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Abstract- Simple equations are presented which allow double-layer potentials of clays to be derived from 
co-ion exclusion measurements in monovalent and divalent electrolyte solutions. These equations have 
been used to re-interpret earlier results for illite and montmorillonite. The potentials derived follow the 
lyotropic series for the various homoionic modification of each clay. We have demonstrated that the 
Schofield equation, which assumes high double-layer potentials, cannot be applied to co-ion exclusion in 
clay systems. Re-analysis of earlier measurements has shown that for a given homoionic clay the potentials 
are almost independent of concentration over the range 0.3 to 0.003 molar. Thus, clay surfaces appear 
to behave more like constant-potential than constant-charge surfaces. 
Key Words--Co-ion exclusion, Double-layer potential, Illite, Montmorillonite, Surface charge. 

I N T R O D U C T I O N  

Edwards and Quirk (1962, 1965a, 1965b, 1965c) 
presented information on co-ion (chloride) exclusion 
from negatively charged, well-characterized homoion-  
ic clays in the presence of  alkali and alkaline earth 
counterions. Because illite is a nonexpanding, mica- 
like phyllosilicate, only an external double layer around 
the platelet can contribute to co-ion exclusion. On the 
other hand, montmori l loni te  is an expanding phyUo- 
silicate in alkali metal ion solutions and hence exhibits 
a very large surface area corresponding to 10-tk thick, 
elementary silicate sheets. Surface area determinations 
by nitrogen adsorption for montmoril lonite give a gross 
underestimate of  the area exposed to solution, whereas 
for the illite clays the areas should be similar. In this 
paper equations are presented that permit double layer 
potentials for the clay-solution interface to be calcu- 
lated from negative adsorption (co-ion exclusion) re- 
sults, provided the area of  the interface is known. Using 
these equations, previously reported experimental re- 
sults on ion-exclusion from clay minerals have been 
re-analyzed to determine their surface potentials in a 
range of  electrolyte solutions. 

T H E O R E T I C A L  B A C K G R O U N D  

The number  (N) of  negative ions (chloride) excluded 
per unit area of  negatively charged surface is given by: 

s N = [C(R) - C(x)] dx, (1) 

where C(R) is the reservoir chloride concentration and 
C(x) is the corresponding concentration at a distance 
x from the flat charged surface. Using the Boltzmann 
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distribution the concentration of  negative ions at x is 
related to the mean electrostatic potential, ~b(x) < 0, at 
the same point by C(x) = C(R) exp{q~k(x)/kT}. N can 
be converted to the equivalent volume per gram of clay 
(V ex ) from which chloride ions are completely excluded 
(for a diagrammatic explanation, see Figure 1); thus, 

Vex = - - .  N 
A 

C(R) 

= A l o e ( 1  - [q~b(x)|] . expl- -/j ~ (2) 

where A is the solid-solution interfacial area per gram 
of clay. Eq. (2) is a general relation for an electrolyte 
containing monovalent anions which are excluded from 
a negative surface. 

To determine the integral in Eq. (2) for monovalent  
electrolytes the Gouy-Chapman theory for the poten- 
tial distribution can be used. Rearrangement of  Eq. (2) 
gives: 

f-~ ey (dx  V ex = A ,, (1 - \ d y / d y ,  (3) 

where y = q~b(x)/kT and Yd is the corresponding value 
at the Stern layer surface, from which the diffuse double 
layer originates. Using the general Poisson-Boltzmann 
equation, 

d2@(x) _ 47rq ZiCiazi 
dX 2 

�9 exp(-qzi~b(x)/kT), (4) 

the value of  dy/dx that is required for solution of  Eq. 
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Figure 1. Concentrations of positively charged counterions 
C+ and negatively charged co-ions C as a function of distance 
from a planar surface of double layer potential - 1 0 0  mV. 
The dashed area corresponds to the total deficit of co-ions 
near the surface compared with the bulk concentration and 
is equivalent to a layer of thickness 1.7K -~ from which the 
ions are completely excluded (shaded area). This layer thick- 
ness multiplied by the area per gram of surface gives the 
volume excluded per gram of  material V ~*. CR is the reservoir 
concentration. 

