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EFFECTS OF EXCHANGED CATION ON THE
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Abstract—The micropore volumes of 2 montmorillonites (SAz-1 and SWy-1), each exchanged with Ca,
Na, K, Cs and tetramethylammonium (TMA) ions, were calculated from the measured vapor adsorption
data of N, and neo-hexane by use of 7~ and a-plots. The corresponding surface areas of the exchanged
clays were determined from Brunauer-Emmett—Teller (BET) plots of N, adsorption data. Micropore vol-
umes and surface areas of the samples increased with the size of exchanged cation: TMA > Cs > K >
Ca > Na. The SAz-1 exchanged clays showed generally greater micropore volumes and surface areas
than the corresponding SWy-1 clays. The vapor adsorption data and d(001) measurements for dry clay
samples were used together to evaluate the likely locations and accessibility of clay micropores, especially
the relative accessibility of their interlayer spacing. For both source clays exchanged with Na, Ca and K
ions, the interlayer spacing appeared to be too small to admit nonpolar gases and the accessible micropores
appeared to have dimensions greater than 5.0 A, the limiting molecular dimension of neo-hexane. In these
systems, there was a good consistency of micropore volumes detected by N, and neo-hexane. When the
clays were intercalated with relatively large cations (TMA and possibly Cs), the large layer expansion
created additional microporosity, which was more readily accessible to small N, than to relatively large
neo-hexane. Hence, the micropore volume as detected by N, was greater than that detected by neo-hexane.
The micropore volumes with pore dimensions greater than 5 A determined for clays exchanged with Na,
Ca and K likely resulted from the pores on particle edges and void created by overlap regions of layers.
The increase in micropore volumes with pore dimensions less than 5 A determined for clays exchanged
with TMA and possibly Cs could be caused by opening of the interlayer region by the intercalation of
these large cations.
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INTRODUCTION
Interactions of low-polarity vapors with soil colloids

ature was found to have a relatively minor effect on
the surface area, whereas the exchanged cation showed

and clay minerals are governed to a large extent by
the porosities of solids, which are reflected in their
calculated BET surface areas using inert gases (Bru-
nauer et al. 1938; Mooney et al. 1952; Brooks 1955;
Thomas and Bohor 1968; Aylmore et al. 1970a; Gregg
and Sing 1982; Lee et al. 1990; Chiou et al. 1993).
The possible sources of porosity of a clay include
crevices in the particle surface, staggered layer edges,
voids created by the overlapping of stacked layers and
interlayer regions, if the layers separations are suffi-
ciently large. This will result in a wide distribution of
pore sizes, ranging from micropores (<20 A) to me-
sopores (20-500 A). The available pore sizes of a clay
would depend on the intrinsic clay properties (for ex-
ample, layer charge and exchanged cation), sample
preparation and sample degassing condition. The sur-
face area of clay will increase with increasing poros-
ity; however, there are limitations on the application
of the BET equation for calculating surface area as-
sociated with micropores (Brunauer et al. 1938).
Thomas and Bohor (1968) studied the BET (N,) sur-
face areas of a series of homoionic Mississippi mont-
morillonites having different exchangeable cations (Li,
Mg, Na, Ca, K, Ba, Rb, NH, and Cs) with clay sam-
ples degassed at 110—500 °C. The degassing temper-
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a significant effect on the surface area. In general, the
measured surface area increased with increasing cati-
onic radius; the values ranged from 68 m?%g for Li-
montmorillonite to 138 m?*g for Cs-montmorillonite .
on samples degassed at 175 °C. It was suggested by
Thomas and Bohor that such a difference reflected a
certain degree of N, penetration between silicate lay-
ers.

