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Abstract—An environmental infrared microbalance (EIRM) cell was used to study H,O sorption on two
montmorillonite samples as a function of water content and type of exchangeable cation. The vibrational
spectra showed that H,O sorbed to the clay at low-water content was strongly influenced by the ex-
changeable cation and by the close proximity to the clay surface. At water contents <6 H,O molecules
per exchangeable cation, the H-O-H bending mode of H,O (v, mode) shifts to a lower frequency and is
characterized by an increase in molar absorptivity. In contrast, the positions of the asymmetric and sym-
metric OH-stretching modes of sorbed water (v, and v; modes) shift to higher energies. These observations
indicate that H,O molecules sorbed to the clay surface at low-water content are less hydrogen bonded
than in bulk H,O. In addition, the vibrational-stretching and bending bands of the structural OH groups
of the 2:1 layer are also strongly influenced by H,O content and type of exchangeable cation. By using
the EIRM cell, the molar absorptivities of the structural OH-bending vibrations were measured as a
function of H,O content. The position and molar absorptivity of the structural OH-bending bands at 920,
883, and 840 cm™! are strongly influenced by H,O content and type of exchangeable cation. The molar
absorptivity of the 920-cm ™! band, which is assigned to the AIAIOH group, decreased strongly at low-
H,O content. This reduction in intensity is assigned to a dehydration-induced change in orientation of the
structural OH groups resulting from the penetration of H,O molecules into siloxane ditrigonal cavities

that are not associated with a net negative charge from isomorphous substitutions.
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INTRODUCTION

The influence of smectite surfaces on the chemical
and physical properties of adsorbed H,O molecules
has been the subject of recent studies using structural,
thermodynamic, spectroscopic, and computational
methods. In recent structural studies of H,O sorption
on montmorillonite, for example, Cases and co-work-
ers (Cases et al., 1992, 1997; Berend et al., 1996)
provided conclusive evidence that the structure of the
clay mineral quasi-crystals depends strongly on the ex-
changeable cation and H,O content. This work showed
that water adsorption proceeds by initial solvation of
the exchangeable cations followed by the occupancy
of remaining interlayer space. Thus, the hydration
characteristics of the clay mineral depend strongly on
the exchangeable cation. This conclusion is also sup-
ported by recent computational studies of smectite-
H,O complexes (Skipper et al., 1991, 1995a, 1995b;
Karaborni et al,, 1996; Chang et al., 1997), and mi-
crocalorimeter data (Cancela et al.,, 1997), which are
strongly dependent on the type of interlayer cation.

Infrared spectroscopy (IR) provides a useful method
to explore H,O-cation-smectite interactions (Poinsig-
non ef al., 1978; Sposito and Prost, 1982; Johnston ez
al., 1992), as H;O can be used as a molecular probe
of the smectite-water interface. The stretching and
bending vibrations of H,O are ideally suited to probe
the short-range interactions of hydrated cations with
the clay surface. In an IR study of smectite-H,O in-
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teractions, Johnston et al. (1992) examined the effect
of exchangeable cations on the position and molar ab-
sorptivity of the v, mode of H,O sorbed on smectite
surfaces as a function of H,O content. At low-H,O
content (<6 H,0 molecules per exchangeable cation),
the H-O-H bending band shifted to lower energy and
the molar absorptivity of this band was sharply in-
creased compared to those of bulk water. The shift in
frequency and change in molar absorptivity were
strongly dependent on H,O content, and on the type
of the exchangeable cation. Cu?*-exchanged SAz-1
showed the largest influence compared to Na*, K+, or
Co?*. These results indicated that the properties of
H,0O molecules surrounding exchangeable cations near
the surface at the interlayer were distinct from those
of bulk water and were strongly influenced by the ex-
changeable cation.

The main objective of this paper is to examine a
broader range of the IR-spectral region to include the
OH-stretching and bending bands of H,O and the IR
bands of the smectite. Russell and Farmer (1964)
showed that the intensity of the structural OH-bending
bands increased for the fully hydrated Na- and Li-ex-
changed smectites compared to the same clays under
dry conditions. Similar results were reported by Calvet
and Prost (1971) for Li, Mg, Ca, and K-exchanged
montmorillonite at different H,O contents. They attri-
buted the change in intensity to movement of the ex-
changeable cations into the ditrigonal cavities on the
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siloxane surface of the smectite followed by reorien-
tation of the structural OH groups within the 2:1 layer
by the influence of the exchangeable cation. A similar
argument was invoked by Sposito et al. (1983) to ex-
plain changes in IR intensities of structural OH-bend-
ing bands of reduced-charge Na-rich montmorillonites
heated in the presence of Li. Under dry conditions, the
intensities of the structural OH-bending vibrations at
920, 840, and 800 cm~! were strongly reduced relative
to the intensities at 50% relative humidity. The spectra
provided clear evidence that the structural OH-bending
vibrations of smectite were strongly influenced by H,O
content, although the amount of H,O sorbed on the
clay was not determined. The change in IR intensity
of the structural OH-bending bands was attributed to
the repulsive interaction between the exchangeable
cation and OH groups. Recently, Alba er al. (1998)
used the change in the intensity of the structural OH-
bending bands, in conjunction with 2°Si, ’Al, and "Li
magic angle spinning nuclear magnetic resonance
(MAS-NMR), X-ray diffraction (XRD), and thermal
analysis, to study the behavior of Li* ions in the in-
terlayer of montmorillonite. These studies provide di-
rect evidence that exchangeable cations and the ac-
companying H,O molecules influence the vibrational
modes of the structural OH groups.