(3) can  easily be  ob ta ined .  F o r  a m o n o v a l e n t  e lectro-  
lyte, 

d y / d x  = + V ~ r ( c o s h  y - 1) �89 (5) 

where  

2 �89 
/47rq2z.C.Rz2/ (6) 

r = [ , k T  ' ' ' ]  

is t he  inve r se  Debye  length.  
Thus ,  by  c o m b i n i n g  Eqs. (3) a n d  (5), 

V ex = - - - -  
r 2 ~ n h  (y/2)J dy  (7) 

w h i c h  can  n o w  be  in t eg ra t ed  to give 

V ~* = (2A/r)(1 - eye'), Yd < 0, (8) 

f r o m  which ,  k n o w i n g  the  a rea  o f  the  in te r face  a n d  the  
v o l u m e  o f  exclusion,  the  d o u b l e  layer  po t en t i a l  (flu = 
ydkt/q) can  be  o b t a i n e d  for  a g iven  c o n c e n t r a t i o n  of  
m o n o v a l e n t  electrolyte.  A s imi l a r  d e r i v a t i o n  for  di-  
v a l e n t  e lectrolytes  gives: 

4 

Table 1. Surface potentials obtained from chloride exclusion 
measurements on illite clays for a range ofmonovalent  cations 
as counterions. 

AM/Ar~ = fie 
I o n  A u  ~ = V~*r/2  1 - exp(Yd/2) (mY)  

Li 80 0.73 - 6 5  
Na 70 0.64 -51  
K 35 0.32 - 1 9  
N H  4 22 0.20 -11  
Rb 10 0.091 - 5  
Cs 0 -- 0 

AM is the slope of the line obtained by plotting V ex against 
2/K (see Figure 2) and corresponds to the area of the solid- 
solution interface only for very high diffuse layer potential. 
For low potentials (<200 mV) the ratio of Au to the true area 
of the solid (e.g., the N2 adsorption area, AN) gives the double- 
layer potential via the relationship: Au/AN2 = 1 - exp(yd/2). 
The true surface area AN2 is the B.E.T. surface area derived 
from the nitrogen adsorption isotherm. A value of  110 m2/g 
has been used here, although the values determined by Ed- 
wards and Quirk (1965a) vary slightly from this value (_+5) 
for the different ions. 

I t  s h o u l d  be  m e n t i o n e d  here  t ha t  G r a h a m e  (1947)  de-  
r i ved  a r e l a t ionsh ip  for  the  f rac t ion  o f  the  doub le - l aye r  
charge  a c c o u n t e d  for  by  each  ion  in m o n o v a l e n t  elec- 
t ro ly te  f r o m  wh ich  the  exc luded  v o l u m e  can  be  cal- 
culated.  

A N A L Y S I S  O F  C O - I O N  E X C L U S I O N  
M E A S U R E M E N T S  O N  C L A Y  M I N E R A L S  

F r o m  Eq. (8) i t  fol lows t h a t  the  exc luded  v o l u m e  o f  
ch lo r ide  ions  will d e p e n d  u p o n  the  area  exposed,  the  
e lect rolyte  concen t r a t i on ,  a n d  the  doub le - l aye r  po ten-  
tial. In  ear l ie r  app l i ca t i ons  o f  th is  e q u a t i o n  to a var ie ty  
o f  sys tems  it  was a s s u m e d  t h a t  the  d o u b l e  layer  po-  
t en t ia l  is ve ry  large a n d  negat ive .  U n d e r  these  condi -  
t ions  Eq. (8) b e c o m e s  

V ex = 2A/r .  (10) 

Table 2. Surface potentials obtained from chloride exclusion 
measurements on montmorillonite clays for a range ofmono-  
valent cations as counterions. 

Ar~ ~ = A M / A c  = r 
I o n  V ~ / 2  1 - exp(yd/2)  ( m V )  

Li 625 0.83 - 9 0  
Na 560 0.75 - 6 9  
K 436 0.58 - 4 4  
NH,  256 0.34 -21  
Cs 156 0.21 - 1 2  

AM is the slope of the line obtained by plotting V ~x against 
2/r (see Figure 2). The ratio of  this value to the exposed solid- 
solution interface Ac gives the diffuse layer potential via the 
relation: AM/Ac = 1 - exp(yd/2). Ac has a value of 750 m2/ 
g, calculated from the unit-cell weight and a and b crystal- 
lographic parameters for montmorillonite dispersed into its 
elementary silicate sheets with approximate dimensions of 
2000 • 2000 • 10 ~. On drying, the elementary sheets con- 
dense and prevent the accurate determination of  surface area 
from nitrogen adsorption. 
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Figure 2. Volume exclusion V e* ofmonovalent negative ions 
as a function of electrolyte concentration (as 2r -1) for the case 
of constant low potential -21 mV and the corresponding case 
of constant charge (fitted at 2r 1 = 60 A). The linear curve 
corresponds to that experimentally observed by Edwards and 
Quirk (1965a) for K-illite. The variation in potential for the 
constant charge case, which is expected for a simple ion- 
exchange surface, is also shown. The discrepency between the 
two cases is quite marked for low potentials (cf. Figure 3). 

