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Abstract-A series of Cu(II) reduced charge montmorillonites (RCM) of varying charge reduction has 
been prepared by exchange of the parent Li(I)--Na(I) mineral with CuCl1 in 95 per cent ethanol solution. 
The Cu(II) exchange capacity, as determined by Na(I) exchange in 1: 1 (v/v) ethanol-water, is a linear func­
tion of the fraction of Li(I) initially present on the exchange sites, F. Selective Cu(II)-saturation on internal 
and external sites was achieved at maximum charge reduction (F = 1,0). Water sorption isotherms and 
(001) basal spacings are interpreted in terms of an increasing tendency toward interlayer collapse with 
increasing charge reduction. Because of the higher hydration energy of the Cu(II) ion, however, the frac­
tion of non-expansible interlayers at a given F value is lower than those present in the corresponding 
Li(I)--Na(I) RCM. Electron spin resonance spectra of oriented samples show that under air-dried condi­
tions (ca. 40 per cent r.h.) the predominant Cu(II) species present, whether on internal or external sites, 
is the planar Cu(H10)i+ ion. The symmetry axis of the ion is oriented perpendicular to the a-b plane 
of the silicate sheets. In the presence of a full partial pressure of water, the Cu(II) ions on the external 
sites and those which are in expansible interlayers become totally hydrated CU(H10)~ + and tumble 
rapidly. The Cu(H20)i + ions in non-expansible layers retain their restricted orientation on the silicate 
surface. Some general conclusions have been drawn regarding the nature of charge distribution in the 
mineral. 

INTRODUCTION 

The thermal migration of exchangeable cations, such 
as lithium, into vacant octahedral positions in 
montmorillonite has been known for nearly two 
decades. An important consequence of this cation 
migration is the reduction in the surface charge of the 
mineral and the concomitant increase in the mean dis­
tance between the cations remaining on the interlamel­
lar surfaces. Variable charge reduction can be achieved 
by introducing along with Li(I) on the initial exchange 
sites an ion [e.g. Na(I)] which is too large to penetrate 
the silicate structure upon heat treatment. Above a 
critical concentration of Li(I) corresponding to ca. 50 
per cent of the initial CEC, the reduced charge 
minerals resist reexpansion by water. However, recent 
studies have shown that the reduced charged minerals 
can be swelled by certain solvents such as ethanol, gly­
col and morpholine (Calvet and Prost, 1971; Brindley 
and Ertem, 1971; Ertem, 1972). These latter solvents 
should provide a means of replacing the exchangeable 
Li+ and Na + ions with any desired cation. 
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It has been demonstrated recently that Cu(I1) ions 
can serve as a useful probe in detecting environmental 
influences of silicate surfaces on exchangeable ions by 
electron spin resonance (e.s.r.) spectroscopy (Clementz 
et al., 1973). The technique has been applied in the cur­
rent study to obtain structural information for hyd­
rated CU(I1) ions on the internal and external exchange 
sites of reduced charge montmorillonites (heareafter 
designated as RCM). In addition, CEC and water sorp­
tion isotherms have been determined for the CU(I1)­
saturated R CM in order to assess the effect of the tran­
sition metal ion on the cation exchange and swelling 
properties of the mineral. 

EXPERIMENTAL 

Preparation of ReM 
A series of RCM samples was prepared by the 

method of Brindley and Ertem (1971). Suspensions of 
< 2 /lm Li(I)-saturated and Na(I)-saturated Upton, 
Wyoming, montmorillonite (A.P.I. H-25) were mixed 
in various proportions and classified with regard to the 
fraction, F, of lithium ions occupying the exchange 
sites prior to heat treatment. The F values for the four 
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samples in the series were 0·0 [no lithium present in the 
Na(I)-montmorilloniteJ, 0'2, 0·6 and 1·0 [no sodium 
added to the Li(I)-montmorillonite]. The suspensions 
(approx. 600 ml, 0·0047 g ml- 1) were stirred for 24 hr 
to allow maximum randomization of ions and then 
dried into large thin films (approx. 6 x 12 in.) on 
polyethylene sheets. These clay films were peeled from 
the polyethylene and heated for 24 hr at 220°e. It was 
believed that this technique would promote homo­
geneous distribution of ions in all layers. 

After cooling, the clay films were suspended in 95 
per cent ethanol and dispersed in a Waring blender. 
The ethanol suspensions were concentrated, and the 
clay was collected by vacuum filtration. One portion 
of each air dried, Li(I}-Na(I) RCM sample was saved 
for the water sorption study. 

Cu(I I) exchange/orms 

(a). Cu(/ l) saturation of internal and external sites. 
Total Cu(II) saturation was achieved for RCM at all 
fout F values by stirring the samples for 15-hr periods 
in 1 N CuClz/95 per cent ethanol solution and repeat­
ing the procedure two more times. Excess CuClz was 
removed by washing with 95 per cent ethanol until a 
Cl- test with AgN03 was negative. The samples were 
allowed to dry in air to remove excess ethanol and 
were then equilibrated at 20°C and 40 per cent r.h. for 
24 hr. All of the Cu(II) ions can be exchanged off with 
three washes of CaClz in ethanol, as verified by the loss 
of a Cu(II) e.s.r. signal. 

