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LAYER CHARGE-CATION-EXCHANGE CAPACITY
RELATIONSHIPS IN MONTMORILLONITE
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Abstract—The charge density distribution among different classes of a series of reduced charge mont-
morillonites is heterogeneous as in the parent Camp Berteau clay. In addition, charge reduction proceeds
inhomogeneously. Up to 20% differences in charge density can be accounted for by alkyl chains extending
at the edges of the clay particle. A realistic charge density—cation-exchange capacity relationship for hec-
torite, Otay montmorillonite, and a series of reduced charge montmorillonites of Camp Berteau is obtained
by accounting for the influence of particle radius and for the extent of alkyl chains lying outside the clay

layers in the charge density calculations.
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INTRODUCTION

The surface charge density of highly dispersed solids
is one of the most important parameters in understand-
ing adsorption behavior. For example, it has recently
been shown that, in montmorillonite, the exchange of
simple inorganic ions is very much dependent upon
charge density, not only in heterovalent (Maes and Cre-
mers, 1977) but also in homovalent exchange equilibria
(Maes and Cremers, 1978).

The surface charge density of montmorillonite may
be obtained by various methods: the first method relies
on the measurement of the specific surface area and the
cation exchange capacity (CEC). Its value is dependent
on pH (Peigneur ez al., 1975) and on the nature of the
index cation and therefore leads to somewhat arbitrary
values of the surface charge density. The isomorphic
layer charge may be obtained from the unit-celi com-
position, the result being rather sensitive to small
amounts of precipitated aluminum oxide which of
course obscures the real composition (Glaeser er al.,
1972). A third method for measuring the isomorphic
layer charge relies on the effect of the chain length of
alkylammonium ions upon the monolayer—double layer
transition in the interlamellar space (Lagaly and Weiss,
1969, 1971).

It is the purpose of the present study to examine the

- relationships between the cation-exchange capacity

and the alkylammonium method on a series of iso-*

structural samples of decreasing layer charge as ob-

tained by the Hofmann-Kiemen effect (Hofmann and..

Klemen, 1950).

EXPERIMENTAL

Five reduced charge montmorillonites (0.94 RCM,
0.72 RCM, 0.61 RCM, 0.55 RCM, and 0.34 RCM) were
prepared from the <0.5-um fraction of Camp Berteau
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montmorillonite (Maes and Cremers, 1977, 1978). Ap-
propriate amounts of LiCl were added to 2% by weight
sodium Camp Berteau clay suspensions in dialytic
equilibrium with 0.01 N NaNQO; so as to obtain about
25, 45, 50, and 75% L. exchange. Overnight equilibra-
tion was followed by freeze drying of the suspensions
and heating to 220°C for 24 hr. The reference Na clay
was submitted to the same heat treatment. Expansion
of the layers was accomplished by ethylene glycol
treatment followed by washing with ethanol and ex-
change with 1 mole/dm?® NaNQ; solution. The samples
are subsequently dialyzed to remove salt, freeze dried,
and stored.

The sample name refers to the fractional cation-ex-
change capacity in water vis-a-vis the untreated parent
Camp Berteau clay. The CEC of the samples was de-
termined by isotopic dilution techniques in aqueous
0.01 M NaNO; at about pH 6 and in 1:1 95% ethanol/
water also at 0.01 M NaNOQO,. The charge density of the
RCMs and of Otay montmorillonite (<0.5-um fraction)
was determined by the alkylammonium method (La-
galy and Weiss, 1969, 1971) following the procedure
described by Stul and Mortier (1974).

RESULTS

The d001 spacings of the original Camp Berteau
montmorillonite (Stul and Mortier, 1974) and the RCMs
are shown in Figure 1 as a function of the number of
carbon atoms in the alkyl chain. The apparent spacing
increases from the monolayer complex (13.6 A) to the
double layer complex (17.6 A) over a wide transition
zone showing the heterogeneity of the charge density
of the materials under study. Only first order reflections
are given. With decreasing layer charge, broader re-
flections are observed while the second and third orders
disappear. It could not be decided therefore whether
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Figure 1. Basal spacings (A) of the n-alkylammonium com-
plexes of Otay (<), original Camp Berteau montmorillonite
(*) (Stul and Mortier, 1974), 0.94 RCM (Q), 0.72 RCM (4),

0.61 RCM (A), 0.55 RCM (0), and 0.34 RCM (@®); n, indicates
the number of carbon atoms in the alkyl chain.

the recorded 13.6- or 17.6-A spacings were indeed in-
tegral or not.