Although changes in the IR spectra of smectite-wa-
ter complexes have been reported, few studies have
quantitatively determined the amount of H,O present.
Most often, H,O contents have been described quali-
tatively, for example, as a smectite sample equilibrated
at a particular relative humidity, in a vacuum, ot at
elevated temperature (Calvet and Prost, 1971; Sposito
et al., 1983). In several IR studies of smectite-H,O
interactions, H,O contents were determined ex situ
(Mortland and Raman, 1968; Poinsignon et al., 1978;
Yan et al, 1996a), where H,O contents and spectro-
scopic properties were measured either separately or
indirectly.

In this study, an environmental infrared microbal-
ance (EIRM) cell was designed to allow IR spectra
and water-vapor sorption isotherms to be obtained si-
multaneously. The combination of IR spectroscopy
and gravimetric analysis provides three unique bene-
fits. First, the EIRM cell provides a direct method to
correlate changes in the molecular properties of H,O
sorbed on the clay with the macroscopic sorption be-
havior. Second, because the amount of smectite and
sorbed water are known precisely, the molar absorp-
tivities of both smectite and H,O IR bands can be de-
termined. Finally, the dry mass of the smectite sample
can be determined accurately without drying to com-
pleteness which is required for conventional sorption
isotherms.

MATERIALS AND METHODS
Preparation of self-supporting clay films

The samples studied were SAz-1 (Cheto montmo-
rillonite, Apache County, Arizona), and SWy-1 (mont-
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morillonite, Crook County, Wyoming) obtained from
the Source Clays Repository of The Clay Minerals So-
ciety (van Olphen and Fripiat, 1979). SAz-1 is a high-
charge montmorillonite [cation-exchange capacity
(CEC) = 120 cmol_ kg~'] with isomorphic substitution
in the octahedral sheet only. The structural formula for
SAz-1 is M7 5[Si]IAL F €0,5Mg; 2]0(OH), (Breen
et al., 1995). SWy-1 is a low-charge montmorillonite
(CEC = 80 cmol, kg~') with substitution in both the
octahedral and tetrahedral sheets. The structural for-
mula (Weaver and Pollard, 1973) 1s M™* ¢[Si; 50Aly 0]
[Al; zsFe(IID)y ;Fe(Il) (Mg 510,0(OH),. Prior to size
fractionation, a homoionic montmorillonite suspension
was prepared by placing 10 g of the clay in 1.0 L of
0.5 M NaCl. The resulting suspension was washed free
of excess salts by repeated centrifugation with dis-
tilled-deionized water. The <0.5-pm size fraction was
collected by centrifugation. Near-homoionic clay sus-
pensions of Na-, Li-, Ca-, or Mg-exchanged smectite
were prepared by adding, respectively, ~0.7 L of 0.05
M solution of the metal chloride to the salt-free clay
suspension (volume ~0.3 L), such that the total vol-
ume was 1.0 L. The washing and size-fractionation
steps were completed within a 24-h period to minimize
degradation of the clay.

Self-supporting clay films were prepared by wash-
ing 20 mL of the stock montmorillonite suspensions
free of excess salts. The solids concentration of the
suspension was diluted to 2.5 mg clay/g of suspension.
Aliquots of this suspension were deposited on a poly-
ethylene sheet and allowed to dry. The dry clay films
were peeled off the polyethylene sheet as self-sup-
porting clay films. The resulting self-supporting clay
films had a cross-sectional density of 2-3 mg per cm?
of film surface. For details, see Johnston er al. (1992)
and Johnston and Aochi (1996).

EIRM cell

Fourier transform infrared (FTIR) spectra were ob-
tained using a Perkin-Elmer model 1600 spectrometer
equipped with a DTGS detector and a KBr beamsplit-
ter. The spectrometer was controlled by using the
Grams Analyst software. The unapodized resolution
for the FTIR spectra was 2.0 cm™!, and 64 scans were
signal averaged for each spectrum. Spectra were col-
lected using an EIRM cell (Figure 1). The cell consists
of a 15-cm pathlength gas cell fitted with two ZnSe
windows and sealed by Viton O-rings. The cell is con-
nected to a Cahn Model RG electrobalance. The EIRM
cell allowed FTIR spectra and gravimetric data to be
collected simultaneously. Unlike previous FTIR/gravi-
metric studies, the relative pressure of water-vapor in
the EIRM cell was controlled using a flowing-gas
manifold instead of vacuum methods (Johnston er al.,
1992; Tipton et al., 1993). The cell was connected to
a flowing-gas manifold using two MKS mass-flow
controllers to regulate the flow of wet (100% relative
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Figure 1.

