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Abstract: A cation adsorption model is presented and its recent applications 
are discussed. The model combines electrostatic equations with specific bind- 
ing, and considers neutral and positively charged complexes between the 
negative surface sites and organic cations in a closed system. Extensions in the 
model account for dye aggregation in solution, and for the formation of 
solution complexes of inorganic cations, such as [M + + C1-] § The amounts of 
45Ca 2 + adsorbed to vesicles extracted from the plasma membranes of melon 
root cells could be adequately simulated and predicted. The binding coefficients 
determined for Ca z+, Na § and Mg 2+ are in the range of values previously 
deducedfor binding to phospholipid vesicles. However, a large fraction of the 
bound Ca 2 + is due to non-phospholipid components. Model calculations were 
applied to the test of hypotheses on the effect of salt stress on the growth of 
roots. The adsorption of monovalent organic cations to montmorillonite is 
characterized by binding coefficients that are at least six orders of magnitude 
larger than those of Na +, Mg 2+, Ca 2+, and Cd 2+, or those of CdC1 § or CaC1 +. 
Monovalent organic cations were found to adsorb 140-200% of the cation 
exchange capacity of the clay and to cause charge reversal. Deductions from 
adsorption results of acriflavin are consistent with those drawn from the 
application of other experimental methods. Preliminary results on the adsorp- 
tion of divalent organiccations are presented. Agro-environmental applications 
of organo-clays are discussed. 
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Introduction 

This article presents a model  for cat ion adsorp-  
t ion [1 -4 ]  whose recent applicat ions have in- 
cluded Ca 2 § adsorp t ion  to bile salt micelles [5], 
reexaminat ion  of  the adsorp t ion  of  Ca  2+ and  
Mg 2+ to montmor i l lon i t e  [G. Rytwo,  A. Banin 
and  S. Nir, unpubl ished] ,  Ca 2+ adsorp t ion  to 
vesicles extracted f rom plasma membranes  of root  
cells [6], and  adsorp t ion  of monova len t  organic 
cations to montmor i l lon i t e  [4]. We also present  
here a few results on the adsorp t ion  of a divalent  
organic  cat ion to montmor i l lon i te  when added  
alone, or in compet i t ion  with a monova len t  or- 
ganic cation. Each of  these applicat ions necessi- 
ta ted a par t icular  deve lopment  in the equat ions  

of the model ,  or in the computa t iona l  procedure,  
which will be described here. 

Three main  elements characterize the adsorp-  
t ion model  [1, 2]: i) Specific binding; the tota l  
a m o u n t  of  cat ions adsorbed  is assumed to consist  
of  a) cations t ightly b o u n d  to the surface and  b) 
cations residing in the double- layer  region; ii) The 
electrostatic G o u y - C h a p m a n  equat ions  are sol- 
ved for a solid-liquid system conta in ing  several 
cations of various valencies interact ing with par-  
ticles whose surfaces are charged and  part ial ly 
neutral ized by cat ion binding; and  iii) The concen- 
t ra t ion  of surface sites is explicitly taken  into 
account  s ince  it affects the concent ra t ion  of 
non-adsorbed  cat ions remaining  in solution. The 
concent ra t ion  of free cations in solut ion m a y  be 
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reduced by several orders of magnitude as a result 
of cation adsorption to the particles. 

Measurements of adsorbed amounts of cations 
involve the application of several experimental 
procedures, such as the measurement of radioiso- 
topes and atomic absorption of adsorbed cations 
or cations remaining in solution [3-103, ICPES 
(inductively coupled plasma emission spectro- 
scopy [11]), nuclear magnetic resonance [12-14], 
electrokinetic measurements [15-16], and surface 
potential measurements [173. All these methods 
yielded mutually consistent results. Furthermore, 
the information deduced from adsorption studies 
can be used in interpretations of results of infrared 
absorption [4, 18], linear dichroism [4], UV and 
visible spectra [4], and x-ray scattering [4, 19]. As 
will be demonstrated, model calculations can play 
a crucial role in providing estimates of adsorbed 
amounts of cations, and surface charge densities 
and potentials for situations where experimental 
determinations are impossible. We will demon- 
strate the usefulness of model calculations in tests 
of hypotheses on biological systems and in eco- 
logical applications, such as formulations of pesti- 
cides [20]. 

Experimental 

Materials 

The clay mineral used was Wyoming Na-mont- 
morillonite SWy-1 obtained from the Source 
Clays Repository of The Clay Minerals Society. 
The CEC of this clay was reported to be 
0.764 mmol g-  1 [25], and its specific surface area 
(SSA) as 756 m2g -1 [26]. Paraquat (PQ) was 
obtained from Sigma (Sigma Chemical Co., St. 
Louis, Missouri USA). Acriflavin (AF)was  ob- 
tained from Fluka Chemica (Fluka Chemie AG, 
Buchs, Switzerland). Both materials were received 
as chloride salts, and were used without further 
treatment or purification. 