In their study of the surface areas of homoionic
clays determined by N, adsorption, Aylmore et al.
(1970a, 1970b) argued that, with the possible excep-
tion of Cs-montmorillonite, which displays a greater
layer separation, the N, penetration between layers of
dry montmorillonite clay would be nearly impossible
because of the excessive work required to expand
closely spaced layers. According to Aylmore and
Quirk (1967), the surface area of dry montmorillonite
determined by N, adsorption was essentially a measure
of the area external to ‘“‘quasi-crystalline overlap”
regions and the differences in specific surface area be-
tween homoionic montmorillonites were attributed
partly to differences in particle size and partly to vari-
ations in accessibility of voids caused by quasi-crys-
talline overlap with size of the exchangeable cations.
It was suggested that the quasi-crystalline overlap
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regions produce slit-shaped and wedge-shaped pores
of various separations (Aylmore and Quirk 1967). For
slit-shaped pores, the plate separation may range from
1 layer width (about 9-10 A) to several layer widths;
although not specified, the wedge-shaped pores may
have a similar range of dimensions. As a whole, the
pore dimensions of quasi-crystalline overlap regions
should be relatively large in comparison with the in-
terlayer spacing of most dry exchanged clays (usually
<5 A).

While the differences in surface area between rela-
tively homoionic montmorillonites will reflect the dif-
ferences in porosity (or microporosity) between the
clays, the surface area data do not provide a direct
measurement of the clay microporosity. Moreover, the
surface areas of micropores having molecular-size di-
mensions cannot be unequivocally defined and quan-
tified by any gas-adsorption method (such as BET
method) because of the pore filling of the adsorbate.
The low relative-pressure range at which the vapor
(such as N,) exhibits pore filling is within the range
where the vapor adsorption data are used for calcula-
tion of BET surface areas. The occurrence of micro-
pore filling may either overestimate or underestimate
the actual surfaces, depending on the pore size and its
geometry. Because of the problem in defining and
measuring surface areas for micropores, the differ-
ences in BET surface areas of the exchanged clays are
only a relative measure of their micropore volumes. It
would therefore be of interest to measure the micro-
pore volumes of the clays and to investigate their de-
pendence on the exchanged cation. Such analysis has
not been performed for a series of cation-exchanged
montmorillonites, and this information should give
useful insight into the likely sources of microporosity
in clays.

In this study, we used the measured vapor isotherms
of N, and neo-hexane on 2 source montmorillonite
clays (SAz-1 and SWy-1) with different exchanged
cations (Na, K, Ca, Cs and TMA) to investigate the
effect of cation type on clay microporosity. Isotherms
of these vapors on a nonporous kaolinite (KGa-2) were
measured as reference standards. Since N, and neo-
hexane have limiting molecular dimension of about
3.5 and 5.0 A, respectively, a comparison of the mi-
cropore volumes calculated from their respective va-
por adsorption data facilitates the analysis of the mi-
croporosity associated with fine pore structures (that
is, the interlayer spacing) whose dimensions fall some-
where between 3.5 A and 5.0 A, The combined data
of vapor adsorption and measured d(001) spacings en-
hance the evaluation of the accessibility of interlayer
spacings to a given vapor. The d(001) spacings alone,
which show average layer separations, may not be suf-
ficiently illustrative of the extent of their accessibility
to vapors if layer separations are not uniform or if
vapor adsorption affects the layer spacing. In addition,

https://doi.org/10.1346/CCMN.1997.0450405 Published online by Cambridge University Press

Microporosity of montmorillonite

535

intercalation of large cations (large alkylammonium
ions) into clay may produce large d(001) spacings but
limited interlayer voids (micropores) if these ions oc-
cupy much of interlayer spacings.

THEORETICAL CONSIDERATION

The BET method for calculating the surface areas
(or the apparent surface areas) of solids using nonpolar
vapor adsorption data has been described in a number
of earlier publications (Brunauer et al. 1938; Gregg
and Sing 1982; Chiou et al. 1993). Briefly, the BET
plot enables the determination of the statistical mono-
layer capacity of a reference adsorbate on the solid,
which is then used together with the molecular area of
the adsorbate to determine the solid’s surface area. For
relatively nonporous solids, the BET method gives ac-
curate measures of the available surfaces whereas the
measured areas for microporous solids are subject to
uncertainties because of the occurrence of pore filling
in vapor adsorption. Nonetheless, the BET area serves
as a useful reference to the porosity of the solid.