Schematic diagram of the EIRM. The apparatus consists of a Cahn microbalance designed to hold self-supporting

films of smectite in a 15-cm pathlength gas cell. The cell is fitted with two 50 X 3-mm ZnSe windows. The gas cell is
mounted in the sample compartment of a Perkin Elmer Model 1600 FTIR Spectrometer.

humidity of N,) and dry N,. The flow rate was con-
stant at 100 sccm (std cm® min~!) and the relative pro-
portions of the wet and dry N, were adjusted to main-
tain a specified relative humidity. Relative humidity
was monitored on-line using a Vaisala model
HMP35A humidity probe.

Self-supporting homoionic montmorillonite films
were placed on a 0.2-mm Pt hangdown wire suspend-
ed from the weighing arm (Figure 1) of the Cahn elec-
trobalance. Four cm?® square self-supporting films (~10
mg) were cut from larger clay films to minimize edge
effects. The clay films were suspended from the
weighing arm of the electrobalance while ~150 mg of
standard weight were placed on the tare arm of the
electrobalance to compensate for the mass of the film,
holder, and hangdown wire. A wire-frame holder con-
structed from 0.2-mm Pt wire allowed the clay film to
lie flat and perpendicular to the incident IR beam. Self-
supporting clay films of montmorillonite tend to curl
during dehydration and this holder kept the clay films
flat. The EIRM cell and FTIR spectrometer were
mounted on a NRC optic table to mechanically isolate
the electrobalance assembly.

Spectra were analyzed with the Grams spectral anal-
ysis software (version 4.1, Galactic software) using a
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nonlinear least-squares routine. For the H-O-H bend-
ing region of H,0, a single band of mixed Gaussian
and Lorentzian lineshape was used to fit the 1630-cm™!
band. Based on Johnston et al. (1992), fitting the H-
O-H bending band to more than one band was not
justified. In the OH-stretching region from 3100 to
3700 cm~', four bands at 3630, 3580, 3420, and 3250
cm™! were used to fit the experimental data. A similar
set of bands was used by Madejova et al. (1996). For
the 3580-cm~! band, the intensity was varied but not
the position and linewidth. In the structural OH-bend-
ing region of 1000-800 cm™!, spectra were fit using
three bands at 920, 880, and 840 cm~!. For each spec-
tral region, a linear baseline correction was used and
the spectra were fit using a lineshape of variable
Gaussian-Lorentzian character.

To examine hysteresis, water-vapor adsorption-de-
sorption isotherms were obtained for Ca, Mg, or Na-
exchanged SAz-1 and for Na-exchanged SWy-1. For
all other samples, only the desorption portion of the
isotherm was obtained. These experiments were based
on the observation by Mooney ef al. (1952a, 1952b)
that whereas desorption isotherms are reproducible,
adsorption isotherms are not. Kijne (1969) reported
similar results and attributed the availability of starting
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Figure 2. Water-vapor desorption-adsorption isotherms from
self-supporting films of Na-, Ca-, and Mg-exchanged SAz-1
montmorillonite, and a Na-exchanged SWy-1 montmorillon-
ite.

water content to this water-adsorption behavior. For
both adsorption-desorption experiments, the samples
were equilibrated with a high relative pressure of H,O
(~0.95) for 4 h, the mass of the sample was recorded
from the microbalance, and the FTIR spectrum of the
clay film was collected. The relative pressure of H,O
of the flowing gas was reduced by increments of 0.1
or 0.05 units by controlling the relative proportions of
the dry N, and H,O-saturated N, gas. At a given rel-
ative pressure of H,O, the sample was allowed to
equilibrate for 2 h, the vapor pressure was recorded,
and the FTIR spectrum of the sample was collected.
This procedure was repeated until dry N, gas was
flowing over the sample, which corresponded to a
measured relative vapor pressure of ~0.02. For ad-
sorption isotherms, the partial pressure of H,O was
increased following the same data collection methods.

RESULTS

Water-vapor sorption isotherms

Water-vapor adsorption-desorption isotherms for
Ca-, Mg-, and Na-exchanged SAz-1 and Na-ex-
changed SWy-1 are presented in Figure 2. In addition,
water-vapor desorption isotherms were obtained for
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Li-, Ca-, and Mg-exchanged SWy-1 and Li-exchanged
SAz-1. As noted by Mooney et al. (1952a, 1952b),
adsorption isotherms are critically dependent on the
starting H,O content of the sample and, in general, are
not reproducible. In contrast, desorption isotherms
were found to be reproducible. Unless otherwise not-
ed, the data presented here correspond to desorption
isotherms. Little hysteresis is observed for the more
strongly hydrated cations (Mg?* and Ca?*). However,
significantly greater hysteresis was observed for the
Na-exchanged sample. The degree of hysteresis is in
agreement with previous water-vapor sorption studies
(Mooney et al, 1952a, 1952b; Berend et al., 1996)
with significantly more hysteresis for Na*-exchanged
than for Ca?* or Mg?*-exchanged smectites. The de-
sorption branches of these isotherms are in reasonable
agreement with published water-vapor desorption iso-
therms (e.g., Cases et al.,, 1997).