Adsorption isotherms 

To measure adsorption isotherms of PQ, 
aliquots of an aqueous 0.5 x 1 0 - 2 M  solution of 
dye were added dropwise under continuous stir- 
ring to 20 mL of a 0.5% w/w clay mineral suspen- 
sion in 100mL polyethylene bottles. The final 

volume was brought up to 60 mL. The bottles 
were sealed and kept at 25 _+ 1 ~ under continu- 
ous agitation. The adsorption of PQ was found to 
be almost unaffected in the range of pH between 
4.5-8.5 [27]. The pH measured was between 6.92 
and 7.45 for all samples during the adsorption 
process. After various times of incubation 10 mL 
of suspension were taken from each bottle and 
filtered through S&S FP030/2 disposable filters 
(Schleicher & Schuell, Dassel, FRG), with 0.45 #m 
pore diameter cellulose acetate membranes. 

The concentration of the dye in the filtrates was 
determined by measuring the adsorption at 
258 nm (PQ, e = 20500 M-1 cm-1) using a HP 
8452A diode array UV-Vis spectrophotometer 
(Hewlett-Packard Company, Scientific Instru- 
ments Division, 1601 California Avenue, Palo 
Alto, California, USA). The limit of detection for 
the dye (as defined to yield an optical density of 
0.01) was 4.9 x 10- ~ M. Experiments were carried 
out in triplicate. 

Competitive adsorption 

Aqueous 1 x 10 -z M solutions of PQ and AF 
were prepared. Equal volumes of pairs of dyes 
(PQ and AF) were mixed so that the aqueous 
solutions contained 1 x 10-2 N of each dye, e.g., 
1 x 10 . 2  M of AF and 0.5 x 10 . 2  M of PQ. 
Aliquots of these solutions were added to the 
silicate suspension as described above. Separation 
and spectroscopic measurements were made after 
1, 6, and 12 days. 

Measurements were performed as above. The 
concentration of AF in the filtrates was deter- 
mined by measuring the absorption at 450 nm 
(e = 37200 M -  1 cm-  1). The spectra were decom- 
posed mathematically into those of the individual 
components, which allowed to determine the con- 
centration of each dye. The correlation found with 
the spectrum of each dye alone was higher than 
0.99, indicating that there was no chemical inter- 
action between the two dyes in the solution that 
might affect their spectra. 

Linear Dichroism Infrared (LDIR) spectra 

Aliquots of an aqueous 1 x 10 -2 M dye solu- 
tion were added dropwise under continuous stir- 
ring to 5 mL of a 0.5% suspension of SWy-1 
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montmorillonite in 20-mL bottles. The amount of 
dye varied from 0 to 1.2 mmole dye g-  1 clay. The 
final volume was brought to 15 mL with distilled 
water. The bottles were shaken for 24h at 
25 _+ 1 ~ One mL of each suspension was di- 
luted with 10 mL of distilled water in glass test 
tubes. The tubes were sonicated for 5 min in an 
ultrasonic bath. From the tubes containing 0, 0.2, 
0.6, and 1.2 mmole dye g-  1 clay, 2 mL were sam- 
pled and dropped gently on ZnS (Irtran-2) plates. 
The dye-silicate complex was allowed to sediment 
for 3 days in closed petri dishes. Then, the cover 
was partially opened, allowing the water to evap- 
orate for 4 more days. Another 2 mL of the re- 
spective suspension were dropped on the plate, 
and the process was repeated once again, to create 
a layer of approximately 12#m. From each 
sample, three FTIR spectra were measured as 
described in [28]: one using unpolarized light at 
normal incidence; and two polarized light spectra 
(LD 0 ~ and LD 90 ~ The latter two spectra were 
used to analyze clay orientation and dye orienta- 
tion over the clay plates [28-30]. Spectra were 
measured with a Nicolet MX-S spectro- 
photometer, (Nicolet Analytical Instruments, 
5225-1 Verona Road, P.O. Box 4508, Madison, 
Wisconsin, USA). Spectra of the dyes ("free" dyes) 
were measured using a KBr pellet containing 
1% dye. 

Theoretical 

Adsorption model 

Notations: X~ + denotes a monovalent cation 
that binds to singly charged negative sites, P - ,  on 
the surface of the silicate, or membrane: 

P -  + X~- = P X i .  (1) 

The binding coefficient for such reaction, Ki, is, 

K~ = [ P X ~ ] / ( [ P -  ] [Xd0 ) + ]),  (2) 

in which [X~(0) + ] is the concentration of the 
cation at the surface. Divalent cations can form 
a 1-1 charged complex with a binding coefficient 
Kjl and a 2-1 neutral complex with a binding 
coefficient K~2. 