Thus, a plot of V ex against 2/K will yield a straight line 
with the interfacial area as the slope. It now seems clear 
that for clay minerals the double-layer potentials are 
not large; in fact, electrophoretic mobility measure- 
ments on montmoril lonite (Callaghan and Ottewill, 
1974) and potentials obtained from double-layer in- 
teractions between muscovite mica (Pashley, 1981) in- 
dicate that clay systems typically have surface poten- 
tials less than 100 inV. For this range of surface 
potentials Eq. (10) is not valid and Eq. (8) must be 
used. As mentioned above, illite has an interracial area 
in solution which will be close to the nitrogen adsorp- 
tion value, whereas montmoril lonite is completely ex- 
pandable, and the area can be calculated from crys- 
tallographic parameters. Thus, in both cases the 
interracial area, A, is known, and, hence, surface po- 
tentials from co-ion exclusion measurements can be 
obtained. Volume exclusion results for an illite and a 
montmoril lonite clay were presented by Edwards and 
Quirk (1965a, 1965b) who found that for both clays, 
V ex was a linear function of 2/r. From Eq. (8) it is clear 
that this relationship exists only if  the diffuse layer 
potential does not vary with concentration. The cal- 
culated potentials, using the linear slopes given by Ed- 
wards and Quirk (1965a, 1965b) for the illite and 
montmorillonite samples are given in Tables 1 and 2 
for a range of monovalent  counterions. 

The surface potentials obtained for different cations 
at a fixed concentration are consistent with an ion- 
binding or ion-exchange model of the clay-solution 
interface; i.e., the less hydrated cations have higher 
adsorption densities on the clay surface and give rise 
to a potential of lower magnitude because the negative 
sites on the silicate surface are neutralized by cation 
adsorption. Note that the net diffuse layer charge has 
been assumed to be given by the sum of the negative 
lattice charge of the clay and the density of adsorbed 
cations. The diffuse double layer (Gouy layer) is con- 
sidered to begin from a plane just outside the layer of 
adsorbed ions (Stem layer) with a diffuse double-layer 
potential ~d. The surface potentials of montmoriUonite 
are consistently greater than those of illite. 

That the apparent potentials of the clay systems are 
all more or less independent of electrolyte concentra- 
tion is unexpected; indeed, for an ion-exchange surface 
the magnitude of the surface potential should fall rap- 
idly, with an increase in bulk concentration of ions that 
can adsorb into the Stern layer. For most clays a wide 
range of cations can be adsorbed or ion exchanged onto 
the exposed basal plane. Ion adsorption should occur 
according to the surface reaction (see Healy and White, 
1978) 

S- + M + = SM, 

with dissociation constant, 

KM = [S-][M+]s/[SM]. (11) 

IS-] and [SM] are the dissociated and filled surface site 
densities, respectively, and [M+]s is the concentration 
ofM + ions in solution immediately adjacent to the clay 
surface which is given by the Boltzmann relation: 

[M+]s  = [M+]B e-qtdRr, (~a < 0), (12) 

where [M+]B is the bulk concentration o f M + ions. This 
simple ion-exchange model predicts that the double- 
layer charge should remain roughly constant and that 
the potential must therefore fall rapidly with increase 
in concentration of the adsorbing ion. A comparison 
of the constant charge and potential cases is shown in 
Figures 2 and 3. For a low potential (e.g., K-illite) the 
difference is marked, whereas at higher potentials (e.g., 
Na-montmorillonite) the nonlinear constant charge 
curve is close to the constant potential result. Low 
potential measurements have a larger error because of 
the much lower volume excluded; the difference be- 
tween the constant charge and potential results may 
be somewhat difficult to ascertain. Because the original 
data of Edwards and Quirk were presented as linear 
curves we have re-analyzed the results in terms of a 
constant potential. It must be realized, however, that 
to obtain an exactly linear relation, cations adsorbed 
at the clay surface must desorb as the bulk concentra- 
tion increases, a situation which does not conform with 
existing models of ion-exchange adsorption into the 
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Stern layer. That this is the case can be seen from the 
relation between diffuse layer charge g0 and potential 
~d, derived using Gouy-Chapman theory: 

ekT 
- - - K  sinh[yd/2]. (13) ~ra 2zrzq 

Clearly, if the diffuse layer potential is held constant 
the charge must increase with increase in electrolyte 
concentration and hence cations must de-sorb from 
the Stern layer. 