Whereas the calculated BET surface areas of rela-
tively homoionic clays reflect the differences in their
total porosities (Aylmore and Quirk 1967), more direct
analytical methods for the micropore volumes of solids
are in order. The ~method of de Boer et al. (1966) and
the a,-method of Sing (1969) are commonly used to
calculate the micropore volume from vapor adsorption
data.

In the r-plot of de Boer et al., the adsorbed N, vol-
ume (V) is plotted against the statistical thickness (z)
of the adsorbed N, layer to yield the micropore vol-
umes and nonporous surface areas of solids on the
basis that (Remy and Poncelet 1995):

V=V,+ 10* 8¢ [1]

where V is the total volume of N, adsorbed (cm®/g),
V., is the volume of N, adsorbed in the micropores
(cm¥/g), S, is the nonporous surface area of the solid
(m%g), ¢ is the statistical thickness of the adsorbed N,
layer (A), and 107¢ is a conversion factor. The value
of t as a function of P/P° is obtained from the results
on a reference solid. A universal ¢-curve of N, on non-
porous solids has been established (de Boer et al.
1966), which gives:

t = [13.99/(0.034 — log(P/P°))]°> 2]

where ¢ is in A. If the plot of V versus 7 gives a straight
line passing through the origin, the test solid is con-
sidered to be free of micropores. For a microporous
test solid, the #-plot shows a straight line at high ¢ and
a concave-down curve at low ¢; the extrapolation of
the upper linear line to # = 0 gives a slope of S, and
an intercept of V..

The «, plot is an alternative version of the #plot. In
this method, the amount adsorbed at some fixed P/P°
of a (nonpolar) vapor on a nonporous reference sample
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Table 1. Cation exchange analysis of exchanged montmoril-
lonites.
Exchangeable cations (meq/100 g)
Ca Na K Cs T™A Total
SAz-1
Ca 109 0.07 0.46 003 — 110
Na 2877 83.0 0.43 0.00 — 112
K 2.84 0.07 108 0.00 — 111
Cs 0.72 0.08 0.10 102 — 103
TMA — — — — 119 119
SWy-1 )
Ca 76.8 0.43 0.53 0.02 — 77.8
Na 11.0 528 1.94 0.00 — 65.8
K 572 248 580 0.01 — 66.2
Cs 146 0.38 055 798 — 82.1
TMA — — — — 839 839

is first normalized to that at P/P° = 0.4 (o, = Q/Qg4s
where Q is the vapor uptake) to produce a standard
a-curve rather than a z-curve. The o-curve is then
used to construct an a,-plot from the isotherm of the
vapor on a test solid, just as the z-curve is used to
construct a f-plot. The reference sample is chosen as
a nonporous solid having a chemical composition sim-
ilar to that of the test solid. Similar to #plot, the o -
plot gives a straight line passing through the origin if
the test solid is free of micropores; for a microporous
solid, the a.-plot shows a straight line at high o, and
a curve at low o, and the extrapolated intercept from
the upper linear line gives the micropore volume. If
mesoporosity is present in the test sample, there will
be an upward deviation from a straight line at rela-
tively high ¢ and «o..

Unlike the r-plot, the applicability of the a.-plot is
not restricted to the use of N, data. This enables sep-
arate a,-plots to be constructed from the respective ad-
sorption data of N, and neo-hexane on all cation-ex-
changed clays. The a,-plot offers a particular advan-
tage in evaluating the microporosity of an exchanged
clay as sensed by nonpolar vapors of different molec-
ular sizes. If a molecular sieving occurs for large ad-
sorbates but not for small adsorbates, one would ex-
pect to find the microporosity based on the former to
be reduced.