The 1-1 complexation is described by: 

P -  + X ++ = e x  + (3) 
Kjl  = [ P X + ] / ( [ P  -][x~(O) + +]). (4) 

For the 2-1 complexation, we formally define 
a divalent site, P - -  The concentration of such 
sites is P- /2 .  

P - -  + X ++ = PX~ (5) 

Kj2 = [ P X i ] / ( E P -  -][Xi(0) + +1) 
= [PXi] / ( ( [P-] /2 ) [Xi (O)++]) .  (6) 

Organic monovalent cations can form charged 
complexes with the clay: 

(7) PXi  + X + = P(Xi)~- , 

with a binding coefficient Ki: 

"~-i = [P(Xi )+J/ ([PXi][XdO)])  �9 (8) 

In Eqs. (2), (4), (6) and (8) the concentration of 
the cation close to the silicate layer is needed. We 
employ the relation: 

Xi(0) = Xi Y ( 0 )  z(i) , (9) 

where I7(0) = exp( - e95(O)/kT), e is the absolute 
magnitude of an electronic charge, Zi is the va- 
lence of the given ion, 95(0) is the surface potential, 
k is Boltzmann's factor, Tis the absolute temper- 
ature, and Xi is the molar concentration of cation 
i in its monomeric form in the equilibrium solu- 
tion, far away from the surface. 

For a negatively charged surface Y(0) > 1, and 
the concentration of the cation at the surface, 
Xi(0), may be significantly larger than Xi. If 
charge reversal occurs, however, 95(0) is positive 
and Y(0)< 1. Here, the concentration of non- 
adsorbed cations in the double layer region may 
be significantly smaller than their solution con- 
centration. 

If we ignore the formation of mixed complexes, 
the total concentration of the monovalent cation 
i, Ctot(i), is given by: 

Ctot(i ) q- Xi q- P X  i q- P(Si) ~- § Dtp(i ) . (10) 

Dtp(i ) represents the excess concentration of ca- 
tion i in the double layer region above the bulk 
concentration, Xi. A simplifying assumption is 
that all cations of the same valency behave sim- 
ilarly in the double layer region. Thus, a propor- 
tion factor Qj can be defined for each valency J, 
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and Dlp(i ) is proportional to the ratio between the 
concentration of cation i and the sum of all con- 
centrations of J-valency cations: 

Xi 
Dxp(i) = Qj ZXi(J) .  (11) 

The quantities Qj can be obtained analytically, 
when the system includes only mono and divalent 
cations, and one type of anions [8]. A numerical 
integration provides Qj in the general case [4]. 

The intrinsic surface charge density, o-i,, is given 
by the charge of all surface sites, i.e., by the ratio of 
the cation exchange capacity (CEC) to the specific 
surface area of the clay mineral (SSA). For in- 
stance, the area per surface site of the clay 
employed by us [4] is 1.55 nm 2. The total site 
concentration, PT, equals the sum of concentra- 
tions of all sites, free and complexed. The actual 
surface charge density, o-, depends on the amount 
of free sites on the clay mineral. In the absence of 
charged complexes, the following ratios hold: 

a P -  P -  
O ' i n  i - -  P T  p~_ + ~ p x O  ' (12) 

where ~ P X  ~ is the sum of all neutral complexes, i.e., 

~ P X  ~ = ~PX(i  +) + 2" ~PX(i  2+) 

+ 3-~PX(i  3+) + 4"~PX(i~+).  (13) 

In cases where charged complexes may exist, posi- 
tively charged complexes decrease the negative 
value of a. If ~ P X  + is the sum of all positively 
charged complexes, then Eq. (12) becomes: 

a P -  -- ~PX+ (14) 
a i n - P -  + ~ P X  ~ + ~ P X  +" 

In Eq. (14) the possibility of charge reversal 
arises when P -  < ~ P X  +. 

The continuity relation between the electro- 
static surface potential and the surface charge 
density is: 

- - -  ( 1 5 )  

d x  
The Gouy-Chapman equation yields for a: 

ekT 
= hi(  o0 ) ( Y ( O )  z(~ - 1) 

-- l ~ y ~ X i ( Y ( 0 ) z ( i ) -  1), (16) 

where e is the dielectric coefficient of the medium, 
and G depends on T, e, and the system of units (see 
[1, 21]). 

For the case of 1, 2, 3, and 4 valent cations, and 
mono and divalent anions, the combination of 
Eqs. (14) and (16) gives a polynomial equation for 
Y(0). The solution has been obtained by numer- 
ical procedures. In certain limiting cases of no 
binding, where all ions have the same valency, 
analytical solutions are also available. 