Co-ion exclusion measurements on Ca-illite clay 
(Edwards and Quirk, 1965c) also show a linear rela- 
tionship consistent with a constant surface potential 
over a concentration range of about 0.001 M to 0.3 M. 
These results can be analyzed using Eq. (9). The po- 
tentials obtained from these results are low, about - 1 0  

mV for Ca, presumably due to the greater electrostatic 
attraction of divalent counterions to the negatively 
charged clay surface. The observation that the apparent 
potential is again independent of electrolyte concen- 
tration presents similar problems of interpretation. 

The observation of constant potential suggests that 
the experimental procedures used in determining co- 
ion exclusion volumes on powdered clay minerals 
should be re-examined. For a correct interpretation, of 
the experimental observations, the double layers around 
each clay platelet must  not significantly overlap. Be- 
cause of the importance of this assumption, it is nec- 
essary to discuss to what extent the co-ion exclusion 
measurements could possibly be affected by particle 
interaction or even particle condensation into a pri- 
mary min imum.  

PARTICLE INTERACTION 

Edwards and Quirk (1965a) demonstrated that for 
Li- and Cs-illite suspensions, the average particle sep- 
arations for concentrations between 0.5 M and 0.003 
M are at least an order of magnitude greater than K -1, 
the Debye-Huckel characteristic length, and that at these 
distances the effects of interaction on co-ion exclusion 
can be neglected. The average particle separation was 
given by twice the "film thickness" obtained by divid- 
ing the volume of entrained solution by the nitrogen 
surface area. For Na-montmoril lonite  prepared in a 
manner  similar to that used by Edwards and Quirk 
(1965b) for co-ion exclusion measurements but with 
the addition of Calgon (to preclude the possibility of 
positive sites), Norrish and Rausell-Colom (1963) ob- 
tained the following empirical relationship, using 
X-ray powder diffraction: 

d = 21.2C -'/2 + 21 and 

d = 7K -1 + 21, (14) 

where d is the "average" distance in/~, (K -~ in/~)  be- 
tween montmoril lonite sheets. This value is, in fact, 
the distance of the first maximum in the plot of W(R), 
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Figure 3. Volume exclusion V e~ ofmonovalent negative ions 
as a function of electrolyte concentration (as 2 K-l) for the case 
of constant potential (-69 mV) and the corresponding case 
of constant charge (fitted at 2K -~ = 60 A), The linear curve 
corresponds to that experimentally observed by Edwards and 
Quirk (1965b) for Na-montmorillonite. The constant charge 
curve is expected from the single ion-exchange model of the 
clay surface. The difference between the two cases is not large 
for reasonably high potentials (cf. Figure 2). 

the probability of finding a sheet at a distance R from 
any one sheet, vs. distance R. C is the concentration 
of monovalent  electrolyte in mole/liter. Norrish (1954) 
noted that for high concentrations when the distribu- 
tion is relatively sharp, the value of d probably rep- 
resents the average and most stable position of one 
sheet relative to another. For more dilute solutions, he 
noted that considerable error exists in determining the 
position or distance of the maximum, and therefore 
doubted whether the maximum represents either the 
average or the most stable interlayer spacing. Thus, the 
plate separation should depend on the history of the 
material. 

Norrish's (1954) results on K-montmoril lonite are 
relevant in that when the montmoril lonite was ex- 
panded with dilute solutions of NaC1 and then replaced 
with KC1, spacings similar to those of Na-montmoril-  
lonite were obtained. Montmorillonite in 0.2 M KC1 
and NH4C1 gave large spacings together with 15-A 
spacings. In lower concentrations of KC1 and NH4C1, 
montmorillonite gave large spacings only. Edwards and 
Quirk (1965b) reported that the "average particle sep- 
aration" for K- and NH4-montmorillonite is greater 
than 8K L 

Given the circumstances outlined above, the Li-, Na-, 
K-, and NH4-montmorillonites of Edwards and Quirk 
(1965b) most likely existed in suspension as elementary 
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silicate sheets or if aligned were separated by distances 
approaching 8K ~; hence, from the point of view of 
chloride exclusion the particles can be regarded as 
weakly interacting clay sheets. 

This conclusion is reinforced by examination of the 
experimental details of the work reported by Edwards 
and Quirk. Norrish and Rausell-Colom (1963) worked 
with oriented flakes which had been dried prior to 
wetting. The oriented flakes have a high degree of order 
as indicated by a nitrogen surface area of 5 mVg re- 
ported by Greene-Kelly (1964) as compared with val- 
ues of 40-50 m2/g for dried powders obtained by Ayl- 
more and Quirk (1962). Norrish and Rausell-Colom 
referred to friction or "internal" load within the gel 
restricting swelling. By contrast Edwards and Quirk's 
starting material was powdered Wyoming bentonite 
(Na § being the dominant  ion) which was dispersed in 
distilled water. After particles > 2 ~m equivalent spher- 
ical diameter were separated, the clay was converted 
into various ionic forms by washing with 1 M or 0.1 
M chloride solutions, and the excess salt was them 
removed by dialysis. The clay was never dried, and the 
electrolyte was added to the suspension in varying 
amounts for negative adsorption measurements. 

