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Abstract—Expansion properties of ten homoionic smectites that differed in amount and location of layer
charge were examined by X-ray powder diffraction analysis at various relative humidities, or after glycerol
or ethylene glycol solvations. Except for K-samples with glycerol solvation, and Na- and Ca-samples with
ethylene glycol, differences in the basal spacings are observed in samples having similar layer charge.
These results show that the basal spacings are larger when the layer charge is located in octahedral sites
than when it is in tetrahedral sites. This suggests that expansion is due to the combined effects of the
charge location and amount.

The effects of layer charge magnitude and location on expansion were represented by an energy change
(expansion energy: AEr) during the hydration and solvation processes. Plots of basal spacings versus AEr
show a reasonable relationship; the spacings generally decrease stepwise as the value of AEr increases.
The basal spacings of K-samples with glycerol solvation, Na-saturated and K-saturated samples at 100%
RH are apt to contract stepwise with increasing value of AEr. For these samples, the figures showing the
relationship between each expanded phase and the charge characteristics are obtained from the isoquants
of AFEr, given the boundary of the expanded phases. A behavior test using these figures may be combined
with the Greene-Kelly test to estimate the amount and the location of the layer charge of common
smectites.

Key Words — Charge location, Ethylene glycol, Expanded phase, Expansion energy, Glycerol, Layer charge,

Relative humidity, Smectite.

INTRODUCTION

Differences in expansion properties of montmoril-
lonites, beidellites, and vermiculites have been of in-
terest to clay mineralogists. Many workers have studied
the relationship between expansion properties and
crystallographic factors. Mooney et al. (1952) and Ker-
en and Shainberg (1975) find that variation in basal
spacing depends chiefly on the kind and valency of the
interlayer cations. Iwasaki (1979) and Iwasaki and Wa-
tanabe (1988) support this view on the basis of the
expansion behavior of smectites. Schultz (1969) and
Horvath and Novak (1976), on the other hand, claim
that the total layer charge is the controlling factor in-
fluencing expansion properties. Brindley (1966) and
Suquet et al. (1975) determined the basal spacings of
ethylene glycol (EG) and glycerol complexes (GLY) of
smectite and vermiculite with various layer charges
and concluded that the total layer charge plays a major
role in the expansion properties of layer silicates. How-
ever, the precise relationship between layer charge and
expansion is still not clear. For example, Kodama et
al. (1974), Suquet et al. (1975, 1977), and Watanabe
and Sato (1988) reported that expandable clay minerals
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with the same layer charge had different expansion
behaviors. Glaeser and Mering (1968) and Suquet et
al. (1975, 1977) estimated the effects of interlayer cat-
ions, net layer charge, and charge location (octahedral
or tetrahedral) on the expansion properties. From their
investigation of a synthetic smectite, Harward and
Brindley (1965) insisted that beidellite exhibits expan-
sion properties intermediate between those of mont-
morillonite and vermiculite. In these papers, it was
generally found that the basal spacings of tetrahedrally-
charged smectites were smaller than those of the oc-
tahedrally-charged smectites under the same hydration
and solvation conditions. Jenkins and Hartman (1979,
1982) considered all possible factors influencing the
expansion properties of layer silicates, and calculated
the electrostatic contribution to the interlayer bonding.
They concluded that the energy required to expand the
octahedrally-charged layer silicate was larger than that
of the tetrahedrally-charged layer silicate. On the other
hand, Schultz (1969) suggested that the expansion
properties did not depend on the charge location. In
these papers there is discrepancy with respect to the
factors that affect the expansion of smectites. It is very
important for better identification and characterization
of the expandable clay minerals to elucidate the cor-
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Table 1. Location and characteristics of studied samples.
Charge distribution®
Tetra- Octa-
Sample Location hedral hedral Total>  d(060) (A) Data source

Swy-1! Crook County, 0.16 0.52 0.68 1.4994 Jaynes and Bigham (1987)
montmorillonite Wyoming

N12 Mizumaki, 0.28 0.40 0.68 1.498¢4 Iwasaki and Watanabe (1988)
montmorillonite Fukuoka Pref.

TU62 Tsukinuno, 0.48 0.32 0.80 1.4994 Iwasaki and Watanabe (1988)
montmorillonite Yamagata Pref.

Ts? Tsukinuno, 0.14 0.78 0.92 1.499¢+ Nagasawa (1988)
montmorillonite Yamagata Pref.

Sta-9¢? sediment core from 0.02 0.84 0.86 1.509 Aoki (1974)
montmorillonite northeastern Pacific

Mé62 Matsuki, 0.22 0.72 0.94 1.498* Iwasaki and Watanabe (1988)
montmorillonite Akita Pref.

