) range as the convolution
of two processes: the progressive shift of the main v,
(vo2) OH mode of unheated montmorillonite towards
3641 cm™' (7116 cm™ ') and the emergence of a new
peak at 3669 cm ™! (7172 cm™"). On the contrary, the 2™
derivative analysis demonstrates that the 3641 and
3669 cm™' bands and their overtones at 7116 and
7172 em™' constitute pairs of fixed relative intensity
which grow simultaneously at the expense of the broader
3615 (7056) cm ™' modes of unheated SAz-1. Moreover,
the position and relative intensity of the component
bands of the pair in the LiIFEO-G system were identical
to that of LiSAz-1, despite the large difference in
octahedral layer charge of the two clay minerals
(Figure 7). Stretching fundamental and overtone-OH
modes at nearly identical positions were reported by
Petit et al. (2002) for charge-reduced Fe-rich mont-
morillonite from Olberg, Germany. Furthermore, the
published IR absorption spectra of several reduced-
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charge montmorillonites with different octahedral
charges suggest a very similar phenomenology. Prior
to any heat treatment, the positions of their
OH-stretching and overtone bands were quite variable,
but when Li fixation was complete these converged to
~3640, 3670 cm™' or 7110, 7170 cm™', respectively
(Hrobarikova et al. 2001; Madejova et al., 2000a, 2000b;
Madejova, 2005).

Clearly, a unique self-consistent set of assignments is
needed to describe the common vibrational signature of
the Li-induced octahedral charge-reduction mechanism
in montmorillonite.

Local structure of RCMs

A good starting point in deciphering the structure of
RCMs is the assignment of the two vy, bands at ~3640
and 3670 cm~! and their vo, counterparts at ~7115,
7170 ecm™'. These bands are attributed to structural OH
species of the reduced-charge clay. However, their
characteristic wavenumbers are intermediate to those
typically encountered in dioctahedral and trioctahedral
smectites (Farmer, 1974; Clark et al. 1990; Russell and
Fraser, 1994) and could be assigned to either type of
octahedral sheet. Even in the simplest case of neutral
aluminous dioctahedral 2:1 clay minerals, the position of
the AIAIOH stretching fundamental mode is highly
variable. For example, in hydrated palygorskite, this
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mode is observed at 3615 cm ™, shifting to 3624 cm™
upon drying and to ~3645 cm~' upon folding
(VanScoyoc et al., 1979; Gionis et al., 2006). In
pyrophyllite, it is observed at ~3675 cm ™', in a
position nearly identical to the Mgz;OH mode of talc
(Russell and Fraser, 1994).

Insight into the nature of the new OH species can also
be based on the anharmonicity values, X = (2vg;—V(>)/2,
which can be obtained with high precision from the 2™
derivative spectra. Thus, the data in Figure 6 indicate
that both fundamental modes at ~3640 and 3670 ¢cm™'
exhibit identical anharmonicity, X = 83—84 cmfl, which
is smaller than the value of X = 87 cm™' of untreated
montmorillonite SAz-1. The AIAIOH stretching of
pyrophyllite with vo; = 3675 cm ' and vg, =
7177 cm™! (Russell and Fraser, 1994; Clark et al.,
1990; Kloprogge et al. 2000; Wang et al., 2002) also
yields X = 87 cm™'. Values of anharmonicity in the
range 87—88 cm ' have also been reported for the
AIAIOH, AlFeOH, and FeFeOH modes of (dioctahedral)
palygorskite in both hydrated and dry states (Gionis et
al., 2006). These data indicate that the OH-stretching
modes of dioctahedral 2:1 clay minerals exhibit rather

ie.
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uniform values of X, despite the aforementioned large
energy variation of their fundamentals. In comparison,
neutral trioctahedral 2:1 minerals such as talc or
sepiolite have MgzOH stretching modes with lower
anharmonicity values, X = 84—85 cm™ ' (Petit et al.,
2004; Gionis et al., 2007), closer to those observed in
reduced-charge Li-montmorillonite. Based on the ana-
lysis above, the position of the OH-stretching modes
alone is not useful in determining the exact nature of the
absorbing species in RCMs, whereas the corresponding
anharmonicity values point towards trioctahedral
arrangements. The latter is in accordance with early
reports for the pleochroism of these modes, which
suggested that the OH bonds are perpendicular to the
ab plane, as in trioctahedral minerals (Calvet and Prost,
1971). Then, the main question in interpreting the
spectra is about a mechanism of charge reduction
which could create simultaneously two OH-stretching
modes (and their corresponding overtones) with fixed
position and relative intensities.