To prepare a.-plots for adsorption of N, and neo-
hexane on exchanged montmorillonites, the standard
a,-curves for these vapors are constructed from their
adsorption isotherm on kaolinite. Kaolinite (KGa-2) is
considered as a suitable reference solid because of the
similarity of its chemical composition to that of mont-
morillonite and because of its noted absence of mea-
surable microporosity as determined by the #-plot of
N, adsorption data on kaolinite using the universal #-
curve (Equation 2) as reference standard.
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EXPERIMENTAL SECTION
Materials

Arizona montmorillonite (SAz-1), Wyoming mont-
morillonite (SWy-1) and Georgia kaolinite (KGa-2)
were obtained from the Source Clays Repository, the
Clay Minerals Society, Department of Geology, Uni-
versity of Missouri, Columbia, Missouri. The clays
have nominal cation exchange capacities (CECs) of
120 meq/100 g for SAz-1, 76 meq/100 g for SWy-1
and 3.3 meq/100 g for KGa-2. Detailed descriptions
of these clays are provided by van Olphen and Fripiat
(1979). Chemical analysis of the <0.1 pm fraction of
the smectites is found in Eberl et al. (1986).

Reagent grade CaCl,, NaCl, KCl, CsCl and TMA
bromide were used to prepare the relatively homoionic
montmorillonite clays. Reagent grade (99% purity)
neo-hexane and ultrahigh-purity N, and He were used
in vapor adsorption experiments.

The clay samples were purified by suspending the
samples in distilled water and allowing to settle to re-
move coarse grains and quartz. Relatively homoionic
clays were prepared by mixing approximately 3 mol
of cation per mol of CEC in distilled water for 24 h.
Cations used were Ca, Na, K, Cs and TMA. The sus-
pension was centrifuged, the solution was aspirated off
and a fresh solution with cation was added. This pro-
cedure was repeated 3 times. The clays were washed
by distilled water followed by centrifugation and as-
piration until the aspirated solution tested negative
with AgNO,. The samples were finally freeze-dried.

In addition to the freeze-dried samples, a series of
SAz-1 clays exchanged with Ca, Na, K and TMA cat-
ions were similarly prepared, except that they were
oven-dried and then ground with a mortar and pestle.
The freeze-dried and oven-dried samples showed com-
parable surface area and porosity characteristics. The
BET derived surface areas varied by less than 10%
between preparation methods, while total pore vol-
umes were 14-32% higher for oven-dried samples and
micropore volumes were 8-27% lower for oven-dried
samples. The vapor sorption data presented in this re-
port were obtained from the freeze-dried samples.

Since cation exchange with monovalent cations is
not expected to be 100% and the washing steps could
be expected to result in some hydrolysis, the samples
were analyzed for exchangeable cation and the results
are given in Table 1. The freeze-dried clay samples
were extracted with 10% (v/v) hot nitric acid for 24 h
and analyzed for exchanged Na, K and Ca by induc-
tively coupled plasma (ICP) spectroscopy and for Cs
by flame emission spectroscopy. The organic carbon
(OC) contents for TMA-exchanged clays were deter-
mined by differences between amounts of total C de-
termined by high-temperature combustion and
amounts of carbonate C determined by acidification
and coulometric analysis.
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X-ray Diffraction

The clays were prepared for X-ray diffraction
(XRD) by sedimentation on glass slides. The slides
were heated at 120 °C for 48 h, stored in a desiccator
over CaCl, drying compound and X-rayed in an en-
vironmental cell containing CaCl, drying compound.
The samples were scanned in steps of 0.02 °26 with
counting times of 1 min/step, using an automated Sie-
mens D500 XRD system having D5000 software, in-
cident beam soller slits, 1° divergence and receiving
slits and a graphite monochrometer. The measured
d(001) spacings from XRD data did not vary signifi-
cantly between samples prepared by sedimentation of
clay-water slurries on glass plates and by using freeze-
dried materials in random orientation mounts. To de-
termine the net 2:1 layer expansion introduced by the
cation exchange of both SAz-1 and SWy-1 clays, it is
assumed that the dry smectite 2:1 layer has the thick-
ness of a pyrophyllite 2:1 layer, about 9.2 A.