SAz-1* Apache County, 0.14 1.00 1.14 1.499* Jaynes and Bigham (1987)
montmorillonite Arizona

NG-1! Hohen Hagen, 0.72 0.04 0.76 ind.* Malla and Douglas (1987)
nontronite Germany

BS-32 Sano, 1.00 0.12 1.12 1.494 Matsuda (1988)
beidellite Nagano Pref.

B22 Unterrupsroth, 0.75 0.42 1.17 n.o. Nadeau et al. (1985)
beidellite Germany

ind. = indeterminate, n.o. = not observed.

! CMS samples (obtained from the Source Clay Repository of The Clay Minerals Society).
2 Samples provided by T. Iwasaki (N1, TU6 and M6), K. Nagasawa (Ts), S. Aoki (Sta-9¢), T. Matsuda (BS-3) and M. J.

Wilson (B2).
3 Calculated for O,,(OH),.
4 Data obtained from this study.

relation between the various factors and the expansion
properties.

At present, based on previous studies, the identifi-
cation of the expandable clay minerals is generally based
on the expanding behavior of samples saturated with
either Ca or Mg and solvated with either ethylene glycol
or glycerol (Walker, 1958; Harward et al., 1969), and
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Figure 1. Charge distribution of studied samples. Tetrahe-

dral and octahedral charge are calculated for O,,(OH),. The
charge values listed are for a unit cell which is O,,(OH),.
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on the collapsing behavior of K-saturated samples
(Weaver, 1956). These expanding-behavior tests have
been widely used for distinguishing the different ex-
pandable minerals. However, these tests are not di-
agnostic for the estimation of charge characteristics in
common smectites in which the charge is distributed
over tetrahedral and octahedral sheets.

The objectives of this paper, therefore, are (1) to
explore the respective effects of net layer charge and
charge location on the expansion properties of dioc-
tahedral smectites, and (2) to establish the principal
criteria useful for the estimation of charge character-
istics.

MATERIALS AND EXPERIMENTAL METHODS
Samples

Ten smectites were examined in this study. Some
characteristics of the samples are given in Table 1.
Mineralogically, these smectites consist of six mont-
morillonites (Sta-9¢, SWy-1, SAz-1, N1, M6, and Ts),
one nontronite (NG-1), and three beidellites (TU6, BS-
3, B2). The value of the d, spacing indicates that all
the samples are dioctahedral (Table 1). These samples
are considerably different in net layer charge (within
the range from 0.68 to 1.17 esu/unit cell) and in the
relative amounts of negative charge in the octahedral
and tetrahedral layers. The charge distributions of these
samples are presented in Figure 1 as plots of tetrahedral
charge versus octahedral charge (esu/unit cell).
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Sample preparation

All samples were ultrasonically disaggregated in dis-
tilled water and the <2-um fraction separated using
centrifugation. The separates were air-dried at room
temperature. Homoionic M-clays (M = Li*, Na*, K*,
and Ca?*) were prepared by treating the colloidal frac-
tions with 1 N chloride solutions, except for the Ca2*-
clays which were prepared using a 1 N acetate solution.
The clays were treated with the salt solutions three
times at 24 hour intervals. Afterward, the clays were
treated two more times with the salt solutions to achieve
complete exchange. Then, they were washed three times
with 80% ethanol and several times with distilled water
until chloride free. For XRD investigation, oriented
specimens were prepared by drying the suspensions on
glass slides at room temperature.

For the Greene-Kelly test, Li-saturated samples were
prepared with water and spread on silica slides. The
samples were allowed to dry slowly at room temper-
ature and then heated at 250°C for 24 hr in a muffle
furnace. Afterward, for solvation, the slides were placed
in a sealed glass container containing glycerol for 24
hr.