In the 0.34 RCM sample, spacings as low as 12.3 A
(for hexylammonium) were observed indicating the
presence of collapsed layers (9.6 A). No separate line
corresponding to 9.6 A could, however, be detected.
Spacings smaller than 13.6 A were also observed in the
0.61 RCM and 0.55 RCM. Spacings between 13.4 and
13.6 A were assigned to alkylammonium cations lying
flat between the silicate layers (Lagaly and Weiss, 1971;
Lagaly et al., 1976). The theoretical thickness of the
silicate layer being 9.4 A (Brindley and Hoffmann,
1962), and since keying-in can occur—particularly in
the case of low charged minerals—the appearance of
13.4-A layers is not surprising. The slightly smailer
spacings (13.2-13.3 A) recorded for 0.55 RCM and 0.61
RCM result therefore from the interference of 9.6-A
layers.

Although 13.4 A might be a more reasonable choice
for the spacing of the monolayer complex, calculations
were based on the 13.6- to 17.6-A transition (Lagaly and
Weiss, 1969, 1976; Stul and Mortier, 1974), the ensuing
error in charge density being quite small (2-3% in-
crease). From the data in Figure 1 the distributions of
the interlayer cation density over different classes a to
Jj (see Table 2) were obtained by the method of Stul and
Mortier (1974) and are shown in Figure 2. Calculations
were performed for a particle radius of 150 A by assum-
ing that half of the alkyl chains at the edges are lodged
between the clay layers (Lagaly and Weiss, 1971; Stul
and Mortier, 1974). In the case of 0.61 RCM and 0.34
RCM, the double layer complex is not formed at oc-
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Figure 2. Interlayer cation density distribution in different
classes for Otay montmorillonite, Camp Berteau montmoril-
lonite (C.B.) (Stul and Mortier, 1974), and different RCMs.
Broken lines refer to calculated distributions (see text). Shad-
ed classes refer to an approximation (see text).

tadecylammonium. Since only alkylammonium cations
up to C,; (corresponding to class j in Figure 2) were
available, it was assumed that the remainder of the
charge is present in class k. The extrapolations made
for 0.61 RCM and 0.34 RCM can be seen in Figure 1
and are realistic in view of the data for 0.55 RCM and
the fact that the charge densities in class k (0.229), 1
(0.22), etc. are barely different. The mean charge den-
sities, given in Table 1, range from 0.359 (Otay mont-
morillonite) to smaller than 0.233 electrons per
Si,AlL,O,,(OH), (0.34 RCM). The value for the Otay
material agrees with the one (0.35) calculated from the
data of Lagaly and Weiss (1976).

As already observed in the parent material (Stul and
Mortier, 1974) the charge density distribution in the
RCM clays remains also heterogeneous. The distribu-
tions in the 0.94 RCM material are barely different from
those in the original Camp Berteau clay, taking into
account the heating and re-expansion treatment (Maes
and Cremers, 1977, 1978). The reduction in charge den-
sity of Camp Berteau montmorillonite by means of the
Hofmann-Klemen effect results in charge density dis-
tributions which shift towards lower charge density
classes.
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Figure 3. Relation between sodium CEC (meq/g) measured

in water (circles) and in 1:1 95% ethanol/water (triangles) and
the charge density (electrons/Si,Al,O,,(OH),) for montmoril-
lonites (Otay, Camp Berteau, several RCMs) (O,A) and hec-
torite (Lagaly and Weiss, 1969) (A, ®). The charge density
limits corresponding to the proportion alkyl chains extend at
the edges of the clay (fully inside or completely outside) are
incorporated. Full line corresponds to the linear regression
equation (see text).

To verify if charge reduction proceeds homoge-
neously one may calculate the expected distributions
from the composition of the 0.94 RCM. The latter is
used as the reference material since it was subjected to
the same treatments as the other RCM clays. The
charge reductions are calculated as the ratios of the
charge density in each RCM to the charge density in the
0.94 RCM. The reduction of 0.94 RCM to 0.72 RCM
can be used as an illustration. All classes in 0.94 RCM
should be reduced by a factor 0.27/0.335, e.g., the re-
duction of class a (0.409 e/half unit cell) of the 0.94 RCM
by 0.27/0.335 results in a charge density (0.327) be-
tween class d (0.328) and e (0.308) (see Table 2). The
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Table 2. Classes of interlayer cation density with varying
degree of outer alkyl chains lying outside the clay plate.!
Compietely Completely
inside Half inside? outside
Class clay plate clay plate clay plate
a 0.375 0.409 0.434
b 0.344 0.378 0.402
c 0.317 0.351 0.375
d 0.294 0.328 0.352
e 0.274 0.308 0.331
f 0.257 0.291 0.314
g 0.242 0.276 0.298
h 0.229 0.263 0.284
i 0.217 0.250 0.271
] 0.206 0.239 0.260