Vapor Adsorption

The apparatus and procedure used for determination
of neo-hexane adsorption isotherms has been de-
scribed previously (Chiou et al. 1993). Briefly, the ex-
periment consisted of equilibrating the vapor and sam-
ple in a sorption chamber containing a Cahn electrical
microbalance from which a test clay sample hangs in
a small glass cup. The clay sample (100 mg) was heat-
ed at 100 °C for 24 h inside the chamber and then
cooled to room temperature under a vacuum of 1076
torr to remove moisture and to set the ‘“‘dry -sample
weight”. The temperature of the sorption chamber was
controlled by laboratory air maintained at 24 = 1 °C.
The liquid neo-hexane was purified by vacuum distil-
lation to remove residual air and volatile impurities
and then introduced into the sorption chamber for es-
tablishment of equilibrium. A change in sample weight
resulting from vapor uptake was recorded as an elec-
trical signal from the balance. The equilibrium pres-
sure of the vapor was recorded by a Baratron pressure
gauge. Isotherms were constructed by relating the
weight of vapor uptake per umit weight of the clay
(mg/g) as a function of the relative pressure (P/P°).

The adsorption of N, onto clay was determined at
liquid N, temperature using a Gemini 2360 surface
area analyzer (Micromeritics). The test sample was
outgassed by heating at 200 °C under a flow of ultra-
high-purity of He gas for 24 h. Isotherm data were
recorded at P/P° between 0.05 and 0.95.

Surface Areas and Pore Volumes

The apparent surface areas of clay samples were
obtained from the statistical monolayer capacities of
N, from BET plots along with the respective molecular
area (a,) of N,. An a, value of 16.2 A? was assigned
for N,. The micropore volume and the open surface
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area of the clay were determined by both r-method and
o,-method using N, data and by a,-method using neo-
hexane data. The total pore volume of the clay was
calculated from the adsorbed N, mass at the relative
pressure (P/P°) of 0.95 and the use of liquid N, density
(0.808 g/mL).

Limiting Molecular Dimensions

The limiting molecular dimension of N, is taken as
3.54 A, which is the thickness of a single N, molecular
layer (de Boer et al. 1966). The limiting molecular
dimension of neo-hexane (5.04 A) was determined
from the bond angles and van der Waals radii of car-
bon and hydrogen atoms for the molecular confor-
mation that gives minimum molecular thickness.

RESULTS AND DISCUSSION

Adsorption isotherms of N, at liquid N, temperature
and of neo-hexane at room temperature on SAz-1 and
SWy-1 montmorillonites substituted with Ca, Na, K,
Cs and TMA ions are shown in plots of the vapor
uptake (Q) versus the relative pressure (P/P°) in Fig-
ures 1-5. The corresponding isotherms on kaolinite
(KGa-2) are shown in Figure 6. All vapor isotherms
are type-II in shape (Gregg and Sing 1982). In all
cases, N, shows a higher mass uptake from low to
moderate P/P° than neo-hexane. This difference results
to a large extent from the greater mass per unit area
for N, than for neo-hexane. At P/P° near 1, where a
substantial vapor condensation takes place on external
surfaces, the 2 vapors show more comparable capac-
ities. In many clay systems, the N, isotherms exhibit
sharper curvatures than neo-hexane isotherms at low
P/P°, which suggests that the heat of adsorption per
unit area (or per unit volume) is higher for N, than for
neo-hexane.