X-ray diffraction

The oriented XRD patterns of the homoionic sam-
ples were measured under a controlled relative hu-
midity (RH) and also after solvation with glycerol (GLY)
or ethylene glycol (EG). XRD examination under con-
trolled RH was performed by the ReCX (Relative hu-
midity Control system for X-ray diffractometer). The
ReCX system was described in detail by Watanabe and
Sato (1988). Using this system, the following experi-
ment was performed. The oriented samples were kept
in the specimen chamber at 0% RH for 6 hours. Then,
XRD examination was performed at 10% RH inter-
vals in the range of 0-100% RH after confirming that
a constant d-spacing and intensity of the (001) reflec-
tion had been obtained at each RH. It took up to 10
minutes to reach equilibrium after each 10% RH in-
crement. Only the hydration process {0~100% RH) was
used because the hydration and the dehydration curves
of smectite are not the same (Keren and Shainberg,
1975). Solvation with GLY or EG was accomplished
by the vapor pressure method (Brunton, 1955; Brown
and Farrow, 1956). The samples were saturated with
GLY vapor at 110°C for up to 24 hr and with EG vapor
at 60°C for up to 24 hr. The samples were then exposed
for varying lengths of time up to a maximum of 20
days. The change of d-spacings and the intensity of the
(001) reflection of solvated samples was not confirmed.
The XRD patterns were obtained with a Rigaku dif-
fractometer (RAD-IIA) using monochromatized CuKa
radiation. The XRD patterns were recorded from 2°-
50°26 with a resolution of 0.05°24.
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RESULTS AND DISCUSSION
Greene-Kelly test

The Greene-Kelly test (Greene-Kelly, 1953a, 19530,
1955) was applied to the samples in this study. Samples
Ts, SAz-1, and Sta-9¢ collapsed irreversibly, which
indicates that the sites of isomorphic substitution are
mainly in the octahedral layer. Samples NG-1, BS-3,
and B2 showed a basal spacing of about 17.8 A with
integral secondary spacing; the isomorphic substitution
sites are, therefore, largely in the tetrahedral layer. The
XRD patterns of samples SWy-1, N1, TU6, and M6
have nonintegral basal reflections. These patterns are
interpreted as a random or segregated-type interstrat-
ification of collapsed layers (about 9.5 A)and expanded
layers (about 17.8 A). In order to estimate the pro-
portion of beidellitic components, observed XRD pat-
terns made after the Greene-Kelly test were compared
with calculated patterns produced by a computer pro-
gram for simulation of the (00)) diffraction profiles of
a one-dimensionally disordered crystal [Watanabe
(1981), and modified by T. Iwasaki (personal com-
munication)]. The proportions of tetrahedral charge
(see Table 1) calculated from structural formulae were
approximately consistent with those of the beidellite
component obtained from the computer estimation.

Expansion with ethylene glycol (EG)

Charge characteristics and basal spacings of EG-sol-
vated samples are summarized in Table 2. Three stages
were observed: two homogeneous stages with basal
spacings of about 17 Aand 14 A, and an intermediate
stage with basal spacings between 17 A and 14 A.

Except for the K-saturated NG-1, SAz-1, BS-3, B2
samples, the basal reflections of the EG-solvated sam-
ples showed integral basal reflections with a basal spac-
ing of about 17 A. This suggests that a homogeneous
bilayer, EG-smectite complex had formed (Brindley,
1966).

The basal reflections of the K-saturated SAz-1, BS-
3, and B2 samples showed an integral series with a
basal spacing of about 14 A, which corresponds to one-
layer of EG molecules. This phase was recognized only
in the K-saturated samples with a high net layer charge.
Suquet et al. (1977) reported that K-saturated trioc-
tahedral minerals with a net layer charge >1.0 (esw/
unit cell) did not expand to 17 A with EG solvation.
Machajdik and Cicel (1981) suggested that the net layer
charge of K-smectites needed for the formation of 14
A and 17 A phases was 1.0-1.6 and 0.5-1.2 (esu/unit
cell), respectively. Our data indicate that K-smectites
(except for NG-1) with layer charges of 0.68-0.94 (esu/
unit cell) form 17 A bilayer complexes with EG, and
that K-smectites with layer charge of 1.12-1.17 (esuw/
unit cell) form 14 A monolayer complexes.
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Table 2. Layer charge and basal spacings (A) of ethylene glycol- and glycerol-solvated smectites.
Layer charge Ethylene glycol solvation Glycerol solvation
Sample! Total Tetrahedral Na K Ca Na K Ca
SWy-1 0.68 Q.16 17.20 17.34 17.18 18.18 (14.73) 17.92
N1 0.68 0.28 17.10 17.20 17.18 18.05 14.15 17.93
NG-1 0.76 0.72 16.95 (15.78) 16.87 18.14 (14.03) 17.88
TU6 0.80 0.48 17.00 17.20 16.90 18.12 (14.03) 17.83
Sta-9¢ 0.86 0.02 17.32 16.99 16.98 18.03 (14.54) 17.90
Ts 0.92 0.14 16.95 17.33 16.83 17.90 14.00 17.93
M6 0.94 0.22 17.10 16.90 17.10 17.91 (13.66) 17.72
BS-3 1.12 1.00 17.09 14.07 16.76 17.45* (13.72) 17.37*
14.35* 14.58*
SAz-1 1.14 0.14 16.97 13.90 16.86 17.90 (13.68) 17.78
B2 1.17 0.75 16.87 13.74 16.76 (16.61) 13.27 17.69

Values in parentheses are obtained from only (001) reflection of nonintegral series.
Asterisks indicate the subordinate reflections for doubly-expanded phases having different spacings.