That each type of OH species present yields a single
OH-stretching (bending, efc.) vibrational mode is
commonly accepted. Conversely, the number and
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relative intensity of OH bands are used to identify the
various types of OH present in smectites and estimate
their relative abundance (Farmer 1974; Madejova et al.,
1994; Besson and Drits, 1997a, 1997b; Gates et al.,
2002; Zviagina et al., 2004; Petit, 2005; Gates, 2005;
Gionis et al., 2007; Chryssikos et al., 2009). Assuming
that this rule of thumb applies also in the case of RCMs,
two possible explanations for the emergence of two v
OH-stretching modes (and their vg, counterparts) can be
proposed. Either fixed Li* modifies two pre-existing (but
poorly distinguishable) populations of OH species and
produces an equal number of sharp bands, or Li"
interacts with a single type of OH group in a manner
that removes their degeneracy and produces two new
distinct populations.

The first scenario is usually linked to the presence of
octahedral substitution by homovalent cations, e.g. Fe**
for AI** in dioctahedral phyllosilicates. For example, the
3641 cm™ ' peak (Figures 5—6) could represent the
AlFeOH counterpart of an AIAIOH pyrophyllite-type
mode at 3669 cm ™! (¢f- Russell and Fraser, 1994; Besson
and Drits, 1997b; Lantenois et al., 2007). Alternatively,
the two bands could correspond to AIMgLiOH and
FeMgLiOH species. In either case, the relative intensity
of the 3641 vs. 3669 cm™' peaks should scale with x/
(1—x), where x is the fraction of Fe’" in the octahedral
sites. Obviously, this scaling is not supported by the fact
that these peaks are identified in both low-Fe (SAz-1,
FEO-G, this study) and high-Fe montmorillonites (Petit
et al., 2002).

The second scenario should involve the perturbation
of AIMgOH in montmorillonite by Li*. Two possibilities
should be considered depending on whether the octahe-
dral sheet is cis- or trans-vacant (cv, tv). In both cases,
each Mg”" cation substituting for AI*" creates two
crystallographically identical and energetically degen-
erate AIMgOH groups. Clearly, mechanisms of fixation
capable of removing this degeneracy are required. One
possibility would be to fit Li" inside a di-trigonal cavity
of the tetrahedral sheet as suggested by some
(Tettenhorst, 1962; Luca et al., 1989; Alvero et al.,
1994; Theng et al., 1997). In this manner, Li" would
modify only one of the two AIMgOH groups. This type
of mechanism would involve the coulombic interaction
of Li" with the oxygen atom of the AIMgOH group and
would lock the O-H dipole to a more tilted position with
respect to the principal symmetry axis of the di-trigonal
cavity. As such, this scenario is incompatible with the
experimental finding that the OH groups of RCMs are
perpendicular to the plane of the di-trigonal cavity
(Calvet and Prost, 1971).