The total surface areas from BET plots and the open
surface areas from #-plots by use of N, adsorption data
for SAz-1 and SWy-1 clays are given in Table 2. The
total pore volumes of the clays as determined from N,
adsorption at P/P° = 0.95 and the related micropore
volumes as determined by both r~-method and o,-meth-
od using N, data are shown in Table 3.

As seen, there are significant micropore volumes as-
sociated with both SAz-1 and SWy-1 clays. The mi-
cropore volumes determined by the 2 methods are in
good agreement, which lends further support to the use
of KGa-2 kaolinite as a reference solid in a-plot.
Based on the average micropore volumes by the 2
methods, the percentage of micropore volumes to total
volumes are generally large and comparable for all
SAz-1 clays (45—64%); for SWy-1 clays, the values
range from 14% for Na clay to 66% for TMA clay.
For both SAz-1 and SWy-1 clays, the effect of ex-
changed cation on micropore volume and total volume
follows the order of TMA > Cs > K > Ca = Na.
SWy-1 clays exchanged with Ca, Na and K show con-
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Figure 1. Adsorption of N, and neo-hexane vapors on Ca-exchanged SAz-1 and SWy-1 clays.
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Figure 2. Adsorption of N, and neo-hexane vapors on Na-exchanged SAz-1 and SWy-1 clays.
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Figure 5. Adsorption of N, and neo-hexane vapors on TMA-exchanged SAz-1 and SWy-1 clays.
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Figure 6. Adsorption of N, and neo-hexane vapors on kaolinite (KGa-2).
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Table 2. Comparison of total surface area, open surface area,
and micropore surface area of exchanged montmorillonites
and a reference kaolinite based on N, adsorption data.

% Surface area

Total surface area by Open surface area  contributed by
BET

by r-method micropores
Clay type (m¥%g) (m¥g) (%)
SAz-1
Ca 71.5 17.2 76
Na 64.1 144 78
K 97.1 26.4 73
Cs 107 29.6 72
TMA 204 293 86
SWy-1
Ca 240 12.4 48
Na 18.9 12.5 34
K 299 17.6 41
Cs 98.8 30.8 69
T™MA 191 24.0 87
KGa-2 21.0 21.1 0

siderably smaller micropore volumes than the rest,
while their total pore volumes are comparable with
others. The measured micropore volumes of the ex-
changed clays from either ¢-plot or a.plot of the N,
equal approximately the liquid absorbate volumes at
P/P° < 0.1, which is consistent with the strong vapor
condensation onto micropore structures. The same is
true with the micropore volumes obtained from the
adsorption data of neo-hexane.

There is a good relationship between total BET sur-
face areas and micropore volumes of the clays, sug-
gesting that a large fraction of the surface area is as-
sociated with the micropore. The percentage of micro-
pore area (the difference between the BET surface area
and the open surface area derived from the -method)
to BET surface area for SAz-1 clays is generally high
(72-86%}); the values for SWy-1 clays vary from 34%
for Na clay to 87% for TMA clay. However, the mi-

_cropore surface areas of these exchanged clays should
be considered as relative rather than absolute measures
because of the difficulties previously mentioned in
quantifying the surface areas of micropores.

Micropore volumes obtained by a.-plots of N, and
neo-hexane data with kaolinite as the reference solid
are shown in Table 4. A reasonable agreement is found
for the values obtained by use of N, and neo-hexane
data for SAz-1 clays exchanged with Ca, Na, K and
Cs and for SWy-1 clays with K. A relatively large
discrepancy is noted for TMA-SAz-1, Cs-SWy-1 and
TMA-SWy-1, in which the N, data give higher micro-
pore volumes. While the micropore volumes for Ca-
and Na-SWy-1 clays obtained from N, data are also
much greater than the corresponding values obtained
from neo-hexane data, the absolute micropore volumes
are too small to account quantitatively for the differ-
ences.
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Table 3. Comparison of total and micropore volumes of ex-
changed clays determined from N, adsorption data by the
t-method with universal #-curve as the reference and by the
a,-method with kaolinite as the reference solid.