! See Table 1 for sources of samples.

A nonintegral series of reflections with a basal
d-spacing between about 14 A and 17 A was observed
for K-saturated NG-1. The nonintegral and asymmet-
rical reflections indicate a random interstratification
between monolayer and bilayer EG complexes. The
glycolated, K-saturated, NG-1 sample has a layer charge
of 0.76 and has an unexpectedly smaller do,, spacing
than those of the other low-charge smectites. This is
probably due to the strong electrostatic forces between
the interlayer cations and the negative charge in the
tetrahedral layer.

Expansion with glycerol (GLY)

The charge characteristics and basal spacings of GLY-
solvated samples are given in Table 2. Four stages were
observed: two homogeneous stages with basal spacings
of about 18 A and 14 A, and two intermediate stages
between 18 A and 14 A and between 14° and 10° (col-
lapsed layer). Except for the beidellite samples (BS-3
and B2), the Na-saturated samples showed integral re-
flections with a basal spacing of about 18 A. This sug-
gests that a bilayer GLY-smectite complex has formed
(Brindley, 1966). In the beidellite samples, a double
EG-layer expanded phase in sample BS-3 and an in-
termediate stage between 18 A and 14 A in sample B2
were observed. The integral reflections with a basal
spacing of 14 A suggest that a monolayer GLY -smectite
complex forms (Brindley, 1966).

Integral reflections with a basal spacing of about 14
A were obtained for the K-saturated N1 and Ts sam-
ples. The asymmetrical reflections with a basal spacing
between 14 A and 18 A or between 14 A and 10 A
(collapse phase) were observed for the other K-satu-
rated samples. The glycolated samples with a high total
charge and a high proportion of tetrahedral charge
showed nonintegral reflections with basal spacings be-
tween 14 A and 10 A.

The GLY -solvated, Ca-saturated samples, except for
the sample BS-3, showed an integral series of reflec-
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tions with basal spacings of about 17.7-17.9 A. The
basal spacing of Ca-saturated samples gradually de-
creases with increasing value of net layer charge. The
dyo; spacing of Ca-saturated samples with two EG-
layers is smaller than that of Na-saturated samples.
The BS-3 sample has two GLY-expanded phases with
basal spacings of 17.37 A and 14.58 A and an integral
series of reflections.

Expansion with water

The variations in basal spacings upon hydration of
Na-, K- and Ca-saturated samples at different RHs are
represented in Tables 3, 4, and 5. With Na-saturated
samples (Table 3), the dy, spacing increases with in-
creasing RH in distinct steps. All samples, except for
N1, give a completely collapsed phase with a basal
spacing of 9.8-10.0 A at 0% RH. With increasing RH,
an integral series of reflections with basal spacings of
12.4 A and 15.6 A appears. These states have a basal
spacing of about 10.0 A, 124 A and 15.6 A and cor-
respond to the dehydrated (O-water layer), the one-
water layer hydrate, and the two-water layer hydrate,
respectively. Three homogeneous states characterized
by an integral series of reflections were observed in the
range 0-90% RH. In this range, only a small difference
in basal spacing was observed between homogeneous
states of hydration. At the transition, integral refiec~
tions with long spacings, asymmetrical reflections, and
doublet reflections were observed. There are various
types of interstratified structures: regular, for sample
SWy-1 in the range of 30-60% RH, and random- or
segregation-type. Moore and Hower (1986) also re-
ported regular interstratification between two hydrate
states in Na-smectite. Therefore, in the range of 0-90%
RH, it is probably difficult to evaluate any relationship
between the crystallochemical properties and the ex-
pansion behavior. At 100% RH, most of these samples
rapidly expanded further to a thickness equivalent to
three-water layers with a d,, of about 18.5-19.0 A,
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Table 3. Basal spacings (A) of Na-saturated samples at various relative humidity conditions.