These equations form a closed set. Thus, Eq. 
(10) may yield the values Xi, if Y(0) and P -  are 
known. Equation (12) may yield a solution for P- ,  
if the different Xi and Y(0) are known. The combi- 
nation of Eqs. (14) and (16) may give a value for 
Y(0), if Xi and P -  are known. The equations can 
be solved iteratively by the following procedure: 

1) An initial value for Y(0) and P -  is assumed. 
2) The values of Xi are calculated by using Eqs. 

(10) and (11). 
3) A new value of Y(0) is obtained by using 

gqs. (14) and (16) 
4) A new value is obtained for P -  using Eq. 

(12). 
5) Another iteration starts from stage 2. 

The iteration steps may be continued until the 
desired degree of convergence is reached. 

The model presented is amenable for exten- 
sions. For example, certain organic cations can 
form aggregates in solution [22, 23]. Expressions 
for the general distribution of aggregates [24] 
yield that the total concentration of primary dye 
molecules in solution, Xit, is given by: 

[Xit] = [-Xi]/(1 - K~g. [Xi])a,  (17) 

in which Kag is the corresponding binding coeffi- 
cient for aggregation in solution. In our treatment 
[4],  Kag was determined from the absorption 
spectrum of the dyes alone in solution. 

Aggregation of dye molecules reduces the con- 
centration, Xi, of dye monomers. For the specific 
case of methylene blue, we ignored the adsorption 
of dye dimers or higher order aggregates. Ac- 
counting for the binding of dye aggregates 
amounts to the addition of more adjustable para- 
meters, which were not needed for the simulation 
of the adsorption results [4]. It may be noted that 
the influence of dye aggregation in solution can 
only occur when its total added amounts are 



Nir et al., A model for cation adsorption to clays and membranes 623 

above the CEC of the clay, since below the CEC 
essentially all the dye adsorbed [111. 

In the general case, when more than a single 
organic monovalent  cation interacts with the clay, 
mixed complexes involving one clay binding site, 
one molecule of cation i and a molecule of cation 
j can exist. Such charged mixed complexes would 
be described by the reactions: 

P X i  + X + = P X i  X+ 

P X j  + X + = P X j X  + , (18) 

and 

Kij = [ p x  + ] / ( [ P x i ]  [Xj(0)1)  

Kji = [ P X  + 1 / ( [ P X j ]  [Xi(0)] ) . (19) 

The additional binding coefficients are not sym- 
metrical, i.e., Kij �9 Kji. 

In all equations the concentrations are given in 
units of mole L - 1  or M; and the unit of Ki or Ki 
is M -1 

Another extension of the model enables to ac- 
count  for formation of solution complexes of the 
type [ M  + +A-1  +, where A -  designates an anion. 
In the case of C d  2 + it was also needed to consider 
neutral complexes in solution, such as CdCl2. The 
charged complexes were considered in the equa- 
tions as cations of the respective valency, whereas 
the neutral complexes were assumed not to ad- 
sorb. A detailed description of this extension is 
given in [31. 

Results and discussion 

a well-established phenomenon [38-401. The 
presence of C a  2+ has been shown to prevent K + 
leakage from cultured citrus cells under saline 
conditions [40]. In that study, the initial change 
in membrane permeability was attributed to dis- 
placement of membrane-associated Ca 2 § by Na  § 

The effect of competit ion between Ca 2§ and 
Na  § and Ca 2 + and Mg 2 + on Ca 2 + adsorption to 
P M  vesicles is illustrated in Tables 1 and 2, res- 
pectively. In the following, we explain the steps 
involved in the application of the model  to bio- 
logical membranes. 

The program [1] calculates the solution and 
sorbed concentrations of each cation, in this case 
Na  +, Ca 2 +, and Mg 2+. The sorbed concentration 
consists of cations tightly bound to the surface 
sites and cations residing in the double-layer re- 
gion close to the negatively charged surfaces. The 
input consists of i) the total concentration of each 
cation, ii) the concentration of surface sites, and 
iii) the area per non-neutralized charged site. In 
our case, the binding coefficients (KNa, Kca, and 
KMo) were considered constant parameters whose 
magnitudes were determined from the best agree- 
ment between the experimental and calculated 
values of the amount  of Ca 2 + sorbed for various 
total concentrations of Na  +, Ca 2+, and Mg 2+. 

Table 1. Number of sorbed Ca 2 + ions per charged site (Ca/e) 
on PM vesicles of melon roots as a function of total concen- 
trations of Ca 2+ and Na + added 

Treatment Experimental Calculated 
Ca 2 + Na + sorbed 1) sorbed 1) bound 2) _ qS(0) 

(mM) (ion/charge) (mV) 

0.05 
Adsorption of  Ca 2 + to biologicaI membranes 0.05 

0.05 
Adsorpt ion or binding of Ca 2+, Mg 2+ and 0.05 

N a  + to model  membranes consisting of phos- o.5 
pholipids has been widely studied [1,7,9, 0.5 
12, 14, 16-19, 24,31-36].  We have recently 0.5 

0.5 
studied the sorption of 4SCa2? to plasma meta- 

l.0 
brane (PM) vesicles of melon roots in the presence 1.0 
of a wide range of concentrations of C a  2+, Na + 1.0 
and Mg 2+ [6]. The ultimate goal of this study is 1.0 
to test hypotheses about  salinity stress and char- 
acterization of salt resistant cultivars. 