! Electrons/Si,Al,0,,(OH), calculated for a particle of
150-A radius.
2 Stul and Mortier (1974).

percentage of each of these classes can be calculated.
Since the total amount of charge present in class a of
0.94 RCM is known, one can then find the respective
charges in class d and e of 0.72 RCM. In Figure 2 the
expected distributions are represented by broken lines.
Calculated and observed distributions agree quite well
in 0.72 RCM except for the absence of charge density
classes k, 1, and m. In 0.61, 0.55, and 0.34 RCM clays
calculated and observed distributions disagree. The
charge corresponding to these low charged classes (be-
yond class k) has in fact shifted towards the higher
charge density classes. Respectively 15, 24, 40, and
42% of the charges in 0.72, 0.61, 0.55, and 0.34 RCM
have moved to higher charge densities. This indicates
that charge reduction proceeds inhomogeneously.
Table 1 lists the CEC values for the RCMs, the Otay
montmorillonite, the Camp Berteau montmorillonite,

Table 1. Sodium cation-exchange capacity in water (CEC 1) and in 1:1 ethanol/water (CEC 2) and charge density for
smectites and reduced charge products.
% of % of % of
CEC 1! original CEC 2! original Electrons per original
Clay (meq/g) CEC 1 {meq/g) CEC2 Si,Al,O,(OH), charge
Otay
montmorillonite 1.210% — 1.178 = 0.001 (2) — 0.359 —
Hectorite 0.7207 — 0.670 —_ 0.245% —
Camp Berteau
montmorillonite 1.008 = 0.011 (2) — 1.010 = 0.025 (4) — 0.339¢ —
0.94 RCM5 0.951 = 0.029 (4 94.2 1.012 = 0.054 (4) 100 0.335 98.8
0.72 RCM 0.729 = 0.024 (4) 72.2 0.786 = 0.048 (4) 77.8 0.274 81
0.61 RCM 0.615 = 0.009 (2) 61.0 — —_ <0.249 <73.5
0.55 RCM 0.547 + 0.036 (6) 54.3 0.641 = 0.052 (6) 63.5 0.246 72.6
0.34 RCM 0.346 = 0.006 (2) 34.3 0.449 = 0.025 (2) 44.5 <0.233 <68.7

! Numbers in parentheses = number of determinations.

? Maes and Cremers (1977).
2 Lagaly and Weiss (1969).
4 Stul and Mortier (1974).

3 RCM = Reduced charge montmorillonite. See text for preparation procedure and discussion.
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and hectorite, as measured in water and ina 1: 1 mixture
of ethanol and water. The range of capacities from 1.2
(Otay) to 0.34 (0.34 RCM) meq/g oven-dry clay (110°C)
is covered. The capacities in ethanol-water generally
agree with the values in water for the Otay and Camp
Berteau materials. In the RCM series a tendency exists
for larger differences at decreasing charge (Clementz
et al., 1974). The CEC in ethanol-water exceeds that
in water by respectively 0.06 (0.95 RCM and 0.73
RCM), 0.09 (0.54 RCM), and 0.1 (0.34 RCM) meq/g.

Charge reduction by means of the Hofmann-Klemen
effect results in sodium CEC reductions in disagree-
ment with the decrease in charge density (see Table 1).
Considering that the alkylammonium method measures
only the isomorphic layer charge (Lagaly and Weiss,
1969; Stul and Mortier, 1974; Lagaly, 1977), the agree-
ment between both methods for the measurement of the
charge becomes even worse if a constant broken bond
capacity is subtracted from the sodium CEC. The frac-
tion of the original CEC measured in 1:1 ethanol-water
is intermediate between the values obtained in water
and those obtained from the charge density measure-
ment. ‘

The charge density of the 0.34 RCM is largely over-
estimated due to the interference of 9.6-A layers. Cor-
rection of the data using a triangular diagram (Jonas and
Brown, 1959; Mamy, 1968) is difficult since the com-
bination of 9.6- and 17.6-A layers using the method of
Brown and MacEwan (1949) leads to spacings exceed-
ing the latter.