Edwards and Quirk's results (1962) for Na-mont-  
morillonite were obtained by separating the clay (3% 
suspension) from the equilibrium solution by dialysis. 
The slope obtained from co-ion exclusion measure- 
ments of 560 m2/g agrees closely with those of Bolt 
and Wakentin (1958) (see Figure 1, Edwards and Quirk, 
1962). Recently, Schramm and Kwak (1982), using a 
dialysis technique and a 2% clay suspension of Belle 
Fourche montmorillonite,  found a slope of their co- 
ion exclusion plot of 570 mVg. 

PARTICLE CONDENSATION 

We now consider whether particle condensation into 
a primary m i n i m u m  has influenced the reported co- 
ion exclusion results. Cebula et al. (1978) examined 
1% suspensions of homoionic montmorillonites using 
neutron diffraction. For Li-montmorillonite they re- 
ported that the particle thickness, H, is 10.3 /k, indi- 
cating that the Li-montmorillonite system is dispersed 
to give elementary silicate sheets. By contrast, as the 
counter ion was changed to Na, through K to Cs, a 
marked change in the small angle scattering pattern 
took place. They concluded that the upper limit for the 
particle thickness of Cs-montmorillonite is 40/~. Such 
measurements have some limitations, however, it seems 
reasonable to conclude that Cs-montmorillonite in the 
suspensions of Cebula et al. (1978) consisted of par- 
ticles or quasi-crystals (Aylmore and Quirk, 1971) which 
were three elementary silicate layers thick. 

Fitzsimmons et al. (1970) were able to prepare Ca- 
montmoril lonite in elementary silicate sheets; how- 
ever, the system was metastable, and even in the ab- 
sence of electrolyte the plates, with shaking, condensed 

to form quasi-crystals 50/k thick, or thicker, depending 
on the method of treatment of the original suspension 
following the preparation of the single plate material. 
This condensation gave a material with internal and 
exteral surfaces; the internal surface was limited in its 
expansion to give a d(001) of 19/k. Sodium and other 
monovalent  ion clays did not behave in this manner  
except when dried, although it is expected that Cs- 
montmoril lonite would behave similarly to Ca-mont- 
morillonite and therefore have a strong tendency to 
condense into a primary min imum.  

Some parallel condensation of the Ca-illite particles 
to form domains may exist (Aylmore and Quirk, 1962). 
This phenomenon is unlikely even for Cs-illite inas- 
much as Greene et al. (1978) were not able to obtain 
evidence for domain formation in Ca-illite suspen- 
sions. It thus appears that pre-drying of these clays is 
necessary for domain formation. Furthermore, it should 
be emphasised that unlike the 10-Zk elementary sheets 
ofmontmorillonites,  the plate-shaped illite crystals will 
average about 70 ~ thick and have irregular or stepped 
surfaces. 

Condensation should remove the internal area from 
co-ion exclusion and an effect that should increase with 
electrolyte concentration. Under  these conditions one 
would expect from Eq. (8) an even more nonlinear 
relationship between V eX and K -1. Hence, it is evident 
that condensation into a primary min imum cannot be 
invoked to explain the observed linear behavior or the 
decreased magnitude of the slopes of co-ion exclusion 
plots with increasing ion size in the alkali metal series. 

DISCUSSION 

Schofield's (1947) equation for co-ion exclusion pro- 
vides a basis for obtaining the surface area of a material 
over a range of concentrations when the surface po- 
tential is high (->200 mV). For lower potentials the 
slope of the co-ion exclusion plot (V ex vs. l/r), which 
has the dimensions of an area per unit  mass, is less 
than the actual surface area of the material. It has been 
shown here (Eq. (8)) that provided the surface area of 
the clay is known the ratio of the slope of the co-ion 
exclusion plot to the actual surface area provides a basis 
for obtaining the diffuse double-layer potential, i.e., the 
potential at the boundary of the Stern and Gouy layers. 