Calcium plays a structural role in cell mem- 
branes by preventing damage and leakage [37]. 
Leakage of K + from cells in high-salt solutions is 

1 0.107 __+ 0.007 0.137 0 .129  142.0 
20 0.057 4- 0.007 0.081 0.076 67.7 
40 0.035 4- 0.005 0.047 0.045 54.6 

100 0.009 4- 0.003 0.017 0.016 38.0 
1 0.388 4- 0.014 0.454 0.343 61.6 

20 0.235 4- 0.012 0,264 0.236 49.2 
40 0.181 + 0.011 0.195 0.180 43.2 

100 0.111 ____ 0.011 0.105 0.100 33.2 
1 0.500 ___ 0.022 0.470 0.350 50.6 

20 0.350 __+ 0.017 0.312 0.272 42.6 
40 0.261 4- 0.008 0.247 0.224 38.0 

100 0.202 4- 0.011 0.155 0.146 30.2 

1) Sorbed Ca 2+ includes the cations bound at the surface 
plus the amount of the cations in the diffuse double-layer 
region 
2) Bound represents only cations chemically bound to the 
surface 
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Table 2. Number ofsorbed Ca 2 § ions per charged site (Ca/e) 
on PM vesicles of melon roots as a function of total added 
concentrations of Ca 2 + and Mg 2 + 

Treatment Experimental Calculated 
Ca 2+ Mg 2+ sorbed 1) sorbed 1) bound 2) - ~b(O) 

(mM) (ion/charge) (mV) 

0.01 2.0 0.004 + 0.001 0.007 0.006 52.7 

0.1 0 0.209 • 0.031 0.268 0.242 121.8 
0.1 0.1 0.165 • 0.017 0.231 0.197 89.9 
0.1 0.5 0.101 + 0.010 0.137 0.117 67.6 
0.1 1.0 0.075 -t- 0.006 0.094 0.081 59.3 

1.0 0 0.500 __ 0.052 0.470 0.350 50.6 
1.0 0.5 0.440 __+ 0.042 0.390 0.300 47.5 
1.0 1.0 0.393 +___ 0.036 0.340 0.270 45.1 
1.0 5.0 0.199 + 0.019 0.180 0.155 35.5 

1) Sorbed Ca 2 § includes the cation bound at the surface plus 
the amount of the cations in the diffuse double-layer region 
2) Bound represents only cations chemically bound to the 
surface 

This procedure of determination of binding coef- 
ficients has been applied to model systems 
1-1, 8, 9, 12, 17]. In those cases, the concentrations 
of cations in solution were experimentally known. 
Applications to closed systems, where the concen- 
trations of cations in solutions are not known 
a priori, are given in [1, 5, 10, 29]. The situation 
existing in sorption studies on biological mem- 
branes in more complex. 

Unlike studies on model membranes or clays, 
the concentration of surface sites and the area per 
charged site are currently unknown for biological 
membranes. We approximated the surface charge 
by using an effective concentration of charged 
sites and an effective area per site. The effective 
concentration of charged sites was found from the 
case in which no Na § had been added and Ca 2 § 
concentration was 1 mM. In this case, irrespective 
of the parameter values, the surface is assumed to 
be saturated and neutralized by Ca 2§ Experi- 
ments [41] ruled out charge reversal under these 
conditions. This means that the experimental ra- 
tio of Ca 2 § (sorbed) per site should be equal 1/2. 
Our measurements gave the amount  or concen- 
tration of Ca 2 § sorbed; thus the concentration of 
charges sites was fixed. We considered 2-1 bind- 
ing modes of Ca 2 § and Mg a+ (Eqs. (5) and (6)). 

In estimating the surface area per site, we con- 
sidered a range of values from 0.50 nm 2 to 6 nm 2. 
For each chosen value of the surface area, we 

determined the parameters Kca and KN, that gave 
the best agreement between the calculated and 
experimental values of sorbed Ca 2§ We then 
chose the value of surface area per site that gave 
the best agreement between the experimental and 
calculated values of the amounts of Ca 2 § sorbed. 
The value of the effective surface area per site was 
found to be 3.7 nm a ( +  0.3 nm2). The binding 
coefficients used for Kc~, KNa, and KMg were 50, 
0.8, and 9 M -  1 

Tables 1 and 2 illustrate that experimentally 
determined amounts of Ca 2 § sorbed to the PM 
vesicles agreed fairly well with those calculated 
with the sorption model which took into account 
specific binding to surface sites and the amount  of 
cations in the electrical double layer. The model 
also calculated the effect of surface site concentra- 
tion on the degree of sorption and took into 
account the depletion of cations from the solution 
as a result of sorption. 