(b). Cu(ll) saturation of internal sites. X-ray diffrac­
tion experiments (see below) indicated that Cu(II)­
saturated RCM with F values of 0·6 and 1'0 would un­
dergo limited swelling upon exposure to liquid water. 
Thus, it was assumed that a large organic cation in 
aqueous solution would readily exchange Cu(II) on 
external sites but have difficulty in penetrating the in­
terlamellar space to exchange internal Cu(II) ions. 
One-g samples of totally Cu(II)-saturated RCM with 
F values of 0·6 and 1·0 were quickly washed three 
times with 50 ml of an aqueous 0·5 N tetrabutylam­
monium chloride solution. The wash procedure 
required approximately 10 min to complete. Excess 
[BU4NJCl was removed by washing with water. 

(c). Cu(ll) saturation of external sites. One-g samples 
of untreated Li(I)-Na(I) RCM with F values of 
0·6 and 1·0 were heated to 110°C for 1 hr to insure 
removal of interlamellar ethanol. Each sample was 
stirred three times in aqueous 1 N CuClz, and then 
washed free of excess Cl- with water. The samples 
were dried and equilibrated at 20°C and 40°C r.h. This 
procedure should have rendered all of the external 
exchange sites Cu(II)-saturated with the internal sites 
largely unexchanged. 

f.R. studies 

Thin films of the RCM samples were dried onto 
Irtran windows and scanned on a Beckman IR -7 spec­
trophotometer. Lithium migration into the structure 
was verified by observing the changes in the OH 'wag' 
vibrations in the 700-900 cm - 1 region as discussed by 
Calvet and Prost (1971). 

Charge reduction measurements 

Charge reduction in RCM was verified by determin­
ing the amount of exchangeable Cu(II) present in the 
totally-saturated Cu(II) exchange forms of various 
F values. A modification of the Mortland and MelIor 
(1954) technique was used which consisted of suspend­
ing the clays in a 50: 50 (v/v) mixture of 95 per cent eth­
anol and water, and titrating conductrometrically with 
standard NaOH. The titration curves were linear with 
only one end-point. 

Water sorption 

The Cu(II)-saturated samples and the unexchanged 
RCM's were equilibrated for 1 week under 7 differ­
ent partial pressures of water vapor provided by 
various saturated salt and sulfuric acid solutions. The 
weight gain with increasing partial pressure was 
recorded. 

X -ray diffraction studies 

The (001) reflections of the samples under various 
conditions were measured by depositing thin films of 
the mineral on glass slides. A Philips X-ray dif­
fractometer with copper radiation and a nickel filter 
was employed. 

E.S.R. 

Some degree of orientation of crystallites was 
necessary to give detailed spectral information. Where 
possible, the oriented film technique employed earlier 
(Clementz et al., 1973) was used. Samples which did 
not make good oriented films (e.g. F = 1'0) were 
pressed into disks (Angel and Hall, 1972) under 10,000 
psi for 3 min on a Carver Press. Narrow strips were 
sliced from these disks for use as oriented samples. X­
band spectra were recorded on a Varian EA 
spectrometer. 

RESULTS AND DISCUSSION 

The CEC of Cu(II)-saturated RCM, as determined 
by Na(I) exchange in 1: 1 (v/v) ethanol-water, exhibits 
a linear dependence on F, the fraction Li(I) initially 
present on the exchange sites (see Fig. 1). At F = 1'0, 
a residual CEC of 27 m-equiv per 100 g is retained 
which corresponds to about twice the negative charge 
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Fig. 1. Solid line, plot of m-equiv of exchangeable ions 
on Cu(II)-saturated RCM, as determined by Na(I) exchange 
in 1: 1 (v/v) H2 0-ethanol, vs F, the fraction of ex­
changeable Li(I) in the preheated clay. Dashed line, analo­
gous plot of exchangeable Na(I) and Li(I) in RCM as deter-

mined by Brindley and Ertem (1971). 

arIsmg from tetrahedral substitution of AI(III) for 
Si(IV) in the mineral (unit cell formula, M(I)o.64 
[AI3,o6Feo.32Mgo.66] (Alo.l0Si7.g)02o(OH)4)· 

Included in Fig. 1 for comparison purposes are the 
data ofBrindley and Ertem(1971) for exchange of Li(I)-­
Na(l) RCM in ammonium acetate solution. The non­
linear dependence on F and lower CEC values relative 
to those obtained for Cu(II) RCM may be due in part 
to differences in exchange conditions. That is, Cu(II) in 
ethanol may be more effective than NHtin aqueous 
solution in replacing Li(I) and Na(I) in these reduced 
charge systems. The differences in the data may also 
arise because of differences in experimental technique. 
It is believed that protons are generated during the 
heat treatment of these clays (Farmer and Russell, 
1967; Ertem, 1971). The protons could migrate to octa­
hedral sites, satisfy charge, and limit Li(l) migration. 
Resolvation ofthe RCM can cause the protons to leave 
the octahedral positions (Mortland, 1966), thus rein­
stating the negative charge on the silicate structure. 
Since Brindley and Ertem specifically analyzed for the 
Li(I) and Na(I) exchanged by NHt and CEC arising 
from exchangeable protons would be undetected. 