DISCUSSION

The relation between the layer charge and the sodium
CEC is shown in Figure 3 for the Otay clay and the
RCMs along with literature data on the Camp Berteau
montmorillonite (Stul and Mortier, 1974) and hectorite
(Lagaly and Weiss, 1969). The 0.34 RCM is omitted
since the interference of 9.6-A layers results in an over-
estimate of charge density. The linear regression
through all experimental points reads: CEC = 4.41¢ —
0.4535 (r = 0.98) and corresponds to a zero CEC at
about 0.1 e/half unit cell. This seems unrealistic and is
at variance with expectation in view of the commonly
accepted contribution (0.1-0.2 meq/g) of pH dependent
sites in smectites.

The reason for the discrepancy can be due either to
an underestimate of the CEC of the RCM samples or
to an overestimation of the charge density. Hectorite
and the Otay montmorillonite also fail to behave as ex-
pected.

According to the data of Clementz ez al. (1974) and
Brindley and Ertem (1972) on Wyoming bentonite, the
fraction of collapsed layers (9.6 A) increases with de-
creasing charge and can be estimated by a CEC deter-
mination in 1:1 ethanol-water mixtures, solvating all
interlayer cations. In addition, Annabi et al. (1973) stat-
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ed that in the Camp Berteau clay up to 70% reduction,
homogeneous swelling occurs in ethanol and methanol.
The CEC datain 1:1 ethanol-water are nevertheless in-
sufficient to explain the deviation from the expected
CEC-charge density relationship.

On the other hand several factors could be invoked
which lead to an overestimation of the charge density.
First, Li back-migration (Glaeser and Mering, 1971)
during the exchange of the alkylammonium cations
would result in a higher charge. However, unpublished
data on hexylammonium exchange in RCMs show that
no Li could be detected in the equilibrium solutions.
Second, since on reduction the number of classes in-
creases (instead of remaining constant), it is probable
that the charge density within the individual clay plates
is heterogeneous. The measured charge density will be
overestimated since the intercalation of the whole clay
plate will be determined by the most highly charged re-
gions. However, charge delocalization over the surface
oxygens in octahedrally substituted clays is believed to
minimize this effect. Third, the packing and the unsym-
metric charge distribution, two phenomena which are
more likely to occur upon charge reduction, would give
an overestimate but are believed to be quite small (La-
galy et al., 1976). Finally, in the case of 0.61 and 0.55
RCMs, the small interference of 9.6-A layers, judging
from the appearance of 13.2-13.3 A spacing for C,, may
give rise to a slight overestimate of the charge in these
cases. The fact, however, that hectorite and Otay
montmorillonite also deviate from the expected relation
between isomorphic charge and sodium CEC requires
an alternative explanation.

The charge densities as determined by the alkylam-
monium method are very much dcpendent on both the
choice of the particle radius of the material under study
and the extent of which the outer alkylammoniums are
lying outside the clay plate. In Table 2 the charge den-
sities in the different classes a to j are shown for the
outer alkylammonium cations lying completely inside,
half outside, and having only the NH;*-group between
the clay plates. A particle radius of 150 A was used
throughout the calculations. For class “‘a’ a charge
density of 0.434 e/half unit cell is obtained if the outer
alkylammonium cations have only the NH,*-group in
the interlamellar region which, compared to the case of
complete coverage (0.375 e/half unit cell), amounts to
a 13.5% deviation. In the highest class j, values of re-
spectively 0.26 and 0.206 are obtained which corre-
sponds to a 20% difference.

The uncertainty limits due to this effect are shown in
Figure 3. One may take for granted that the lowest
charged minerals have no alkyl groups outside the
platelet and that in the high charge-density mineral
(Otay) alkyl chains are lying completely outside the
clay. The dashed line in Figure 3 corresponds with this
behavior and extrapolates through ~0.10 meq sodium



Vol. 27, No. 5, 1979

CEC which corresponds to the pH dependent site CEC.
It appears that the under- or overestimation of the
charge density, due to the extent which alkyl chains at
the edges belong to the interlayer, can account for the
observed effect. The persistent small discrepancy in the
case of 0.61 and 0.55 RCMs is probably due to a small
CEC underestimate as inferred from the increasing dif-
ference between the CEC in water and 1:1 ethanol/
water and/or a slight charge overestimate caused by in-
terference of 9.6-A layers.