A salt resistant cultivar yielded a larger amount  
of Ca 2+ sorbed per given amount  of protein. 
However, the area per charge and binding coeffi- 
cients turned out to be the same for both  cultivars. 
The electrophoretic mobility of PM vesicles meas- 
ured by free-flow electrophoresis was the same for 
the two cultivars (U. Yermiyahu, S. Nir, G. Ben- 
Hayyim, U. Kafkafi, and G.F.E. Scherer, unpub- 
lished). The electrophoretic mobilities yielded zeta 
potentials in accord with the predictions, namely, 
about 20 mV below the calculated absolute values 
of the surface potentials. The binding constants 
used in this study were in the range of previous- 
ly reported values for phospholipid vesicles 
obtained by different methods [1, 8, 9, 12, 
15-17, 21, 35], indicating that the behavior of bi- 
omembranes resembles that of phospholipid 
bilayers. However, our results indicated that non- 
phospholipid components in the PM contribute 
significantly to Ca 2 § binding. 

To gain a better understanding of the relations 
between root elongation and the amount  of Ca 2 + 
bound to the PM, melon plants were grown in an 
aerated solution which contained different con- 
centrations of Ca 2§ with various levels of Na § 
Mg 2 § or mannitol. With increasing external con- 
centrations of NaC1, MgC12 or mannitol, the 
roots showed suppression of elongation. Addition 
of CaC12 to the external medium alleviated the 
inhibition of root elongation under high concen- 
trations of Na +, Mg 2+, but not mannitol. Root 
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elongation for 72 h under high levels of NaC1 or 
MgC12 was correlated with the amount  of Ca 2 + 
bound to the PM. A model describing inhibition 
of root  elongation was developed. This model 
took into account the effect of osmotic pressure in 
the growth solution (based on the mannitol  ex- 
periments) and the effect of the amount  of Ca 2 + 
bound to the PM. The amount  of C a  2 + bound to 
the PM was calculated by applying the sorption 
model using the same parameters deduced from 
PM vesicles. 

It must be noted that a direct determination of 
the amount  of Ca 2+ adsorbed by the roots was 
impossible. Thus, model calculations were essen- 
tial for correlating growth inhibition with adsor- 
bed amounts  of C a  2 +. 

The model for inhibition of root  elongation 
yielded a critical value of Ca 2 + ions bound to the 
PM which is necessary for maximal root elon- 
gation. A decrease from this critical value gives 
a linear increase of the percent inhibition with 
a decrease in the amount  of C a  2 + bound to the 
PM. In the case of the cultivar corresponding to 
Table 1 (in NaC1 solution), it was established that 
as long as the fraction of C a  2 + bound per charge 
was 0.29 or more, root  elongation was not inhib- 
ited (U. Yermiyahu, S. Nir, G. Ben-Hayyim, and 
U. Kafkafi, unpublished). 

Adsorption of  C d  2+ ,  Ca 2 + and Mg 2 + to 
montmorillonite 

An implicit assumption in the model calcu- 
lations [1, 2, 8, 16, 17, 21, 42] has been that only 
the valency of the anion in solution affects the 
amounts of cations adsorbed. This assumption is 
indeed valid when studying the adsorption of 
most monovalent  cations. However, in the case of 
Cd 2 § which can form complexes in solution, such 
as CdC1 + and CdC12, even at micromolar  concen- 
trations, the choice of a particular anion can mod- 
ify the amount  of cadmium adsorbed. 

The perchlorate ion (C102) is a weak ligand 
that does not form complexes with Cd or other 
metal ions, except in extremely concentrated per- 
chloric acid. On the other hand, the association 
constants for the complexes CdC1 § and CdC12 are 
101"98 M - 1  and 102.6 M -2, respectively [43]. The 
adsorption of Cd to montmoril lonite is signifi- 
cantly reduced if CI-  replaces C102 in solution 
(see Table 3). 