Water sorption isotherms for Cu(II)-saturated and 
unexchanged Li(I)--Na(I) forms of RCM are shown in 
Fig. 2. The isotherms reveal two important effects. 
First, a marked reduction in sorption occurs with de-
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creasing layer charge for the Cu(II)-saturated forms 
(Fig. 2a). Second, the presence of Cu(II) on the 
exchange sites increases the water sorption over that of 
the unexchanged Li(I)--Na(I) RCM with F values of 0·6 
and 1·0 (Figs. 2b and 2c). The two effects underscore 
the importance of metal ion hydration in the sorption 
process. The enthalpy of hydration of Cu(II) is 
-2100 kJ mole-l, whereas for Li(l) and Na(I) the 
hydration enthalpies are -579 and -406kJ mole-I, 
respectively (Cotton and Wilkinson, 1972) . 

It has been previously shown that below a 'critical 
CEC' corresponding to an F value of ca. 0'5, unex­
changed Li(I)--Na(l) RCM resists expansion by water 
(Brindley and Ertem, 1971; Calvet and Prost, 1971). 
The low water sorption shown in Figs. 2(b) and (c) for 
the Li(I)--Na(l) RCM samples with F values of 0·6 and 
1·0 are consistent with silicate layers being completely 
collapsed. In the air-dried state both of these reduced­
charge forms ofthe mineral exhibit a broad (001) X-ray 
reflection centered at 10·0 A. Since the spacing is not 
altered appreciably when the minerals are exposed to 
a free water surface, the possibility of any substantial 
interlamellar water sorption is precluded. The presence 
of collapsed, nonexpansible interlayers also readily 
accounts for the virtually identical water sorption iso­
therm at these two F values. 

In marked contrast to the Li(I)--Na(I) RCM, the cor­
responding Cu(II)-saturated forms with F = 0·6 and 
1·0 exhibit appreciably different water sorption capaci­
ties (see Fig. 2a). Under air-dried conditions, the broad 
(001) reflections are centered at 11'6 and 10-4 A, re­
spectively, for Cu(II) RCM at F = 0·6 and 1·0. In com­
parison, air-dried Cu(II) RCM at F = 0·0 and 0'2, 
exhibits uniform (001) spacings of 12·3 A. Exposure of 
the F = 0·6 sample to water vapor causes the low 
angle side of the (001) reflection to broaden markedly, 
whereas the analogous broadening at F = 1·0 is much 
less pronounced. It is concluded, therefore, that Cu(II) 
is more effective than Li(l)--Na(l) in promoting the ex­
pansion by water of some interlayers in an inter stratified 
RCM at F = 0'6, but that at F = 1·0 most of the inter­
layers remain nonexpansible even in the presence of 
Cu(II). 

Under air-dried conditions all of the Cu(II)-satu­
rated RCM samples exhibit esr spectra consiting of gll 

and g1. components as expected for Cu(II) ions with 
axial symmetry. A typical spectrum for a randomly 
oriented powder sample with an F value of 0·0 is 
shown in Fig. 3(a). The low field resonance with 9 ~ 4 
is present in the native mineral and is attributed to iron 
within the silicate structure (Angel and Hall, 1972). The 
hyperfine components of g1. are unresolved, but those 
of gll can be distinguished. Perhaps anisotropic effects 
contribute somewhat to line broadening (Adrian, 1968). 

https://doi.org/10.1346/CCMN.1974.0220108 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1974.0220108


0.
 

(b
 1

 
o. 

(
c
 1

 

O
.U

 
6=

0.
6 

6
·,

.0
 

>
 

~ 
//:

= 
. j

 
s 

.. 
. 

i .. 
u 

u 
l:

 
0.

1 
/
;
~
.
-
.
 

~ 

f "
 .. 

.....
. 

Cl
. 

• 
C

:u
U

l)
·S

A
T

·D
 

~
 

0.
1 

IU
N

E
'I

I:
.H

A
N

G
al

 
i O

.,J 
o 

U
N

El
IC

H
A

N
G

fD
 L

i (
I)

 f
O

R
M

 
N

o
(I

)L
i(

I)
 

fO
R

M
 

o 
~
 
~
 
~
 

u 
~
 
~
 

u 
~
 
~
 

w
 

~
 
~
 
~
 

u 
~
 
~
 
~
 
~
 
~
 

W
 

o 
0.

1 
0.

2 
0.

3 
0.