IR spectra of smectite-H,O complexes

FTIR spectra were obtained along the water-vapor
desorption-adsorption isotherms as illustrated for the
water-vapor desorption isotherm for Ca-exchanged
SAz-1 (hereafter Ca-SAz-1, and similarly, Ca-ex-
changed SWy-1 is hereafter Ca-SWy-1, etc.) shown in
Figure 3. The spectral regions of interest are the OH-
stretching region (Figure 3b), H-O-H bending region
of H,O (Figure 3c), and the structural OH-bending re-
gion of the structural OH groups (Figure 3d). Sorbed
water contributes to the H-O-H bending region (1600—
1650 cm™') and to the O-H stretching region (3000—
3700 cm™!). In comparison, the structural OH groups
contribute to the FTIR spectra in the OH-deformation
region (800—1000 cm~!) and to the O-H stretching re-
gion.

v, band of sorbed water (H-O-H bending). The posi-
tion (Figure 3c) of the H-O-H bending band of water
(v, mode) is plotted as a function of H,O content for
self-supporting films of SAz-1 and SWy-1 exchanged
with Li, Na, Ca, or Mg in Figure 4. The spectral data
and water-content values reported in Figures 4 corre-
spond to data collected from the desorption branch of
the sorption isotherms. The position of the v, mode of
H,O sorbed on smectite at concentrations of >30 H,O
molecules per cation is ~1635 cm ™!, which compares
to a value of 1643.5 cm™! for bulk water (Venyaminov
et al., 1997). The v,-band position remains constant at
concentrations of 30-45 H,O molecules per cation.
For Na or Li-exchanged smectites, lowering the con-
centrations to ~6 H,0 molecules per exchangeable
cation results in band shifts to a slightly higher value
by 1-2 em™'. This is followed by a decrease in fre-
quency to values of 1625 cm~! (Na-SWy-1) and 1629
cm~! (Na-SAz-1) upon further reduction of H,O con-
tent. For Ca- or Mg-exchanged SWy-1, the position of
the v, band showed little change in frequency as a
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Figure 4, Position of the H-O-H bending vibration of H,O
(v,) as a function of H,O content for Na-, Li-, Ca-, and Mg-
exchanged SWy-1 (top) and SAz-1 (bottom) montmorilionite.

function of H,O content. In contrast, large shifts in the
position of the v, band of H,O were observed for Ca
or Mg-SAz-1. Upon lowering the H,O content of Mg-
SAz-1, the position of the v, band increased by ~5
cm~l. For Ca-SAz-1, the position of the v, band in-
creased slightly, followed by a decrease to 1628 cm™!.

Hysteresis of the v, mode upon wetting and drying.
The molar absorptivity of the v, band of H,O was de-
termined based upon the amount of H,O sorbed and
the measured absorbance value using

A®W) = e(v)ed (1)
A) = e(wi 2)

the Bouguer-Beer-Lambert law (‘“‘Beer’s law’”). As de-
scribed in Johnston er al. (1992), A(v) is the absor-
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Figure 5. Hysteresis of molar absorptivity (cm*mmol H,0)

of the H-O-H bending vibration of H,O (v,) observed during
the desorption and adsorption portions of the H,O-sorption
isotherms for Na-exchanged SWy-1 (top) and SAz-1 mont-
morillonite (bottom).

bance of the band of interest, e(v) is the molar ab-
sorptivity at wavenumber v and has units of M~! cm™!,
¢ is the molar concentration of water (M), d is the
thickness of the clay film in cm, and ¢ is the amount
of H,O sorbed per unit area of clay film (moles cm™2).
Using the EIRM cell, A(v) and & can be measured
directly, allowing the value of e(v) to be determined
according to Equation (2).

Similar to the hysteresis shown in the water-vapor
sorption isotherms (Figure 3), a hysteresis effect is
also shown clearly by the change in molar absorptivity
of the v, band of H,O upon dehydration and rehydra-
tion of Na-SAz-1 and Na-SWy-1 (Figure 5). Upon
lowering the H,O content, the molar absorptivity of
the v, band of H,O increases until a critical value of
~4-6 H,0 molecules per exchangeable cation is

—

Figure 3.