The results of Edwards and Quirk (1962, 1965a, 
1965 b, 1965c) have been re-examined in terms of this 
treatment, and the most significant feature to emerge 
is that for the various homoionic modifications of 
montmoril lonite and illite the potentials are roughly 
constant over a concentration range 0.5-0~003 M. These 
data indicate that a constant potential model is more 
appropriate when considering the distribution of ions 
at the clay/solution interface. From simple ion-ex- 
change or site-binding models, however, the surface 
potential should be a strong function of electrolyte con- 
centration. This discrepancy remains a serious prob- 
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lem in the interpretation of these experiments. Using 
the site-binding model, it is possible to explain a con- 
stant potential by assuming that co-ions can also be 
specifically adsorbed in the Stern layer on the face of 
the platelets. There is no experimental evidence, how- 
ever, to support this suggestion (see, e.g., Bolt and Wa- 
kentin, 1958). We have also noticed that the co-ion 
exclusion results show no variation with pH in the 
range 4.5-9.0 indicating the absence of positive sites 
(Edwards, 1964). 

The observation of an apparent constant potential 
with concentration is difficult to understand even apart 
from the site-binding model. For example, the diffuse 
layer charge ad calculated using Eq. (13) for the poten- 
tial obtained from co-ion exclusion measurements on 
Na-montmoril lonite  in 10 -3 M NaC1 ( -69  mV, see 
Figure 3) is about 2 X l03 esu/cmL If  the value at the 
same potential but at the much higher concentration 
of 0.3 M is calculated, a corresponding charge of about 
4 X 104 esu/cm 2 is obtained, a value that is greater 
than the lattice charge of the clay! From Gouy-Chap- 
man theory one would expect that the potential must  
fall at high salt concentrations; however, some residual 
excluded volume is likely in the clay due to internal 
area which would cause the linear exclusion curve to 
pass through the ordinate at a finite exclusion value. 
Inasmuch as the potential should fall in this region, 
these two effects may compensate each other to pro- 
duce curves which indicate constant potential behavior 
even at high salt concentration, as has been reported 
(see, e.g., Edwards and Quirk, 1962; Posner and Quirk, 
1964). 

The potentials for iUite follow the lyotropic series 
for Li to Rb with Li-illite having a surface potential of 
- 6 5  mV and Rb-illite a potential of - 5  mV over the 
concentration range 0.5 M to about 0.01M in the alkali 
metal chloride solutions (Table 1). The results reported 
by Edwards and Quirk (1965a) for Cs-illite, unlike those 
for other ions, show considerable scatter. Because these 
data are close to the abscissa, the authors reported a 
slope of zero which indicates a zero surface potential. 
The points for Cs-illite, however, lie below those for 
Rb-illite; hence, the magnitude of the potential for the 
Cs-clay must be less than - 5  mV. 

The diffuse layer potentials for the homoionic mod- 
ifications ofmontmori l loni te  in Table 2 also follow the 
lyotropic series and vary from - 9 0  mV for Li-mont- 
morillonite to - 21  mV for NHa-montmorillonite,  with 
a value o f -  12 mV for Cs-montmorillonite being sub- 
ject to some qualification below. From X-ray powder 
diffraction evidence discussed above it seems reason- 
able to assume that for Li-, Na-, K-, and NH4-mont- 
morillonite the weak diffuse-layer interaction has no 
effect on the results and that condensation into quasi- 
crystals is not involved under the circumstances of the 
experiments being discussed. It is noted that the var- 
ious ionic modifications of montmorillonite,  with a 

surface density of charge 3.5 X 104 esu/cm 2, have a 
greater negative potential than the corresponding illite 
which has a surface density of charge of 6 X 104 esu/ 
cm 2. 

As mentioned above there are serious difficulties with 
other methods of determining the surface potential of 
clays, hence there are few results with which potentials 
derived from co-ion exclusion can be compared. Those 
that are available seem to agree tolerably well with the 
values reported here, especially with respect to the rel- 
ative constancy over a range of concentrations. For 
example, Callaghan and Ottewill (1974) reported elec- 
trophoretic mobility measurements for Na-montmo- 
rillonite (Wyoming) which provide almost constant po- 
tential values varying from - 5 0  mV to - 4 4  mV, 
respectively, over the concentration range 10-~ to 10 -4 
M NaC1. 

Using electrophoretic mobility measurements, P. F. 
Low (quoted by Friend and Hunter, 1970) reported 
zeta-potentials for Na-montmoril lonite (Wyoming) of 
-30 ,  -35 ,  and - 3 0  mV at concentrations of 10 -2, 10 -s, 
and 10 -4 M NaC1, respectively, with one value o f - 4 5  
mV in the vicinity of 10 -2 M NaCI. More recently, Low 
(1981), on the basis of electrophoretic measurements 
for 34 different Na-montmoril lonites in 10 -4 M NaC1, 
reported zeta-potential values in the range - 4 8  to - 7 3  
mV; the value reported for Na-montmoril lonite  (Wy- 
oming) is - 6 7  mV which compares with the value of 
the double-layer potential reported here o f - 6 9  mV 
for Na-montmoril lonite from the same source. Such 
close agreement, however, may be fortuitous because 
the same potentials are expected only if  the plane of 
shear in electrophoresis measurements corresponded 
to the boundary of the Stern and Gouy part of the 
double layer at the particle interface. Furthermore, a 
series of significant assumptions must be made to use 
the Smoluchowski equation to convert electrophoretic 
mobilities to zeta-potentials. In addition, it is evident 
that clay preparation and storage must play a signifi- 
cant role so that in future experiments considerable 
care should be taken to define and monitor conditions 
of preparation, including storage. 