4 
O

.S
 

0.
6 

0.
7 

0.
8 

0.
9 

1.
0 

p
/P

o
 

p
/P

o
 

p
/P

o
 

F
ig

. 2
. 

W
at

er
 a

ds
or

pt
io

n 
is

ot
he

rm
s:

 (a
) C

u(
I1

)-
sa

tu
ra

te
d 

R
C

M
 h

av
in

g 
va

ry
in

g 
am

ou
nt

s 
o

f c
ha

rg
e 

re
du

ct
io

n;
 (b

 a
n

d
 c

) C
u(

II
)­

ex
ch

an
ge

d 
fo

rm
s 

o
f R

C
M

 a
n

d
 th

ei
r 

un
ex

ch
an

ge
d 

N
a 

+
 -L

i +
 c

ou
nt

er
pa

rt
s 

w
it

h 
F

 v
al

ue
s 

o
f 

0·
6 

an
d 

1'
0,

 r
es

pe
ct

iv
el

y.
 

~
 ~ :s o ~ ~ F
 

~
 

~
 

3:
 

~ ~ o I>
l s.. ..., 5 ~ '" ~ ~
 

z ~ ~ >
 

https://doi.org/10.1346/CCMN.1974.0220108 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1974.0220108


Properties of reduced charge montmorillonites 51 

-H-

Fig. 3. E.S.R. spectra (first derivative representations) for 
Cu(II)--montmorillonite (RCM, F = 0). (a) 4000 G scan of 
an air-dry, randomly oriented powder sample; (b) 1000 G 
scan of an air-dry, oriented film sample with the a-b planes 
of the silicate layers positioned parallel to h; (c) the spec­
trum of the same sample when the a-b planes of the silicate 
layers are positioned perpendicular to H. The solid vertical 
line indicates the resonance position of a standard strong 
pitch sample with 9 = 2·0028. All spectra obtained at 

300°K. 

When the spectrum of an oriented film is recorded with 
the silicate layers parallel to the direction of the mag­
netic field (H), only 9i is observed as shown in Fig. 3(b). 
Orientation of the film perpendicular to H gives rise 
only to the well resolved All components of 911 (Fig. 3c). 
Clearly, the symmetry axis of the aquated Cu(n) ion is 
oriented perpendicular to the silicate layers. Analo­
gous spectral results were obtained for oriented sam­
ples of CU(U) RCM with F values of 0'2, 0·6 and 1·0. 
Table 1 presents a summary of the CEC and e.SI. data 
for oriented, air-dried samples of CU(U) ReM. 

Since under air-dried conditions, the (001) spacings 
indicate there is sufficient space in the interlayer to 
accommodate at best only a monolayer of water, the 
most reasonable formulation for the hydrated Cu(U) 
giving rise to' the above esr spectra is Cu(H10)i +. As 
the interlayers begin to collapse at low charge values, 

water is expelled from outer coordination spheres of 
the CU(U) ion, but reglrrdless of the extent of charge 
reduction, an appreciable fraction of the copper ions re­
tain inner sphere water. Any CU(U) devoid of coordina­
ted water in totally collapsed interlayers would be diffi­
cult to observe by e.s.r. in the presence of Cu(H 2 O)i + . 
For example, an internally Cu(II)-saturated RCM 
sample which was heated at 200°C for 1 hr to drive off 
coordinated water and allow the Cu(II) ions to occupy 
sites in hexagonal cavities exhibited a very broad 
asymmetric line (see Figs. 5h and i discussed below). 
Such a weak, broad line would be readily masked by 
the resonance lines of Cu(H2 Q)i +. Thus, although 
there may be some layers present which contain Cu(In 
in layers devoid of water, especially in those samples 
with F = 0·6 and 1·0, they could not be detected. 

When each of the Cu(U) RCM samples was exposed 
to water vapor for 24 hr, an intense isotropic Cu(n) 
signal appeared, centered near 9 = 2·17. The anisotro­
pic signal characteristic of Cu(H10)i+ was very weak 
for the samples with F = 0'6 and 1·0 and completely 
absent at F = 0-0 and 0·2. The isotropic signal arises 
because of rapid tumbling or interchange of dynamic 
lahn-Teller states for the fully hydrated Cu(HzO)t,+ 
ions (Clementz et al., 1973). Most of the fully hydrated 
Cu(II) ions at F = 0·0 and 0'20 undoubtedly exist in in­
terlayers containing 'several molecular layers of water, 
but at F = 0·6 and 1·0 a large fraction of the ions prob­
ably occupy external exchange sites. It was desirable, 
therefore, to elucidate further the nature of the external 
exchange sites on the reduced charge mineral. 