An alternative mechanism, which has been widely
proposed to account for the spectra of RCMs and can
remove the degeneracy of the OH groups, is the fixation
of Li" inside octahedral vacancies (Figure 8). The
presence of Li" would create local bonding rearrange-
ments which would depend critically on the type of
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vacancy present. In the case of ¢v montmorillonite, one
Li" cation occupying the M2a vacancy creates two
equivalent AIMgLiOH groups (Figure 8, left), whereas
the occupation of the M2b vacancy results in the
formation of equivalent AIAILiOH groups (not shown).
In contrast, charge reduction involving the occupation of
the Mla trans-vacancies by Li" is the only mechanism
enabling the degeneracy removal of the pre-existing
AIMgOH and AIAIOH units by creating AIMgLiOH and
AIAILiIOH species in a 1:1 ratio (Figure 8, right).
Clearly, this last scenario is compatible with the
synchronous appearance of two sharp trioctahedral-like
OH stretching (and overtone) modes with fixed position
and relative intensity upon charge reduction. If the above
argument is correct, the unique vibrational signature of
RCMs (Figure 7) would be linked to the presence of tv
domains in both montmorillonites, and these are more
abundant in SAz-1 than in LiFEO-G.

According to Tsipurski and Drits (1984), mont-
morillonite can range from 100% cv (represented by a
Wyoming low charge montmorillonite) to 100% ¢v,
whereas illite, beidellite, and nontronite are considered
to be primarily trans-vacant. However, a clear correla-
tion between the composition or the charge of mont-
morillonite and the type of octahedral vacancy has not
been established experimentally (Drits and Zviagina,
2009). The previous published IR studies have not
suggested a distinction between the two types of
octahedral domains in montmorillonite. As a result, the
only practical estimation of the prevailing type of
vacancy is based on the proposal by Drits et al.
(1995), who related the type of vacancy in aluminous
dioctahedral smectites indirectly to their temperature of
dehydroxylation: c¢v smectites dehydroxylate at tempera-
tures ~150—200°C higher than their #v counterparts (cf-
Wolters and Emmerich, 2007). A dehydration threshold
between the two types (~600°C) is commonly accepted,
according to which SAz-1 and FEO-G (~635°C) are on
the low-end of the cv range. Theoretical modeling of ¢v
and ¢v illites and smectites (Sainz-Diaz at al., 2001) have
suggested that v configurations are slightly favored over
their cv analogs upon increasing octahedral Mg content
and layer charge. These studies would classify SAz-1
and FEO-G as tv smectites.

Clearly, the systematics of the octahedral vacancies
in montmorillonite remain poorly understood. The
present analysis suggests that Li* fixation followed by
2™ derivative mid- or near-IR spectroscopy may
enhance the ‘structural contrast’ between cis- and
trans-vacancies, and therefore become a convenient
tool for estimating their relative abundance.

CONCLUSIONS

The gradual reduction of the layer charge of two
montmorillonites with different layer charge, due to the
Hoffmann-Klemen effect, was studied by Li saturation
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Figure 8. Schematic structure of the octahedral sheet in cv (upper left) and #v (upper right) montmorillonite with the structural OH
groups shown as small spheres. Both arrangements result in two degenerate AIMgOH groups per octahedral Mg?". The AIAIOH
groups are also degenerate in both cases. The degeneracy is preserved by Li" fixation in either the M2a (lower left) or the M2b cis
vacancy. The degeneracy of the two types of OH groups is removed only if Li* occupies an M 1a trans-octahedral vacancy (lower
right), creating AIMgLiOH, AIAILiOH units in addition to unperturbed AIMgOH and AlAIOH.

and heating at 80—300°C. The migration of Li in vacant
octahedral sites was accompanied by a decrease in layer
charge, CEC, and the amount of adsorbed water, whereas
the dehydroxylation temperature remained unaffected. In
both smectites, a residual CEC was observed at the end
of the experiments, which is attributed to residual vacant
octahedral sites due to kinetic constraints. Upon Li
migration to vacant octahedral sites, two new sharp
OH-stretching fundamentals at ~3640 and 3670 cm™'
and their overtones at ~7115, 7170 cm™' were observed
in the FTIR spectra of both smectites. Various models of
Li fixation capable of removing the degeneracy of the
original AIMgOH species were examined. On this basis,
the changes observed in the FTIR spectra after Li
fixation were compatible with Li" occupying trans
octahedral vacancies in both smectites. The results of
the present study will shed light on the cis/trans
configuration of smectites and on their behavior at the
low charge limit (0.2 e/huc).
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