Pashley (1981) reported double-layer electric poten- 
tials derived from measuring the double-layer force as 
a function of separation between freshly cleaved mus- 
covite surfaces in the form of crossed cylinders. At 10 -2 
M in chloride solutions he obtained the following po- 
tential values: - 110 mV (Li+), - 7 0  mV (Na+), - 5 5  mV 
(K§ and - 5 0  mV (Cs § extrapolated). The electric 
potential values however varied with concentration but 
not in any regular or consistent fashion although Pash- 
ley provided an ion exchange model to account for the 
main features of the variation. It is significant, how- 
ever, that the surface potentials obtained by this meth- 
od are appreciably less than - 2 0 0  inV. 

The Cs-montmorillonite diffuse-layer potential of 
- 1 2  mV reported in Table 2 needs further consider- 
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ation. If, instead of  using 750 m2/g as the reference 
surface area, it is assumed that 3 elementary mont- 
morillonite (10/k thick) sheets are condensed (Cebula 
et al., 1978), the reference area becomes 250 mVg and 
the surface potential calculated is - 4 9  mV. This value 
is out of  harmony with the lyotropic series: e.g., 
K-montmoril lonite  has a potential of  - 4 4  inV. It is 
also relevant that high precision was not claimed for 
the neutron scattering technique used by Cebula et al. 
(1978) to arrive at the average number of  elementary 
silicate sheets per particle or quasi-crystal. It should 
be noted that the nitrogen surface area for the Cs- 
montmoril lonite is 146 m2/g which indicates an av- 
erage number of  elementary silicate sheets per quasi- 
crystal of  about 5 after drying so that prior to drying, 
less condensation than this would be expected. 

Notwithstanding what has been advanced about con- 
densation for Cs-montmorillonite, the fact remains that 
even if it is necessary to consider " internal"  and "ex- 
ternal" surfaces, the co-ion exclusion volumes arising 
from the double layers on the "external" surface are 
linearly related to K -1, indicating an almost constant 
surface potential. For Ca-montmoril lonite it is clear 
from the intercept of  0.3 ml/g on the ordinate of  the 
co-ion exclusion plot that the value of  750 m V g  must 
be partitioned into "internal" and "external" surface 
area (Edwards and Quirk, 1965c). If  it is assumed that 
each quasi crystal contains an average of  three ele- 
mentary silicate sheets, the reference area is 250 m2/ 
g. Using the co-ion exclusion plot slope of  114 m2/g 
in Eq. (9) leads to a diffuse layer potential of  - 18 mV. 
If  250 m2/g were the reference area, condensation of  
elementary silicate sheets to give thicker particles on 
drying must be considerable inasmuch as the nitrogen 
surface area is 40 mVg. In comparison, Ca-illite has a 
co-ion exclusion plot slope of  16 ma/g which corre- 
sponds to a potential o f - 5  mV for a nitrogen surface 
area of  110 m2/g. 

CONCLUSIONS 

Co-ion exclusion measurements provide an alter- 
native method for the determination of  double-layer 
potentials for particles of  irregular shape for which in- 
terpretation of  electrophoretic mobility measurements 
is difficult. Using the Gouy-Chapman theory, earlier 
co-ion exclusion measurements on illite and mont- 
morillonite clay minerals have been re-interpreted in 
terms of  the behavior of  the surface potentials for a 
wide range of  counterions. These results indicate that 
the less hydrated monovalent  ions (i.e., NH4 +, Cs +, 
Rb +) bind more strongly to the clay surface and there- 
fore produce low double-layer potentials, whereas the 
more hydrated ions (i.e., Li +, Na +) bind less and give 
higher potentials. Divalent  alkaline earth ions also pro- 
duce very low potentials on illite and montmoril lonite 
presumably due to a stronger electrostatic attraction. 
In all samples studied the surface-potential is roughly 