Water-vapor desorption isotherm from a Ca-exchanged self-supporting film of SAz-1 at 298 K obtained using the

EIRM cell (A). For each point along the water-vapor desorption isotherm a corresponding FTIR spectrum was obtained using
the EIRM cell. In the top right portion (B), the FTIR spectra of the OH-stretching region in the 3800-2800-cm~! region are
shown as a function of H,O content. FTIR spectra in the OH-bending region of H,O (C; 1800-1500 cm™!) and the structural
OH-bending region {D; 1000-750 cm~}) are shown in the lower portion.
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Figure 6. Position of the v, v(O-H) stretching vibration of
H,O as a function of H,O content for Na-, Li-, Ca-, and Mg-
exchanged SWy-1 (top) and SAz-1 (bottom} montmorillonite.

reached. Upon further dehydration, the molar-absorp-
tivity values decrease. These results are in good agree-
ment with previously reported molar absorptivities of
the v, band obtained from water desorption isotherms
of Na-SAz-1 (Johnston et al., 1992). A strongly con-
trasting trend, however, is shown in the molar-absorp-
tivity values of the v, band of H,O ot “ained from the
adsorption leg. In this case, the additic n of H,O to the
dry clay results in an initial decrease n the molar ab-
sorptivity, followed by an increase. { trong hysteresis
occurred for both Na-SWy-1 and Na SAz-1, although
somewhat greater hysteresis was oserved for Na-
SWy-1 (Figure 5).

v(O-H) region. IR spectra in the reg on of 3800-2700
cm™! for smectite-H,O complexes ar: characterized by
a relatively sharp band at 3630 cm™ corresponding to
the v(O-H) band of structural OH groups and three
broad bands at 3580, 3420, and 3250 cm~! correspond-
ing to the OH-stretching bands of sorbed water. The
positions of the 3420-cm™! band of water sorbed on
Na-, Li-, Ca-, and Mg-SAz-1 and SWy-1 samples are
plotted as a function of H,O content in Figure 6. The
dehydration-induced shifts in frequencies of these
bands are opposite to that of the v, (H-O-H bend). The
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highest frequency component at the 3580 and 3420-
cm™! bands are assigned to the v; and v; v(OH) bands
of water, respectively. The band at 3250 cm™' is an
overtone of the v, band. Upon lowering the H,O con-
tent, the peak position of the v, band increases in fre-
quency by values to =60 cm™!. The position of the v,
v(OH) band for Mg-exchanged SWy-1 is ~3403 cm™!
at high-H,O content. This compares to a position of
3413 cm™! for Mg-exchanged SAz-1.

Structural OH modes. SAz-1 is characterized by two
dominant structural OH-bending vibrations at 915 and
840 cm™! corresponding to the AIAIOH and AIMgOH
groups, respectively. In contrast, SWy-1 has three
bands at 920, 885, and 845 cm™' which are assigned
to the structural OH-bending vibrations of AlAIOH,
AlFe’+*OH and AIMgOH groups, respectively (Farmer,
1974). The band positions of the structural OH-bend-
ing bands of SAz-1 and SWy-1 are plotted as a func-
tion of H,O content in Figure 7. In all cases, the struc-
tural OH-bending bands exhibited small frequency
shifts of =5 cm~!. For SWy-1, the position of the 920-
cm~! band remained nearly constant. The 885 and 845-
cm™' bands, however, upon dehydration shift in op-
posite directions by 3—4 cm™!. The 885-cm™! band de-
creased as a function of decreasing H,O content from
a value of ~885 to 883 cm™! (Figure 7). In contrast,
the 845-cm™! band increased in frequency to 849 cm™!,
A similar increase in frequency was observed for the
840-cm™! band of SAz-1, which increased in frequen-
cy by two wavenumbers upon dehydration.

More apparent than the change in frequency, how-
ever, was the dehydration-induced reduction in IR in-
tensity of the structural OH-deformation bands. The
EIRM cell was used to measure the molar absorptiv-
ities of the smectite bands themselves. The molar ab-
sorptivities of the structural OH-bending vibrations of
self-supporting films of SAz-1 and SWy-1 are shown
in Figure 8. We believe that these data represent the
first direct determination of the molar absorptivities of
the structural OH-deformation bands of a clay mineral.
In agreement with previously reported qualitative ob-
servations (Calvet and Prost, 1971; Sposito et al,
1983), large variations of molar absorptivity were ob-
served for the structural OH-bending bands. For both
SAz-1 and SWy-1, the molar absorptivity of the 920-
cm™! band showed the greatest dehydration depen-
dence. For example, the ey, value of Ca-SAz-1 de-
creases from 90 to 55 cm® mmolyy~' upon dehydra-
tion. Similar decreases were observed for all cations
with Ca?* showing the largest effect. The molar ab-
sorptivity of the 885-cm™! band of SWy-1 also de-
creased significantly upon lowering the H,O content.
This band is less intense than the 920-cm™' band and
occurs only in SWy-1. For both SAz-1 and SWy-1, the
840-845-cm~! band, which is assigned to the


https://doi.org/10.1346/CCMN.2000.0480115

Vol. 48, No. 1, 2000

IR study of H,O adsorption-desorption from montmorillonite

127

918 ’— 920
-1
peak at ~920 cm™ peak at ~920 cm oro
A A A
Ly
917 A xv o ©O o O - 918
e} O
o O Na-SAz1 O Na-SWy-1 r 917
@ Li-SAz1 B Li-SWy-1
916 1 A Ca-SAzl A Caswy-1 [ 916
_ ‘ v v Mg-SAz-1 v Mg-SWy-1 L 915
- 1
£ %. M peak at ~885 cm - 887 1o
Q915 +
g A DA - 886 =
= v o O o O 4
=3 J v F 885 =
B 914 v 9]
E © v 884 =
& 843 1 O v g
peak at 840 cm’ 883
842 {0 N 888520
o peak at ~845 cm™
O F 849
841 - ©
F 848
A é v, ? 847
] AT Wy 2 '
840 YV v A
VAN r 846
839 — — . , n_8F : : 845
0 10 20 30 40 50 0 10 20 30 40 50
#water molecules / metal cation #water molecules / metal cation
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1 (right side) montmorillonite as a function of H,O content.