Table 3. Observed and calculated adsorption of Cd 2+ to 
montmorillonite in solutions of NaCIO4 or NaC1 at various 
ionic strengths 

% Cd adsorbed 
NaC104(M) C d~(#M)  Observed Calculated 

0.01 0.27 97.3 98.1 
0.80 96.3 98.1 

0.05 0.27 92.3 85.8 
0.80 87.8 85.8 

NaCI(M) 

0.01 0.27 92.3 96.5 
0.80 94.3 96.5 

0.05 0.27 48.3 43.5 
0.80 42.2 43.5 

Experimental data are taken from [3]. See [3] for a more 
complete set of cases and details. The binding constants used 
are 1, 10, and 30 M -1 for Na+, Cd 2+ and CdC1 +. The area 
per site is 1.4 (nm)2/charge and the adsorbing site concentra- 
tion is 2.05 raM. Cdv is the total concentration of cadmium 
ions in the system 

In the calculations, we have employed 
KNa = 1 M -1 [10], KCd = 10 M -1, and K c d c l  + ---= 

30 M - 1  [33. 
In our study on the adsorption of Ca 2 + and 

Mg 2§ to montmoril lonite (G. Rytwo, A. Banin, 
and S. Nir, unpublished), we have determined the 
amounts of adsorbed cations by a single incuba, 
tion of the clay in a suspension containing a low 
concentration of an organic cation of large bind- 
ing affinity, followed by analysis of the displaced 
cations by inductively coupled plasma emission 
spectrometry (ICPES) [11]. This procedure en- 
abled to significantly increase the precision of 
adsorption measurements. The analysis of the re- 
sults in the framework of the model is illustrated 
for the case of Mg 2+ in Table 4. The calculations 
employed KN, = 1 M - 1  [10], and KMg ---= 2M-1  
It is evident that model calculations can simulate 
and quite well predict the amounts  of Mg 2+ and 
Na + adsorbed to montmorillonite,  using constant 
binding coefficients for Na + and Mg 2 +. This sug- 
gests that the binding affinity for Na + and Mg 2+ 
is almost constant throughout  the adsorption 
range studied here (0.0-0.9 of the exchange capa- 
city). 

A somewhat different behavior was observed 
for the C a  2 + adsorption isotherm in the Ca /Na  
system. At low concentrations of Ca 2 +, a binding 
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Table 4. Adsorption of Mg 2+ to montmorillonite 

Total Na + Total Mg 2 + Fraction Fraction of 
concentration concentration of sites sites adsorbed 
[M] [M] adsorbed by Mg 2 + 

by Na + exp. calc. 

3.113E-02 1.094E-03 0.77 0.16 0.170 
2.881E-02 5.034E-03 0.34 0.66 0.629 
2.780E-02 7.549E-03 0.27 0.73 0.715 
2.680E-02 1.007E-02 0.15 0.80 0.767 
2.479E-02 1.513E-02 0.11 0.83 0.814 
2.277E-02 2.011E-02 0.09 0.84 0.865 
2.076E-02 2.518E-02 0.09 0.86 0.867 
1.069E-02 5.034E-02 0.03 0.92 0.917 

coefficient Kc, = 4 M-1 could adequately simu- 
late the experimental results. However, at higher 
Ca 2§ concentrations, the calculated values of 
fractions of surface sites occupied by Ca 2 + under- 
estimated the experimental values. The simulation 
required the values of Kc, to increase up to 
30 M-1 and above, as the total Ca 2 § concentra- 
tion increased. 

Our proposal is that the enhanced binding 
affinity of Ca 2 § to montmorillonite, which is ob, 
served for a larger fraction of surface occupation 
by Ca 2 +, is largely due to the formation of a struc- 
ture in which Ca z + bridges two opposed surfaces. 
The chance for the formation of such structures 
increases as the fraction of the surface sites occu- 
pied by Ca 2 § is increased. 

The other possibility is that for closely apposed 
surfaces there is an increase in the magnitude of 
the surface potential, relative to the case of iso- 
lated surfaces, which in turn enhances the concen- 
tration of divalent cations relative to monovalent 
cations in the vicinity of the surfaces. In this 
context, it may be added that the hydration shells 
surrounding ions in solution are more tightly 
bound to Mg 2+ (which has a smaller bare-ion 
crystallographic radius than Ca 2 +) than they are 
to Ca 2 § in whose presence dehydration of closely 
opposed surfaces occurs. However, irrespective of 
the exact explanation for each system, the point is 
that the model described here has been shown in 
all cases to be applicable, whereas deviations in 
the direction of enhanced binding coefficients for 
certain divalent (or multivalent) cations can be 
anticipated for closely apposed surfaces. 

In principle, it is hard to visualize that the 
macroscopic model of cation adsorption would 

hold for apposed surfaces at very small separ- 
ations, e.g., of the order of atomic dimensions, 
although the formal extension of the electrostatic 
equations for interacting surfaces in a variety of 
geometries exists [44]. 

Experimental studies on phospholipid vesicles 
[45, 46] demonstrated that the affinity of binding 
of Ca 2 § to PS increases dramatically in vesicles 
undergoing aggregation and fusion. Model calcu- 
lations [1] showed the increase in the binding 
coefficient from 30 to > 1000 M -  1 for such PS or 
PS/PE (1/1) vesicles of 50 nm radius. On the other 
hand, for similar PS/PC (1/1) vesicles that under- 
go aggregation but not fusion, a value of 
Kc, = 30 M-1 could explain all the experimental 
results [1]. 