The end-member, F = 1'0, was selected for detailed 
investigation. Figure 4(a) shows the e.s.r. spectrum ofthe 
air-dry, Li(I)--Na(I) RCM before Cu(II) saturation. The 
sharp resonance near 9 = 2·0 is due to some paramag­
netic constituent of the native clay that has not yet 
been fully characterized (Angel and Hall, 1972; Fried­
lander et al., 1963; Wauchope and Haque, 1971). 
Figure 4(b) shows the powder spectrum of air-dry Cu(n)­
saturated RCM at F = 1·0. It is obviously unsatisfac­
tory from the standpoint of characterizing the gll com­
ponent due to the combined effects of sloping baseline 

Table 1. Cation exchange capacity and e.s.r. data* for hydrated Cu(II) ion on the surfaces of reduced 
charge montmorillonites 

[Cu(II)] (/.l I!HJ.t gll 
F m-equiv. 100 g - I ±0·002 (G) (±0'008) 

0 88 2·081 128 2·308 
0·2 73 2·085 135 2·293 
0·6 53 2·091 150 2·298 
1·0 27 2·083 130 2·306 

* All e.s.r. parameters taken from air-dry, oriented samples at room temperature. 
t Linewidth of the perpendicular component. 

(W)A/C 
(cm-I) 

155 
154 
152 
156 
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(a) 

{b)---~ 

{c)----

(d)~ 

(e)----

Fig. 4. E.S.R. spectra of RC M at F = 1·0. (a) baseline of air­
dry, unexchanged Li(I)-Na(J) powder; (b) air-dry Cu(IJ)­
saturated powder; (c and d) an air-dry, Cu(II)-saturated 
pressed disk with H parallel and perpendicular to the silicate 
layers, respectively; (e) Cu(II)-saturated powder exposed to 
a free-water surface for 24 hr. Field setting is identical for all 

samples. 

and anisotropic broadening. The broad hump in the 
middle of the spectrum can be attributed to a small 
amount of isotropic Cu(II) in the system. Figures 4(c 
and d) illustrate the effect of orienting a pressed disk of 
the mineral perpendicular and parallel to the magnetic 
field direction. Even though complete orientation of 
the clay platelets is not possible in the pressed disk, 
results comparable with those of Fig. 3 are obtained. 
The isotropic signal obtained upon exposure to water 
vapor is illustrated in Fig. 4(e). 

Figures S(a and b) are the spectra of a pressed disk of 
the F = 1·0 Li(I}-Na(I) RCM which was washed with 
CuClz/HzO solutions to replace predominately the 
external sites with Cu(II) and then air-dried. The spec­
tra are identical to those observed for Cu(HzO)i + in 
which ions are present both internally and externally 
(Fig. 4). An isotropic signal appears upon exposure of 
the sample to water (Fig. Sc). These observations reveal 
the remarkable fact that under air-dried conditions the 
hydrated Cu(II) ion possesses axial symmetry and the 
symmetry axis is perpendicular to the surface in a 
tetragonal ligand field. If Cu(II) ions on crystal edges 
assume the same stereochemistry as those on layer sur­
faces then one would expect the symmetry axis to be 
perpendicular to the crystal edges. Thus, either the 
edge sites are so few in number that they cannot be 
detected by this e.s.r. technique or they are oriented 
with the symmetry axis parallel to the edges. The latter 
seems extremely unlikely, and we suggest that edge 

sites are negligible or non-detectable. The effect of 
exposure of the sample to water vapor causes the ion 
to further hydrate, move away from the surface, and 
tumble rapidly. This combined behavior is very similar 
to that observed in zeolites (Turkevich et aI., 1972) with 
the exception that extreme dehydration conditions are 
required to observe an anisotropic signal for the ion on 
the zeolite surface. 

(a) 

(~ 

(c) 

(d) 

(g) 

(h) 

(i) 

Fig. 5. E.S.R. spectra of selectively Cu(II)-saturated RCM 
(F = 1'0) pressed disks: (a and b) predominantly external 
Cu(II)-saturation under air-dry conditions with H parallel 
and perpendicular to the silicate layers, respectively; (c) the 
same sample after exposure to a free-water surface (essen­
tially orientation independent); (d and e) internally Cu(II)­
saturated under air-dry conditions with H parallel and per­
pendicular to the silicate layers, respectively; (f and g) the 
previous sample after exposure to a free-water surface with 
H parallel and perpendicular to the silicate layers, respect­
'ively; (h and i) the previous sample after heating to 200°C 
for 1 hr. sealed, and allowed to return to room temperature, 
with H parallel and perpendicular to the silicate layers, 