RH (%) NG-1 SWy-1 N1 TU6 Sta-9¢ Ts Mé BS-3 SAz-1 B2
0 9.86 9.76  (11.63) 9.91 10.28 9.74 10.00 9.81 9.81 9.77
10 9.87 9.80  (11.95)  10.00  (10.65) 9.74  (10.78) 9.81 9.83 9.76
20 (10.78) 9.80  (12.63) 1022  (11.79) (10.16) (11.79) (10.92) (11.48)  (10.65)
30 (12.11)  (10.53) 1296  (12.28)  12.63  (10.63) 1246  (12.37) (1245) (11.79)
40 12.64  [11.19]  12.94 12.54  (13.39)  12.47 12.52 12.51 1257 (12.28)
50 1280  [11.79]  12.97 1260  (13.81)  12.62 12.51 12.51 12.70 12.41
60  (13.81) [12.45] (13.81) (14.03) (14.98) (14.62) (1403) 1251  (13.81) 1245
70 1473 [15.24] (14.49)  15.19 15.78 15.54  (14.49) (13.60) (14.98)  (12.81)
80 15.64 15.70 15.60 15.47 16.07 15.73 1545  (14.98) 1547  (14.03)
90 15.78 15.81 16.02 15.48 16.37 15.77 15.65 15.27 15.66  (14.98)
100 (18.41)  (23.25)  18.97 18.75 18.41 18.71 18.73 15.43 18.41 15.24

Values in parentheses are obtained from only (001) reflection of nonintegral series.
Values in brackets indicate the nonintegral series with reflection for long spacing.

while samples BS-3 and B2 remained with only two-
water layers. Moreover, sample SWy-1 expanded to a
thickness of more than three-water layers, while sample
N1 expanded to only three-water layers. Whereas the
pairs of samples SAz-1 and BS-3, B2 and SWy-1 and
N1 have a similar layer charge, their expansion prop-
erties are different. In both cases, the spacings of the
samples with negative charge dominantly in the oc-
tahedral sites gave larger basal spacings. These results
suggest that the differences in expansion of these sam-
ples can be attributed to charge location.

With K-saturated samples (Table 4), the d,,, spac-
ings increase with increasing RH in distinct steps. All
samples give a completely collapsed phase with a basal
spacing of 10.2-10.6 A at 0% RH. As the RH increases,
an integral series of reflections with a basal spacing of
about 12.4 A appears. Two homogeneous states char-
acterized by an integral series of reflections were ob-
served in the range of 0-90% RH. In this range, little
difference was observed during the transition between
two homogeneous states of hydration. However, the
relationship between the crystallochemical properties
and the expansion behavior is not as simple as in the
case of the Na-saturated samples. At 100% RH, sam-
ples SWy-1, N1, and Sta-9c expanded to a thickness
of more than one-water layer, while most of the se-
lected samples remained with one-water layer, More-

over, sample SWy-1 expanded to a thickness equiva-
lent to two-water layers.

Except for sample SWy-1, integral reflections were
obtained for the Ca-saturated samples (Table 5) be-
tween 30% and 80% RH. In this range, the basal spac-
ings gradually increased from 14.5 to 16.0 A. At 0%
RH, the following phases were obtained: a phase char-
acterized by an integral series of reflections with basal
spacing of about 11.6 A (samples SWy-1, TU6, M6,
BS-3, and B2); a phase characterized by nonintegral
and asymmetrical reflections (NG-1, N1 and Sta-9¢);
and a double-expanded phase with basal spacings of
11.6 A and 13.5 A and with an integral series of re-
flections (Ts and SAz-1). The 11.6 A phase was com-
parable to one-water layer hydrated, Mg-vermiculite
(Walker, 1956). According to Walker (1956), the 13.5
A phase still has two-water layers between the silicate
layers, but fewer water molecule sites are occupied than
in the 14.36 A phase. In sample BS-3, a 12.36 A phase
with an integral series of reflections was observed at
10% RH. With respect to this phase, no one has sug-
gested an arrangement for the water molecules in the
interlayer region. At 100% RH, most of these samples
rapidly expanded further to a thickness equivalent to
three-water layers with a dg,, of about 18.5-19.5 A,
while samples BS-3 and B2 showed two-water layer
hydrate with basal spacings of 15.5 A and 18.6 A and

Table 4. Basal spacings (A) of K-saturated samples at various relative humidity conditions.