AlFe**OH group, showed the smallest dehydration-de-
pendent reduction in molar absorptivity.

For SAz-1, the changes in molar absorptivity of the
structural OH-bending vibrations for the Na- and Li-
exchanged forms were similar to each other and were
distinct from the Ca- and Mg-exchanged samples. For
Na- and Li-exchanged SAz-1, the molar absorptivity
of the 920 and 840-cm~! bands decreased upon low-
ering the H,O content to <6 H,O molecules per ex-
changeable cation. A similar trend was observed for
the Ca- and Mg-SAz-1 samples, but the transition
point occurred at a H,O content of ~20 water mole-
cules per exchangeable cation.

DISCUSSION
Sorption isotherms

The shape of the isotherms shown in Figure 2 gen-
erally reflects the hydration characteristics of the ex-
changeable cations. The data presented in Figure 2
show that little hysteresis is observed for the more
strongly hydrated cations (Mg?* and Ca?*). Signifi-
cantly greater hysteresis was observed for Na-SAz-1.
This difference is in agreement with previous water-
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vapor sorption studies (Mooney et al., 1952a, 1952b;
Keren and Shainberg, 1975; Berend et al., 1996). The
more strongly hydrated cations Mg?* and Ca?* retain
more interlayer H,O molecules at low relative pressure
of water vapor than the Na-exchanged clays (Figure
2). As shown by Suquet et al. (1975), Na-exchanged
saponite, beidellite, and hectorite collapse to a d(001)-
value of 1.0 nm. In contrast, the lowest d(001)-value
reported for the same clays exchanged with Ca was
1.2 nm. Thus, the hydrated interlayer Ca?>* and Mg?*
cations are molecular ‘“‘props” to keep the layers sep-
arated. For Na-exchanged SAz-1 and especially for the
lower-charged SWy-1, the layers collapse at low rel-
ative pressure of water vapor. Increased hysteresis is
attributed to the energy requirements to reexpand the
layers from 1.0 to 1.2 nm.

As noted by Cases er al. (1997), the shapes of the
adsorption-desorption isotherms are complex and can-
not be assigned to a standard isotherm shape. A gen-
eral feature, however, is that the amount of H,0 sorbed
at low-H,O contents (relative vapor pressure p/p, <
0.4) is influenced largely by the hydration energy of
the exchangeable cation. In a combined sorption and
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microcalorimeter study, a similar relationship was ob-
served by Cancela er al. (1997) who showed that the
amount of H,O sorbed by smectite was positively cor-
related with the hydration energy of the exchangeable
cation. In addition, water-vapor adsorption isotherms
for Na-, K-, Cs-, and Ca-exchanged SAz-1 were re-
ported recently by Chiou and Rutherford (1997).

A unique advantage of the EIRM cell for determi-
nation of water-vapor sorption isotherms is that the dry
mass of the sample can be determined directly without
complete desiccation. Using the EIRM cell, the absor-
bance of the H,0O-bending and/or stretching bands can
be correlated directly to the amount of H,O sorbed to
the clay. Thus, the dry mass of the self-supporting film
can be obtained by extrapolation of the intensity of the
H-O-H bending band of water vs. mass curve. This
avoids excessive drying of the sample, which may ul-
timately influence the water-sorption characteristics of
the clay.

Vibrational properties of sorbed H,O

Upon lowering the H,O content of the smectite-H,O
complexes, the H-O-H bending band shifts to a lower
frequency, the O-H stretching bands of H,O shift to
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higher frequencies, and the molar absorptivity of the
H-O-H bending band increases. These observations
are in agreement with Poinsignon et al. (1978). At
low-H,O contents of =3 H,0O molecules per exchange-
able cation, the asymmetric OH-stretching, symmetric
OH-stretching, and H-O-H bending frequencies of
H,O sorbed to hectorites were 3635, 3571, and 1626.5
cm~! (Poinsignon et al., 1978). Lower-H,O contents
were achieved by Poinsignon et al. (1978) than the
values obtained here because the samples were sub-
jected to vacuum and mild heating. Nonetheless, the
positions of the H,O bands in this study tend toward
the lower-H,O content values obtained by Poinsignon
et al. (1978). In both studies, the positions of these
vibrational bands of water are shifted relative to their
positions in bulk H,O. Although IR spectroscopy
“samples’ all of the water molecules present in the
sample, the spectra obtained at low-water content val-
ues of <10 H,O molecules/cation are dominated by
water molecules that are closely associated with the
exchangeable cations and the charged portions of the
interlamellar surface. At high-H,O contents (p/p, >
0.7), the positions of the H,O-vibrational bands are
similar to those of bulk H,O. The position of the
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1,(OH) band for Mg-SWy-1 occurs at a slightly lower
value of 3403 cm™! compared to 3413 cm™! for Mg-
SAz-1. This small change in frequency is consistent
with weak hydrogen bonding occurring at the interlay-
er surface associated with tetrahedral sites of SWy-1
exhibiting substitution (Yariv, 1992a).