Micropore volume

Total pore Average %
volumet t-method a,-method microporef
Clay type (mL/g) (mL/g) (mL/g) (%)
SAz-1
Ca 0.061 0.030 0.026 49
Na 0.053 0.028 0.024 52
K 0.085 0.039 0.033 46
Cs 0.096 0.043 0.040 45
TMA 0.140 0.090 0.082 64
SWy-1
Ca 0.030 0.007 0.007 23
Na 0.026 0.004 0.004 14
K 0.038 0.008 0.009 20
Cs 0.090 0.039 0.030 43
TMA 0.125 0.084 0.081 66

+ Total pore volume is measured at P/P° of 0.95 and
includes pores with radii up to 200 A.

1 Based on the average micropore volumes by -method and
a,-method.

In systems such as SAz-1 clays saturated with Ca,
Na and K ions, where the 2 sets of micropore volumes
show a reasonable agreement and where the distance
between 2:1 layers (=1 A) are much smaller than the
limiting molecular dimensions of N, (3.5 A) and neo-
hexane (5.0 A), the majority of accessible micropores
are considered to have dimensions more than 5.0 A,
that is, there is no significant population of interlayers
(or other fine pores) with separations between 3.5-5.0
A. Here, the slightly higher micropore volumes as de-
tected by N,, as compared to those detected by neo-
hexane, could result partly from a more efficient mo-
lecular packing of small N, molecule over that of more

Table 4. Micropore volumes of exchanged clays measured
by N, and neo-hexane adsorption data and d(001) values
determined by XRD.

Micropore volumet

4(001) Interlayeri
N, neo-hexane (dried) opening
Clay type (mL/g) (ml/g) (A) (A)
SAz-1
Ca 0.026 0.020 9.70 0.50
Na 0.024 0.021 9.75 0.55
K 0.033 0.033 10.0 0.80
Cs 0.040 0.034 10.9 1.70
T™A 0.082 0.056 13.4 420
SWy-1
Ca 0.007 0.002 9.55 0.35
Na 0.004 0.002 9.69 0.49
K 0.009 0.009 9.96 0.76
Cs 0.030 0.018 10.9 1.70
TMA 0.081 0.060 13.8 4.60

¥ Using the a,-method with kaolinite as the reference solid.
. ¥ Determined as the difference between the d(001) and 9.2
A (for pyrophyllite).
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bulky neo-hexane in fine micropores (fine wedge-
shaped pores). This is in keeping with enhanced cur-
vatures of N, isotherms at low P/P°. The situation with
Cs-SWy-1 and Cs-SAz-1 clays is less clear in that they
exhibit practically the same average spacings between
2:1 layers (about 2.0 A), but Cs-SAz-1 shows rela-
tively comparable micropore volumes based on N,
(0.040 mL/g) and neo-hexane (0.034 mL/g) data,
while Cs-SWy-1 exhibits a much lower micropore vol-
ume based on neo-hexane (0.018 mL/g) than that
based on N, (0.030 ml./g). It is possible that Cs-
SWy-1 has a wider d(001) distribution than Cs-SAz-1
to give the former a greater population of interlayers
with spacings between 3.5 A and 5.0 A per unit
weight, which enables it to more selectively adsorb N,
over neo-hexane. In the case of TMA-SAz-1 and
TMA-SWy-1 clays, which show a marked increase in
micropore volume, the greater microporosity as de-
tected by N, than by neo-hexane and related spaces
between 2:1 layers (4.2 A for TMA-SAz-1 and 4.6 A
for TMA-SWy-1) suggest that interlayers are much
more accessible to N, than to larger neo-hexane.