RH (%) NG-1 SWy-1 N1 TUé6 Sta-9¢ Ts Mé BS-3 SAz-1 B2

0 10.24 10.15 10.38 10.24 10.35 10.27 10.27 10.61 10.27 10.23
10 10.22 10.15 10.43 10.28 10.37 10.27 10.30 10.67 10.33 10.23
20 10.23 10.15  (11.48) (10.78)  10.43 10.30 1080  (12.11) (11.33)  (11.19)
30 10.26 10.18  (12.11)  (11.63) (11.33)  (11.19)  (11.95) (12.28) (11.95)  (11.63)
40 (11.63) (11.19) (12.28)  12.56  (11.95) (11.95) (12.28)  (12.28) (12.28)  (11.95)
50 (11.79)  (11.63)  12.73 12.62 12.73 1244 (1245  12.54 1243 (11.95)
60 (1195 (1195  12.80 12.66 12.82 1260  (12.45)  12.56 1249  (11.95)
70 (11.95)  12.26 12.89 12.64 12.92 12.60 12.69 12.56 12.56  (11.95)
80 12.67 12.46 12.99 12.69 12.92 12.65 12.73 12.56 12,59  (11.95)
90 1277 (13.81) (13.39)  12.69 13.00 12.71 12.75 12.62 12.59  (11.95)
100 12.77 1592  (13.81) 1273 (13.60)  12.77 12.75 12.62 1259 (11.95)

Values in parentheses are obtained from only (001) reflection of nonintegral series.
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Table 5. Basal spacings (A) of Ca-saturated samples at various relative humidity conditions.
RH (%) NG-1 SWy-1 N1 TU6 Sta-9¢ Ts M6 BS-3 SAz-1 B2
0 (10.78) 11.34 (13.00) 11.82 (12.28) 11.55* 11.66 11.78 11.66* 11.78
13.48* 13.35*
10 1244 (12.63)  (13.60) (13.00) (13.60) (13.19) (13.00) 1236  (13.60)  12.34
20 (13.60) (13.60) 14.35 14.61 14.88 14.84 14.80 (13.60) 14.95 (14.26)
30 15.15 (14.49) 14.68 14.93 15.18 15.09 14.95 15.05 15.15 15.00
40 15.29 15.16 14.89 15.12 15.37 15.22 15.11 15.13 15.30 15.13
50 15.42 15.50 15.21 15.26 15.51 15.36 15.23 15.16 15.36 15.21
60 15.48 15.62 15.25 15.35 15.65 15.49 15.40 15.28 15.44 15.21
70 15.63 15.64 15.57 15.55 15.75 15.67 15.48 15.31 15.56 15.34
80 15.68 15.74 15.75 15.78 15.94 15.77 15.54 15.34 15.76 15.38
90 15.91 15.90 15.94 15.87 16.07 (16.99) 15.92 15.44 15.87 15.41
100 18.43 19.49 19.06 18.91 19.11 18.96 18.92 15.50 18.65 15.52

Values in parentheses are obtained from only (001) reflection of nonintegral series.
Asterisks indicate the subordinate reflections for doubly-expanded phases having different spacings.

an integral series of reflections. Whereas samples SAz-
1, BS-3, and B2 have a similar layer charge, their ex-
pansion properties are different. In this case, the spac-
ings of the tetrahedrally-charged samples BS-3 and B2
are smaller than those of the octahedrally-charged sam-
ple SAz-1. The results suggest that differences in the
expansion of these samples can be attributed to an
effect of charge location.

Marked differences in expansion behavior were ob-
tained for each sample at 100% RH. Under lower RH
conditions, a small difference was observed in the tran-
sition between the two homogeneous states of hydra-
tion. However, it is difficult to determine any relation-
ship between crystallochemical properties and
expansion behavior from this difference. It is necessary
to consider the types of interstratified structures and
the proportions of the component layers in determining
any relationship because there are various types of in-
terstratified structures at the transition. In the hydra-
tion range 0-90% RH, charge distribution is a signif-
icant factor. On the other hand, phase changes from
90% to 100% RH are rapid. Clearly the net layer charge
and charge location affect the changes between the hy-
drated phases from 90% to 100% RH.

Expansion properties vs amount and location of
layer charge

According to current theory, interlayer solvation (or
hydration) exerts a repulsive force between the silicate
layers and leads to expansion. On the other hand, if
electrostatic attractive forces between the negatively-
charged silicate layers and the positively-charged in-
terlayer cations dominate, then the repulsive forces do
not lead to expansion. Therefore, the expansion reac-
tion is determined by a balance between the opposing
forces. In comparing the expansion properties to the
amount and location of layer charge for each sample,
the repulsive forces can be regarded as constant for the
following reasons: (1) homoionic samples were inves-
tigated under the same conditions, (2) the negatively-
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charged silicate layers moved apart from one another
to some extent.