independent of  electrolyte concentration over a range 
of  about 10 -3 M to 0.05 M, and any reduction of  surface 
area due to condensation cannot explain the observed 
behavior of  constant potential. 
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Pe3~oMe----lqpe~cTaB.rlenhl //pOCTh/e ypaBneH/4~, tlpH nOMOt~H KOTOpblX MO~(HO nO.rlyql4Tb Be3n4tlHHbl 
IIOTeHI~HaYIOB ~BO~IHOFO CJIO~I ,/~.rl~/ FSIHH 1,13 H3MepeHHH, HCK.rHoqa~l HOHbl O~HHaKOBOFO 3HaI<a B O,~HO- 
H ~ByBaJIeHTHI~IX 3JleKTpO.rlHTHqeCKtlX paCTBOpax. ~)TH ypaBHeHHYl HCnO3Ib3OBa31HC/a ~31~I pe-HHTep- 
IIpeTaI~HH paHHHX pe~yJIbTaTOB JIYIJ:I HJLrIHTa H MOHTMOpHJI.rIOHHTa. HoJIyqeHHble IIOTeHI~HaYlIa] C.rle~yIoT 
JU~IOTpOnHble ceprlrl ~q~fl pa3HbIX O~HOHOHHbIX MO~nqbHKal~rll, l Ka:~K~O.~ rJlrliqbl. HoKa3alao,  qTo ypaBHentle 
Illeqbe.ub~la, KOTopoe IIpI,IHHMaeT BbICO~KHe HOTeHHI,Ifl3Ibl ,/~BOHHOFO CJIO~, He MO)KeT HpHMeH~ITC~I K 
HCKJnOqeHH,qM HOHOB O~HHaKOBOFO 3HaKa B CHCTeMax FdIHH. YTOtlI-IeHH~ paHHHX H3MepeHH~I 170Ka3aJIH, 
qTO ~JI~I ~aHHOI~ OJ~HOHOHHOH FYlI4HbI HOTeHI~Ha.rIbl IIOHTH He3aBI, IC~IT OT KOHI~eHTpaI.[HH B ~Haila~olle 
0,3 ~0 0,003 MO.rI~l. TaKHM o6pa3oM IIpe~CTaBJIJ:leTC~l, t/TO IIoBepXHOCTH F31HH Be~yT c e 6 ~  cKopee  KaK 
IIoBepXHOCTH rlOCTO~Irlnoro I~OTeHRna~la, qeM IIOCTO~IHHOFO 3ap~I~a. [E .G. ]  

Resiimee--Es wurden einfache Gleichungen angegeben, mit deren Hilfe man die Doppelschichtpotentiale 
von Tonen aus "Co-ion exclusion measurements" in ein- und zweiwertigen Elektrolytl~Ssungen ableiten 
kann. Diese Gleichungen wurden benutzt, um frtihere Ergebnisse ftir Illit und Montmorillonit neu zu 
interpretieren. Die abgeleiteten Potentiale folgten der lyotropen Serie fiir verschiedene homoionische 
Modifikationen jedes einzelnen Tons. Es wurde gezeigt, dab die Schofield-Gleichung, die hohe Doppel- 
schichtpotentiale voraussetzt, bei der "Co-ion exclusion" in Tonsystemen nicht angewandt werden kann. 
Eine erneute Analyse frfiherer Messungen hat gezeigt, dab die Potentiale fiir einen bestimmten homoio- 
nischen Ton fiber den Bereich yon 0,3 his 0,003 molar nahezu unabh~ngig yon der Konzentration sind. 
Das heii3t, dab Tonoberfl~ichen sich eher wie Oberfl~chen mit konstantem Potential zu verhalten scheinen 
und weniger wie Oberfl~ichen mit konstanter Ladung. [U.W.] 

R6sum6--On presente de simples 6quations qui permettent de d6river des potentiels ~t couches doubles 
d'argiles ~ partir de mesures d'exclusion de co-ions dans des solutions 61ectrolytes monovalentes et 
divalentes. Ces ~quations ont 6t6 utilis6es pour r6-interpr6ter des r6sultats pr~c6dants pour I'illite et la 
montmorillonite. Les potentiels deriv6s suivent la s6rie lyotropique pour les modifications homoioniques 
vari6es de chaque argile. On a demontr6 que l'6quation de Schofield, qui suppose des potentials 61ev6s 
couches doubles, ne peut 6tre appliqu6e ~ l'exclusion de co-ions dans des syst6mes argileux. La r6-analyse 
de measures pr6c6dantes a montr6 que pour une argile homoionique donn6e, les potentiels sont pres- 
qu'ind6pendants de la concentration sur l'6tendue 0,3 f~ 0,003 molaire. Les surfaces d'argiles semblent 
ainsi se comporter plus comme des surfaces ~ potential constant que comme surfaces ~t charge constante. 
[D.J.] 
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