Upon desorption, H,O molecules sorbed on the ex-
ternal surfaces of the clay and H,O within interstitial
pores are selectively removed from the clay; H,O mol-
ecules associated with exchangeable cations are more
difficult to remove because of the large hydration en-
ergies associated with the interlayer cations. These cat-
ion-associated H,O molecules are characterized by
higher v(OH) and lower 3(HOH) frequencies. Accord-
ing to Sposito and Prost (1982), the first stage of water
adsorption by smectites is the solvation of exchange-
able cations followed by sorption in interstitial pores
and external surfaces. Similarly, in a model developed
by Yariv (1992a, 1992b), H,0O molecules occur in one
of three zones, each with a different H,O arrangement.
Zone A, and zone A, represent H,O molecules coor-
dinated to interlayer cations and to the siloxane sur-
face, respectively. Zone B, has a disordered H,O ar-
rangement between the ordered zones A and A,. Dur-
ing the dehydration process, H,O molecules in the B,
zone, in interstitial pores, and on external surfaces are
preferentially removed from the clay. In our study, the
remaining H,O molecules are assigned to zone A,.
Our study does not show a clear distinction between
H,O0 molecules of zone A, and zone A,. In particular,
at low-water contents of <10 H,O molecules per ex-
changeable cation, both the negative charge on the si-
loxane surface (Yariv, 1992a) and the positive charge
of the exchangeable cation affects the structure of H,O
in the interlayer.

As hydrogen bonding increases, the positions of the
OH-stretching bonds shift to lower frequencies and the
3(HOH) mode of H,O shifts to higher frequency (Pi-
mentel and McClellan, 1960). The increase in fre-
quency of the v(OH) bands of H,0 and the concomi-
tant decrease in frequency of the 8(HOH) band of H,O
provide direct evidence that H,O sorbed to the clay at
water contents of <10 H,O molecules per exchange-
able cation is less hydrogen bonded than that of bulk
H,O0. Upon lowering the H,O content of the smectite-
H,O complex, the H,O molecules are clustered around
the exchangeable cations. These coordinated H,O mol-
ecules are restricted in their ability to form hydrogen
bonds with adjacent H,O molecules.

Yan et al. (1996a, 1996b) suggested that the struc-
ture of interlayer H,O is affected mainly by the for-
mation of hydrogen bonds between H,O molecules
and the siloxane surface. Experimentally, they report-
ed that the position of the v, mode of H,O decreased
upon lowering the H,O content for Na- and Li-ex-
changed montmorillonite, which is in agreement with
the data reported here and Russell and Farmer (1964),
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Poinsignon et al. (1978), and Johnston et al. (1992,
1997). Yan et al. (1996a, 1996b) interpreted the de-
crease in frequency of the v, band to a coupling be-
tween H,O molecules and the Si-O stretching vibra-
tions of the 2:1 layer through the formation of hydro-
gen bonds. The shift of the v, mode to lower frequen-
cy, however, is not consistent with this interpretation
or with the observed blue-shift of the v(OH) modes of
sorbed H,O reported here. Our results indicate that
H,0 is less hydrogen bonded at low-H,O content. H,O
molecules clustered around exchangeable cations are
polarized by the close proximity to the exchangeable
cation with the oxygen of the H,O directed toward the
metal cation. Thus, a decrease in hydrogen bonding is
consistent with isolated hydrated clusters of metal cat-
ions at the interlayer surface.

The larger molar absorptivity of H,O coordinated to
exchangeable cations can distinguish bulk H,O from
H,O surrounding exchangeable cations. Upon desorp-
tion of H,O from the interlayer surface, the molar ab-
sorptivity increases until a water content of 4-6 H,O
molecules per exchangeable cation is reached. At this
water content, the d(001)-value of the smectite is
~1.26 nm, which corresponds to a one-layer smectite
hydrate (Farmer, 1978). The H,O present at the inter-
layer under these conditions is essentially all coordi-
nated to exchangeable cations in the interlayer and is
characterized by a significantly greater molar-absorp-
tivity value compared to bulk H,O. Upon further de-
sorption, collapse of the interlayer occurs with a de-
crease in the d(001)-value to ~1.0 nm (Farmer, 1978).