The main attractive force in the expansion is due to
electrostatic interactions between the interlayer cations
and the negatively-charged silicate surface. The posi-
tively- and negatively-charged sites can be treated as
point charges. The attraction energy, Er, is given by
the Coulomb electrostatic energy. The general for-
mulation of the energy is given by:

- qi‘Qs

Er s
er

1)

where q; and q, are the charges in the interlayer and
the silicate layer, respectively; r is the distance between
q; and q,; and e is the dielectric constant. Hawel and
Licastro (1961) found that the dielectric constant of a
clay crystal itself was 5 or 6. Keren and Shainberg
(1975) used a value of 5 for the calculation of energy
change in the hydration of montmorillonite. A value
of 5 has been used for the dielectric constant in the
calculations here. In the expansion, from an expanded
state (e-state) to a further expanded state (f-state), the
energy (“‘expansion energy”) required to push the sil-
icate layers apart is given by:

AEr = Er,— Erp, (2)

where Er, and Er, are the attraction energies in the
e-state and f-state, respectively.

As mentioned above, differences in the expansion of
smectites with the same layer charge and under the
same hydration and solvation conditions can be at-
tributed to an effect of charge location. In the calcu-
lation of the AEr value, the charge location must be
considered. In considering the effects of charge loca-
tion, r is the distance between the interlayer cation and
the negative charge, r, is the distance between the in-
terlayer cation and the negative charge on the tetra-
hedral layer, and r, is the distance between the inter-
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Table 6. Values of distance (A) r, and r, used for calculation 24 -~
of AFr. I
1-EG  2EG I-GLY 2-GLY 1-W 2.W 3-W 22 - Na
layer layers layer layers layer layers layers o&\ 3
. 372 522 387 572 292 452 612 o 2O
r, 593 743 608 793 513 6.73 8.33 c 18 '_
Q
] - MY ADA A AA
layer cation and the negative charge on the octahedral 2 16 —
layer. Consequently, AEr is given by: § 14 |
AEr = Er, — Er, m 12 |
:<ﬂﬁ+qi-qo)_(qrq.+qi~qo> 3) )
€r, €T, €T,  €Ty) 0 1 2 3 4 5 6 7
where r,,. and r,, are the distances between the inter- AEr EG1-2
layer cations and the tetrahedral and octahedral charg-
es in the e-state, respectively; and r,, and r,, are the 24
distances between the interlayer cations and the tet- B K
rahedral and octahedral charges in the f-state, and q, 22 +
and q, are the charge on the tetrahedral and octahedral 2 [
layers, respectively. We assumed that the position of ; 20 :
negative charge due to isomorphic substitution in sil- € 18 L
icate layers is distributed over at least the three surface 8 s Er DEI
oxygens coordinated to tetrahedral AI**, or over at least 8— 16 | 0O
the ten surface oxygens of the four silicon-oxygen tet- e
rahedra linked to the sites of octahedral substitution 2 14 L O O
(according to Farmer and Russell, 1971), and the cat- m i
ions are centered in the interlayer region. The values 12
for r, and r, are given in Table 6. The expansion en- 10 T T

ergies calculated from formula (3) are presented in Ta-
ble 7. The AEr can be treated as a quantitative indicator

of expansion properties, although the value of AEr does AEr EG1-2
not have a physical meaning.
The relationships between the basal spacings with 24 -~
various solvations and hydration (at 100% RH) treat- i Ca
ments, and the AEr for each expansion treatment are - 2
presented in Figures 2, 3, and 4. No significant differ- °§/ 20 i
Table 7. Expansion energy AEr (kcal/mol) in the expansion 8’ [
process of samples after various treatments. g 18
AEr (kcal/mol) UQ-) 16 L ofo o 0o
Sample EG,, GLY,, W, Wz — L
3 14

SWy-1 1.358 1.505 1.964 1.088 a i
N1 1.592 1.750 2.370 1.247 m ]
NG-1 2.876 3.115 4.499 2.160 12 |
TUé 2.549 2.784 3.880 1.960 3

Sta-9¢ 1.722 1.936 2.362 1.435 10 e T B A e s
Ts 2.283 2.544 3.246 1.855 1 2
M6 2.591 2.873 3.748 2.077 0 3 4 5 6 7
BS-3 6.050 6.559 9.431 4.557 AErggio

SAz-1 3.396 3.791 4.794 2.774 . . . R
B2 5.613 6.123 8.577 4.302 Figure 2. Relationship between the expansion energy AEr

(kcal/mol) and basal spacing of homoionic samples after sol-

EG,, and GLY,, arc the expansion energy from one-layer ~ vation with ethylene glycol.
to two-layer solvated state of ethylene glycol and glycerol
complexes, respectively. W, , and W,_; are the expansion en-
ergy from one-layer to two-layer hydrated state and from two-
layer to three-layer hydrated state, respectively.
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Figure 3. Relationship between the expansion energy AEr
(kcal/mol) and basal spacing of homoionic samples after sol-
vation with glycerol. Open symbol joined by a broken line;
subordinate reflections for double-expanded phases having
different spacings.