respectively. 
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Perferential internal Cu(Il) exchange was accom­
plished by replacing external Cu(JI) sites of totally 
Cu(II)-saturated F = 1·0 RCM with tetrabutylam­
monium ion. Under air-dried conditions the e.s.r. sig­
nal is orientation dependent and indicative of the 
tetraaquo species (Figs. Sd and e). One notable differ­
ence relative to the externally saturated sample is the 
broadening of the g1. component. Although the 9 fac­
tors do not differ significantly from the external 
Cu(H2 0)i+, the ion is obviously under some axial 
compression and in a more restricted environment 
where dipolar interactions with structural Fe(III) can 
be more pronounced. This could account for the line 
broadening effects. When this sample is exposed to 
water (Figs. Sf and g) there is some indication of iso­
tropic Cu(II), probably present in layers that can 
expand. The loss of the All components of gll for the 
tetraaquo ion can be attributed to the superposition of 
the isotropic spectrum which is orientation indepen­
dent. When the sample is heated to eliminate water 
and permit the internal Cu(II) ion to occupy sites in 
hexagonal prisms in collapsed interlayers, the 
orientation independent, asymmetric, broad line 
shown in Figs. S(h and i) is observed. The marked line 
broadening is attributed to enhanced dipolar interac­
tions between Cu(II) and iron in the silicate structure. 
As indicated earlier, some interlayers may contain de­
hydrated Cu(II) in the air-dried form of the mineral, 
but their concentration is too low to discern by e.s.r. 
in the presence of CU(H20)~+. 

In order to verify that selective Cu(II) saturation on 
in ternal and external sites was achieved for the F = 1·0 
RCM, the Cu(II) CEC was determined for both sam­
ples. The results are compared in Table 2 with the CEC 
of the corresponding totally Cu(II)-saturated RCM. 
The sum of the CEC for the preferentially external and 
internal exchange forms is only 7 per cent larger than 
the total CEC. A positive deviation is expected based 
on a consideration of the reactions used to prepare the 
samples. The presence of any interlayers expansible by 
water in the initial Li(I)-RCM at F = 1·0 would lead 
to an overestimate of the external Cu(II) CEC. On the 

other hand, expansible interlayers in the correspond­
ing Cu(II) RCM would cause the internal CEC to be 
underestimated. The impetus for internal replacement 
of Li(I) by Cu(II), however, should be greater than that 
for internal replacement of Cu(II) by tetrabutylam­
monium ion. Thus, the positive error in the external 
CEC should exceed the negative error in the internal 
CEC. This argument is substantiated by the CEC data 
shown in Table 2 for predominantly internal and exter­
nal Cu(II) exchange forms of RC M with F = 0·6 where 
there is a greater degree of interstratification and a 
larger number of water-expansible interlayers. The 
percent deviation for the sum of apparent internal and 
external CEC is more than twice that obtained at F = 
1·0. 

If we attribute the deviation for the sum of internal 
and external Cu(II) CEC at F = 1·0 to an overestimate 
of the number of external sites, then the external CEC 
is 20 m-equiv/100 g. An identical CEC was obtained 
by Brindley and Ertem (1972) for NHt exchange of 
Li(I) RCM at F = 1'0, and this value probably is also 
an accurate estimate of the external CEC. It has been 
estimated previously that approximately 20 per cent of 
the total CEC of montmorillonite is due to the pres­
ence of external sites (Grim, 1968). Therefore, it is 
somewhat surprising that the external CEC of RCM at 
F = 1·0 is so large. It would appear that the Li(I) 
migration into octahedral sites in internal silicate 
layers is preferred over migration into octahedral sites 
in the silicate layers at the external surface. However, 
it is conceivable that there is no preferential Li(I) 
migration, but that the Li(I) ions which migrate into 
the octahedral sites of the surface layers upon heat 
treatment can migrate out of these sites onto the exter­
nal surface when the external surface of the mineral is 
solvated. Further studies are needed, however, to test 
this latter hypothesis. 

CONCLUSIONS 

Several important features of reduced charge mont­
morillonite have been revealed in this study. Regard­
less of the amount of charge reduction, complete 

Table 2. Cation exchange data obtained by conductometric titration of selectively Cu(II)-satu­
rated RCM's 

Primary type of [Cu(II)] Sum of internal 
Sample exchange site m-equiv 100 g-1 and external CEC % Deviation 

F = 1·0 Total CEC 27 
External 22 29 7 Internal 7 

F = 0·6 Total CEC 53 
External 28 65 18 Internal 37 

https://doi.org/10.1346/CCMN.1974.0220108 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1974.0220108


.5.6 DAVID M. CLEMENTZ, M. M. MORTLAND and THOMAS J. PINNAVAIA 

exchange of cations on both internal and external sites 
can be accomplished if the proper solvent is selected. 
Moreover, at maximum charge reduction a combina" 
tion of solvents can be used to selectively saturate in­
ternal and external sites with different ions. 

When CU(U) is the exchangeable ion, the predomi­
nant type of external site is on the planar surfaces of 
the crystallite; the number of edge sites are believed to 
be negligible. There are three types of interlayers which 
can contain CU(U) ions: (1) interlayers of hydrated 
Cu(II) which can expand upon hydration; (2) those 
which contain water coordinated to Cu(II) but cannot 
be expanded beyond a monolayer by water; and (3) in­
terlayers which are completely collapsed with Cu(II) 
within hexagonal prisms of silicate oxygens. At high 
surface charge values (corresponding to F = 0·0 and 
0·2) the majority of Cu(II) ions are in interlayers of the 
first type. As the surface charge is reduced, the fraction 
of interlayers of the second and third type increases. 
However, at maximum charge reduction (F = 1'0) ap­
proximately 75· per cent of the copper ions occupy 
external sites. 