Reintroduction of water to the dry Na-exchanged
clay results in an initial decrease in molar absorptivity
(Figure 5). For Na-SWy-1, at a H,O content of 2 H,0O
molecules per exchangeable cation, the adsorbed H,O
is characterized by a molar absorptivity similar to that
of bulk H,O. This indicates that the initial H,O sorbed
on the clay is not present in the interlayer, but on ex-
ternal surfaces of the clay. When a critical H,O content
of ~4 H,0O molecules per exchangeable cation is
reached, sufficient H,O is present to allow the inter-
calation of H,O in the interlayer of the clay. Less hys-
teresis is observed for the higher-charged Na-SAz-1
than for Na-SWy-1. Apparently, the higher density of
interlayer cations in SAz-1 serves to hold the layers
apart. When water vapor is reintroduced to SAz-1,
H,O can readily be intercalated into the interlayer. The
main conclusion from the hysteresis in molar absorp-
tivity is that the mechanism of H,O desorption is dis-
tinct from that of adsorption.

Smectite

In good agreement with IR studies of reduced-
charge montmorillonite (Calvet and Prost, 1971; Spos-
ito et al, 1983; Madejova et al, 1996), our results
indicate that the structural OH-bending vibrations
were influenced by H,O content. The structural OH
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groups of montmorillonite reside within the 2:1 layer
at the base of the siloxane ditrigonal cavity. The ob-
served spectral perturbation of both the frequency and
molar absorptivity of these structural OH groups pro-
vide spectroscopic evidence that the local environment
around OH groups is influenced by the keying of H,O
and by the exchangeable cation.

Small frequency shifts of <5 wavenumbers were
observed for the structural OH-bending vibrations
upon changes in H,O content. Least affected was the
920-cm™' band, which is assigned to the AIAIOH
group. For SWy-1, the 885-cm™! band decreased in
frequency whereas the 845-cm~! band increased in
frequency with a lower-H,O content. Unlike the 920-
cm™! band, the bands at 885 and 845 cm™! correspond
to sites of isomorphic substitution within the 2:1 layer.
Because of the negative charge associated with these
sites, exchangeable cations will reside near siloxane
ditrigonal cavities. The change in frequency of these
bands is assigned to perturbations by the exchangeable
cation. Upon lowering H,O content, the interlayers
collapse and exchangeable cations enter into the silox-
ane ditrigonal cavities, which perturb the structural
OH groups at the base of the cavity. However, it is not
clear why the positions of the AlFeOH and AIMgOH
groups shift in opposing directions.

In contrast to the change in frequency of the struc-
tural OH groups, the 920-cm~! band is most affected
by molar absorptivity and lowering H,O content. This
band is assigned to the AIAIOH group. In agreement
with Calvet and Prost (1971) and Prost er al. (1981),
the intensity of the 920-cm™! band is sharply decreased
at low-H,O content. Unlike the 885 and 840-cm™!
bands, this band is associated with ‘‘neutral” siloxane
ditrigonal cavities where no isomorphous substitution
occurs near the cavity. There are two plausible expla-
nations for the reduction in molar absorptivity of the
AlAIOH group. First, the reduction in intensity may
result from polarization effects induced by the ex-
changeable cation or H,O located near the ditrigonal
cavities. Second, because the samples are well-orient-
ed self-supporting films with clay particles aligned
with ¢ axes perpendicular to the surface of the film,
the change in intensity may result from H,O molecules
and/or exchangeable cations penetrating into the ditri-
gonal cavities to cause the orientation of the structural
OH group to tilt out of the (001) plane. This would
effectively reduce the IR cross section of these OH
groups. An intriguing aspect of such changes to the
structural OH groups is that they provide a site-spe-
cific reporter group to examine H,0-H,O and cation
interactions with the surface at the interlayer. The
AlAIOH groups provide information about the neutral
portion of the surface at the interlayer whereas the 885
and 840-cm~! bands provide information about the
negatively charged sites in the clay structure. Upon
collapse, the interlayer cations are in close proximity
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to two siloxane ditrigonal cavities. Presumably, at least
one of the siloxane ditrigonal cavities will bear a neg-
ative charge resulting from isomorphous substitution.
Because of the low net negative charge on the 2:1
layers, it is doubtful that the opposing ditrigonal cavity
is negatively charged. Thus, a single cation may influ-
ence both charged (i.e., 885 and 840 cm™') and neutral
(i.e., 920 cm~!) OH-deformation bands upon partial
collapse.

Despite the recessed location of the structural OH
group, H,O molecules and exchangeable cations have
the ability to influence both the position and molar
absorptivity of these groups. Spectral perturbations of
this hydroxyl group were reported by Serratosa et al.
(1984) for intercalated smectites. They showed that
certain types of organic amines were oriented with the
NH,* end perpendicular to [001]. These amines per-
turbed the stretching band of the structural OH group
of vermiculite. In a related study, Johnston and Stone
(1990) showed that hydrazine can key into the silox-
ane ditrigonal cavity of the kaolinite-hydrazine com-
plex, thereby perturbing the stretching vibration of the
inner OH group.
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