https://doi.org/10.1346/CCMN.1992.0400111 Published online by Cambridge University Press

Sato, Watanabe, and Otsuka

Clays and Clay Minerals

24
oo | Na
20 |
18 | A
16
14

AA

T T

Basal spacing (A)

12

10 . 1 N 1 1 1 1

24
22
20
18 |
16 |
14|

Basal spacing (A)

12 ¢+ m|
‘10. L 1 N 1 1 1 " 1

22| Ca
20 |

.
18 |
16 -
14|

0] @)

Basal spacing (A)

12 |
10- i L " 1 i L L 1

AEr wos

Figure 4. Relationship between the expansion energy AEr
(kcal/mol) and basal spacing of homoionic samples at 100%
RH.


https://doi.org/10.1346/CCMN.1992.0400111

Vol. 40, No. 1, 1992

[£]11-EG layer solvation
O Intermediate stage
[2-EG layers solvation

0.8

0.6

0.4

0.2

Tetrahedral charge (esu / unit cell)

0.0

1.2

Effect of layer charge, charge location, and energy change on expansion

111

= 2-water layers hydration

@ 10 [ Intermediate stage
= " [ 3-water layers hydration
3 Further expanded phase
; 0.8 more than 3-water layers
o 0
P NG-1
o)
o 06 F
©
=
(5]
@ 04
©
2 - M6 ;
g o2¢ N1 H1s saz
= L SWy-1\D :

0.0 PR PR | = R :I:'IS.Ta'g;C

0.0 0.2 0.4 0.6 0.8 1.0 1.

Octahedral charge (esu / unit cell)

1.0

0.8

0.6

0.4

0.2

Tetrahedral charge (esu / unit cell)

0.0

0.0 0.2 0.4

Octahedral charge (esu / unit cell)

Figure 5. Relationship between the expanded phase and the
Na-samples at 100% RH. (C) K-samples at 100% RH.

ence in basal spacings was found for glycerol-solvated,
K-saturated smectites. Similarly, EG-solvated Na- and
Ca-saturated samples afforded no clear differentiation
of smectites (Figure 2). However, the basal spacings of
other treated samples are apt to contract stepwise with
increasing value of AEr. The data presented in Figures
2, 3, and 4 suggest that the lower energy required to
push the silicate layers apart results in larger basal spac-
ings, and a higher energy prevents further expansion
of the layers. There is a relationship between the AEr
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charge characteristic. (A) K-samples with EG-solvation. (B)

values and expansion. Clearly, the effects of the amount
and location of layer charge are represented by the AEr
term.

Suggested method for characterization of layer charge

As shown in Figures 2, 3, and 4, the large differences
in the basal spacings of the smectites are observed for
K-samples with EG-solvation, and Na- and K-satu-
rated samples at 100% RH. The experimental bound-
aries of the expanded phases lie at approximately 2.6


https://doi.org/10.1346/CCMN.1992.0400111

112

and 3.2 kcal/mol for EG-solvated K-samples; 1.1, 3.0,
and 4.0 kcal/mol for Na-saturated samples at 100%
RH; and 2.0 and 2.5 kcal/mol for Na-saturated samples
at 100% RH. For these samples, the figures showing
the relationship between each expanded phase and the
charge characteristics are obtained on the basis of the
isoquants of AErs, given the boundary of expanded
phases (Figure 5). The isoquants of AErs with solid
lines are obtained from Eq. (3) for each AEr.

With the present characterization method (expanded
behavior test), the identification of the expandable clay
minerals is generally based on the expanding behavior
of minerals saturated with Mg and solvated with either
ethylene glycol or glycerol (Walker, 1958; Harward et
al., 1969) and on the collapsing behavior of K-satu-
rated minerals (Weaver, 1956). These expanding-be-
havior tests have been widely used for distinguishing
smectites from vermiculites. These tests are not sug-
gestive for the characterization of layer charge in com-
mon smectites with continuous characters of charge.
However, the expansion-behavior test is applied to ail
common smectites because the layer charge of all smec-
tites can plot within Figure 5. The Greene-Kelly test
can estimate the relative proportion of octahedral or
tetrahedral charge by comparison of the observed and
calculated X-ray diffraction patterns. Therefore, the
behavior test using these figures may be combined with
the Greene-Kelly test to estimate the amount and the
location of the layer charge of common smectites.
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