Under air-dried conditions most of the copper ions, 
whether on external sites or in interlayers of the first 
and second type, exist as the tetraaquo-species 
Cu(H10)i+, and the symmetry axis of the ion is 
oriented perpendicular to the silicate sheets. Upon 
exposure to a full partial pressure of water vapor, the 
ions on external sites and those in layers which will 
expand become completely hydrated CU(H20)~+ and 
tumble rapidly. The Cu(Hl0)i+ species in non­
expansible interlayers maintain their·· restricted 
orientation on the silicate surface. 

One may regard RCM as being heterogeneous with 
respect to layer charge distribution. The charge hetero­
geneity results in differential response to Cu(II)-satu­
ration. Those layers possessing very low charge may 
collapse and in the process, desolvate the ion. Layers 
of intermediate charge may allow one hydrated layer 
to exist, but opposing forces (i.e. van def Waals attrac­
tion and coulombic repulsion, as well as the energy 
required to desolvate the ion) prevent either further 
contraction or expansion by water. Those layers with 
somewhat greater charge density may exhibit greater 
swelling tendencies. But in all cases the presence of 

ions in the interlamellar space can serve as a 'wedge' 
to reexpand the layers when a suitable solvent is avail­
able. When ions such as lithium and sodium are pres­
ent on the exchange sites of these low charge mont­
morillonites one expects there to be a greater propor­
tion of collapsed layers since their enthalpies of 
hydration are only one fourth and one fifth, respect­
ively, of that for CU(U). 
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Resume-Une serie de montmorillonites Cu(II) it charge reduite dans des proportions variables (RCM) 
a ete preparee par echange du mineral initial Li(I}-Na(I) avec CuCl2 en solution ethanol it 95 pour cent. 
La capacite d'echange Cu(II) determinee par l'echange de Na(I) dans des solutions ethanol-eau 1: 1 
(v/v), est une fonction lineaire de la fraction de Li(I) initialement present sur les sites d'echange, F. 
La saturation selective en Cu(II) des sites internes et externes est obtenue par une reduction maximale 
de la charge (F = 1,0). Les isothermes d'adsorption d'eau et les espacements basals (001) sont 
interpretes en termes d'une tendance croissante it la fermeture des espaces interfeuillets avec une 
reduction de charge croissante. Cependant, a cause de l'energie d'hydratation plus eIevee de l'ion 
Cu(II~ la fraction d'espaces interfeuillets non expansibles it une valeur donnee de F est plus basse 
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que celle que. l'on trouve dans la RCM Li(I}-Na(I) correspondante. Les spectres de resonance 
de spin electronique d'echantillons orientes montrent qu'en conditions air-dry (40 pour cent 
d'humidite relative), l'espece Cu(II) predominante aussi bien sur les sites internes que sur les sites 
externes, est l'ion plan Cu(H20)i+. 

L'axe de symetrie de l'ion est oriente perpendiculairement au plan ab des feuillets. En presence d'une 
pression partielle de vapeur d'eau saturante,les ions Cu(II) des sites externes et ceux qui sont dans les 
espaces interfeuillets expansibles s'hydratent totalement en ions CU(H20)~ + et prennent rapidement une 
orientation quelconque. Les ions Cu(H 20)i+ dans les espaces non expansibles gardent leur orientation 
privilegiee par rapport it la surface. Des conclusions generales sont tirees it propos de la nature de la distri­
bution de la charge dans le mineral. 

Kurzreferat-Aus einem urspriinglich Li(I}-Na(I}-belegten Mineral wurde durch Austausch mit CuCiz in 
95 prozentsatz iger Athanollosung eine Reihe von Cu(II}-be1egten Montmorilloniten verminderter 
Ladung (RCM) mit unterschiedlicher. Ladungsabnahme hergestellt. Die Cu(II}-Austauschkapazitiit, 
bestimmt durch Na(I) in einem Athanol-Wasser-Gemisch im Volumenverhiiltnis 1:1, ist eine lineare 
Funktion des urspriinglich an den Austauschplatzen vorliegenden Li(I), F. Selektive Cu(II}-Sattigung 
an inneren und auBeren Austauschplatzen wurde bei maxirnaler Ladungsverminderung (F = 1,0) 
erreicht. Die Wasseradsorptionsisothermen und (OOl)-Basisebenenabstande wurden als Ergebnis einer 
mit zunehmender Ladungsverminderung steigenden Neigung zur Zwischenschichtkontraktion gedeutet. 

Wegen der hOheren Hydratationsenergie des Cu(II)-lons ist jedoch der Anteil der nichtaufweitbaren 
Zwischenschichten bei gegebenem F-Wert niedriger als der Anteil in den entsprechenden Li(l)- und Na(I}-
belegten RCM. . 