The value of the charge density is also a function of
the particle dimensions. Increasing particle radii cor-
respond to smaller charge densities (Stul and Mortier,
1974). One expects, however, that the different treat-
ments to which the RCMs are subjected will result in
equal or smaller particle radii than those of the original
sample, which were taken to be 150 A (Stul and Mor-
tier, 1974). Accounting for this would give rise to even
higher charge densities and concomitant larger devia-
tions from the expected charge density—CEC relation-
ship. Deviations observed in the case of hectorite and
Otay montmorillonite can also partly be accounted for
if the dimensions for particle radii used in the calcula-
tions are respectively higher or smaller than 150 A. The
particle dimensions observed for hectorite (Grim, 1968)
exceed 1000 A. Otay montmorillonite occurs as glob-
ular particles of about 100-A radius (Grim and Giiven,
1978). Both are in the expected direction.

Summarizing one can state that the agreement be-
tween the observed and expected charge density—CEC
relationship depends on (a) the dimensions of the clay
particles (particle radius), (b) the fraction of the alkyl
chains extending at the edges which in turn depends on
the charge density itself, and (c) the appearance (in the
RCM clays) of 9.6-A layers, which leads to underesti-
mates of the CEC and overestimates of the charge den-
sity.
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Peswome—HaGmogaeTca reTeporeHHoe pacnpefesieHie IWIOTHOCTH 3apsAioB CPEfiH pa3jM4HbIX KJIacCoB
CepHif MOHTMOPHJIJIOHMTOB C NMOHM)KEHHBIMH 3apsiiaMi Kak B MatepuHckoit rimHe Kamn Beprio. Kpome
TOTO MOHMXKCHHE 3amsja NPOMCXORAUT HepaBHOMEpHO. Pasnuuyue B IJIOTHOCTH 3apsija g0 20% MOXET
OBITh OOYCJIOBJIEHO AJIKWIGHBIMU LEMSIMH, NPOTATHBAIOIAMACS Ha KpasiX 4acTHI IJIHbI. IIpH BbIYH-
CJIEHMSIX TUIOTHOCTH 3apsiiOB OCTHrardTCs PeajibHble COOTHOINEHWs IUIOTHOCTH 3apsfoB M KaTHOHHOH
0OMEHHOI CIIOCOGHOCTH I TEKTOPHTa, MOHTMOPHWLIOHHTa OT3M M CepMH MOHTMOPHJJIOHHTOB C MOHH-
>)KeHHbIMH 3apsifamMn U3 Kamn BepTio, eciM y9MTHIBaThL BJIMSHHE PafiHyCOB YacTHI| H IPOTIKEHHA
AJIKWIbHBIX Denel, NeKalfX CHapy>KA CJI0EB IJMHLI.

Resiimee—Die Verteilung der Ladungsdichte zwischen verschiedenen Arten von Montmorilloniten mit
reduzierter Ladung ist genauso heterogen wie im urspriinglichen Camp Berteau Ton. Auflerdem geht die
Reduzierung der Ladung inhomogen vor sich. Ein Unterschied bis zu 20% in der Ladungsdichte kann durch
die Alkylketten erklirt werden, die an den Ecken der Tonteilchen liegen. Eine realistische Ladungsdichte—
Kationenaustauschkapazitat fiir Hektorit, Otay Montmorillonit, und eine Reihe von Camp Berteau Mont-
morilloniten mit reduzierter Ladung ergibt sich, wenn man den Einflul des Teilchenradius und die Lénge
der Alkylketten, die auBerhalb der Tonschichten liegen, bei der Berechnung der Ladungsdichte beriick-
sichtigt.

Resumeé—La distribution de la densité de charge dans une série de montmorillonites a charge réduite est
hétérogene comme dans I’argile originale de Camp Berteau. En plus la réduction de la charge procede d’une
maniere inhomogene. Des différences de 20% dans la densité de charge peuvent &tre expliquées comme
dues aux chaines d’ions alkylammonium étendues aux bords des particules de I'argile. La relation réelle
entre la densité de charge et la capacité d’échange pour I’hectorite, la montmorillonite Otay, et une série
de montmorilionites a charge réduite est obtenue en tenant compte de 'influence du rayon des particules
et de la proportion des ions alkylammonium débordants de la particule argileuse dans le calcul de la densité
de charge.