A fundamental difference exists between the prop-
erties of SAz-1 clays and SWy-1 clays in that the cat-
ion exchange affects the microporosity and surface
area for SWy-1 clays to a much greater extent than it
does for SAz-1 clays. With the exception of TMA and
possibly of Cs-exchanged clays, where the expanded
interlayer spacings make a large contribution to mi-
croporosity, the relatively high and comparable micro-
pore volumes and surface areas for all SAz-1 clays
may be attributed to greater amounts of microporous
structures with staggering stacked-layers edges and
layer overlap regions per unit weight of the clay.
When clay interlayers are intercalated with large cat-
ions (such as TMA and possibly Cs), the large layer
expansion produces additional microporosity, provided
that the expanded interlayer spacings are not substan-
tially filled by the intercalated ions and that the sample
preparation does not significantly affect the micropore
structures elsewhere. Gast and Mortland (1971) and
Clementz and Mortland (1974) found that the dry Wy-
oming (Upton) montmorillonite exchanged with tetra-
propylammonium (TPA) ions produces a greater
d(001) spacing (14.6 A) than the corresponding TMA-
clay (13.6 A)but a considerably lower BET (N,) sur-
face area (30 m?/g) than the corresponding TMA-clay
(220 m?/g), due presumably to the filling of the layer
spacings by bigger TPA ions. By the same reasoning,
the SAz-1 clay exchanged with tetracthylammonium
(TEA) ions produces a greater ¢(001) (14.2 f\) but a
significantly lower surface area (93.0 m?%g) (unpub-
lished results) than the corresponding TMA-SAz-1
clay.

In their comparison of the surface areas of hom-
oionic clays, Aylmore and Quirk (1967) also found the
surface areas of Wyoming bentonites exchanged with
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Na and Ca to be significantly lower than those of the
corresponding Redhill montmorillonites. The lower
surface areas for Wyoming bentonites were attributed
to their larger lateral dimensions of elemental silicate
sheets than those of Redhill montmorillonite. Hence,
if the 2 source clays have similar microporous struc-
tures at crystal edges or quasi-crystal overlaps, the one
with smaller elemental-sheet dimensions would pro-
duce higher microporosity and surface area per unit
weight. The differences in total surface area between
Arizona (SAz-1) and Wyoming (SWy-1) clays ex-
changed with Na, Ca and K in this study, which are
due largely to differences in microporosity, may be
related to a similar disparity in the dimensions of their
elemental silicate sheets.

SUMMARY

The ¢-plot by use of de Boer’s universal 7-curve as
the reference and a,-plot by use of kaolinite (KGa-2)
as the reference of N, adsorption data give relatively
consistent micropore volumes for various cation-satu-
rated montmorillonite clays, which validates the use of
kaolinite (KGa-2) as a nonporous reference for mont-
morillonites. The presence of micropores in both
SAz-1 and SWy-1 clays and the strong correlation be-
tween micropore volume and measured BET (N,) sur-
face area show that the difference in surface area of
these serial clays is attributable to differences in their
microporosity, which is significantly affected by the
size of exchangeable cation and the source of the clay.
The relatively high microporosity and surface area for
the Arizona clay in comparison with that of the Wy-
oming clay is speculated to result from smaller lateral
dimensions of the elemental silicate sheets for the for-
mer, which produce more microporosity per unit
weight of the clay.

The combined N, and neo-hexane adsorption data
and d(001) spacings manifest that the interlayer spac-
ings of montmorillonites exchanged with small metal
cations (such as Na, Ca and K) are usually too small
to be even accessible to small nonpolar gases (such as
N,). Cesium montmorillonite represents an intermedi-
ate system, where part of the interlayer spacings may
be accessible to small N, but its accessibility to large
nonpolar gases (such as neo-hexane) is limited. Inter-
calation of large TMA ions produces significant
amounts of microporosity within silicate layers, which
are readily accessible to N,, but the accessibility of
these micropores to other nonpolar gases would de-
pend on the molecular dimensions of the gases.
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