Elektronenspinresonanzspektren orientierter Proben zeigen, daB unter lufttrockenen Bedingungen (ca. 
40 prozentsatz relative Feuchte) sowohl an den inneren als auch an den auBeren Austauschpllitzen 
das planare Cu(H20)i+ -Ion die vorherrschende Zustandsform des Cu(II) darstellt. Die Symmetrieachse 
des Ions ist senkrecht zur a-b-Ebene der Silicatschichten angeordnet. Bei Vorliegen eines vollen 
Wasserpartialdruckes werden Cu(II)-lonen an den auBeren Oberflachen und an den aulWeitbaren 
Zwischenschichten zu vollstiindig hydratisierten CU(H20)~+ -Ionen und geheri schnell in einen 
ungeordneten Zustand iiber. Die Cu(H20)i+ -Ionen in den nichtaulWeitbaren Schichten behalten ihre 
eingeschrankte Orientierung an den Silicatoberfliichen. Einige allgemeine SchluBfolgerungen beziiglich 
der Art der Ladungsverteilung im Mineral werden gezogen. 

Pe310Me - Pg,ll Cu(II) MOHTMOPHJIJIOHHTOB c YMeHbIIIeHHbIM 3apg,llOM (RCM) ,lIO pa3JIH'IHbIX 
cTerreHeii: rrpHrOTOBJIgeTCg IIyTeM 06MeHa MaTO'lHOrO MHHepaJIa Li(I)-Na(I) c CuClz B 95 % paCTBope 
:naHOJIa. Crroc06HoCTb 06MeHa Cu(JI), orrpe,lleJIgeMag 06MeHoM Na(I) B 1 : 1 (rrpOl\eHTHOe COOTHO­
llIeHHe 061>eMoB) :naHOJIa-BO,llbI, gBJIgeTCg JIHHeiiHOii IPYHKl\Hei!: IPPaKl\HH Li(l) rrepBOHa'laJIbHO 
rrpHcYTCTBYIOII..\eii Ha rr03Hl\Hgx 06MeHa, F. CeJIeKTHBHoe HaCbIII..\eHHe Cu(II) Ha BHYTpeHHHX H 
HapY)J(HbIX rr03Hl\HgX rrOJIY'laeTCg rrYTeM MaKCHMaJIbHoro rrOHH)J(eHHg 3apg,lla (F = 1,0). M30TepMbI 
a,ZI;COp6I..\HH BO,n:bI H OCHOBHbIe rr03Hl\HH (001) HCTOJIKOBbIBalOTCg rroBbIllIaIOII..\e.li:Cg TeH,n:eHl\Hei!: K 
paJpymeHHIO rrpOCJIOHKH rrpH B03paCTalOII..\eM YMeHbIIIeHHH 3apg,n:a. O,llHaKO BCJIe,n:CTBHe 60JIee 
BbICOKOi!: 3HeprHH rn,n:paTal\HH HOHa Cu(II), IPpaKl\HB HepaCIIIHpglOm;HXCJI rrpoMe~O'lHbIX CJIoeB 
rrpH orrpe,n:eJIeHHOii BeJIH'lHHe FHH)J(e, '1eM rrpHCYTCTByroIl..\aJI B COOTBeTCTByrom;eM Li(I)-Na(l) RCM. 
Pe30HaHcHbIi!: crreKTp 3JIeKTpOHHOro CIIHHa opHeHTHpOBaHHbIX 06pa3l\OB rrOKa3bIBaeT, '1TO B 
B03,n:yIlIHO-CYXHX YCJIOBHJlX (OKOJIO 40% OTHOCHTeJIbHOii BJIa)J(HOCTH) 06DeKTOM Cu(II), rrpHcYT­
CTBYIOm;HM rJIaBHbIM 06PaJOM Ha BHYTpeHHHX HJIH HapY)J(HbIX rr03Hl\HJlX, JlBJIJleTCll rrJIOCKHi!: HOH 
CU(HZO)42+. OCb CHMMeTpHH HO Ha HaxOAHTCll rreprreHAHKYJIllPHO K rrJIOCKOCTH a-b CHJIHKaTHbIX 
JIHCTOB. B rrpHCYTCTBHH rrOJIHOrO '1aCTH'IHOrO AaBJIeHHll BOAbI, HOHbI Cu(II) Ha HapY)J(HbIX rr03Hl\HllX 
H Te KOTopbIe HaXO,llllTCll Ha paCIlIHplllOm;HXCll rrpOMe)J(YTO'lHbIX CJIOgX cTaHOBllTCll rrOJIHOCTblO 
rHApaTHpOBaHHbIM (Cu(H2 0)62+ H 6bICTPO rraAalOT. MOHbI CU(HZO)42 + Ha HepaCIlIHplllOII..\HXCll 
CJIOllX coxpaHlllOT CBOIO cTporylO opHeHTal\HIO Ha rroBepXHOCTH CHJIHKaTa. TIpHIlIJIH K 06I1..\HM 
3aKJIIO'IeHHJlM 0 xapaKTepHCTHKe pacrrpeAeJIeHHg 3apll,lla B MHHepaJIe. 
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