The calculations presented in Table 4 ignored 
the existence of a solution complex of the type 
MgC1 § or MgC12. Similarly, we have performed 
calculations where such complexes were ignored 
for Ca 2 +. For instance, the value listed in Lindsay 
[43] for the association constant of Ca 2+ to 
CaC1 + is 10 -1 M -1, i.e., 1000-fold less than the 
corresponding association constant for Cd 2+ 
However, Sposito et al. [47] cite a larger value of 
the association constant, 100.4 M -I ,  and ad- 
vocated that in a chloride background of 50 raM, 
a great deal of the adsorption of Ca 2+ and Mg2 § 
to montmorillonite arises from the adsorption of 
the monovalent cations (M++C1-) +. These 
authors presented convincing evidence to support 
this proposal by showing that if such a possibility 
is ignored, then the apparent exchange capacity 
exceeds the CEC by up to 20 to 30% as the 
concentration of the divalent cation is increased 
at the expense of Na § Our calculations yield 
reasonably good predictions for the results of 
Sposito et al. [47] for the adsorption of Mg 2 + and 
Ca 2 + to montmorillonite in a perchlorate back- 
ground of 50 mM by using the values of 1, 2 and 
4 M -  1 for the binding coeff• of Na +, Mg 2+ 
and Ca 2 +. We have also succeeded in fitting their 
adsorption data in a chloride background by em- 
ploying a binding coefficient of 50 M-1 for the 
adsorption of the monovalent complexes MgC1 § 
and CaC1 § Under these conditions, the cal- 
culated CEC for the chloride background was 
essentially independent of the concentrations of 
the divalent cations and its value was as in the 
perchlorate background. Nevertheless, the simu- 
lation of the data of Sposito et al. [47] on the 
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adsorption of Ca 2+ also revealed that the cal- 
culated values underestimate the experimental 
amounts of Ca 2+ adsorbed in the presence of 
larger Ca 2 § concentrations (G. Rytwo, A. Banin, 
and S. Nir, unpublished), Hence, while the consid- 
eration of the monovalent complexes (M + + C1- ) + 
may be important, still the previously discussed 
phenomenon of an observed enhanced affinity of 
Ca 2 + adsorption to PS vesicles also exists, though 
to a smaller degree, in Ca 2 § adsorption to mont- 
morillonite. 

Adsorption of organic cations to montrnorillonite 

The nature of the various types of clay-organic 
interactions has been widely reviewed [48-53]. 
Several studies have reported on the adsorption of 
cationic organic dyes to negatively charged smec- 
tites [22, 27, 54-61]. 

We will first review results of studies with 
monovalent organic cations. Next, we will present 
a few of our recent adsorption results with 
a divalent organic cation, paraquat (PQ). The last 
subsection will describe the use of an organo-clay 
system in agro-environmental applications. 

Monovalent organic cations 

We have studied the adsorption of thioflavin 
T (TFT) [29], methylene blue (MB) [4, 29, 62], 
crystal violet (CV) [4, 62], and acriflavin (AF) on 
montmorillonite [43. The binding coefficients, Ki, 
for the formation of neutral complexes with these 
cations [4, 29] are more than six orders of magni- 
tude larger than those found for inorganic mono- 
valent cations [3,10]. 

Due to the strong binding affinity of mono- 
valent organic cations to the clays, their addition 
in small concentrations resulted in an essentially 
complete displacement of inorganic cations such 
as Na § or Ca 2+ from the clay mineral. Model 
calculations indicating that three washes in 1 M 
solutions of ammonium acetate are less effective 
than a single application of a dilute concentration 
of CV were confirmed by analytical studies. Thus, 
the use of organic cations such as CV is suggested 
for the accurate determination of the CEC of 
clays, and the amounts of exchangeable inorganic 
cations [11]. 

Due to the formation of charged complexes via 
non-coulombic interactions between the organic 

ligands, the adsorption of all the above cations 
can exceed the CEC. The charge reversal pre- 
dicted by the model beyond the CEC of the clay 
was confirmed by microelectrophoretic experi- 
ments. Particles loaded with amounts of organic 
cations below the CEC moved to the positive 
electrode, whereas a loading above the CEC re- 
sulted in a movement of the clay particles to the 
negative electrode [29]. 

The maximal amounts of CV, MB, AF, and 
TFT adsorbed are 200%, 150%, 175%, and 
> 140% of the CEC of the clay mineral, respec- 

tively. The model simulates the adsorbed amounts 
of the monovalent organic cations, and the com- 
petition between the cations for adsorption sites. 

A survey of many studies on adsorption of 
inorganic cations to membranes [1, 8, 9, 35, 36] 
and clays [3, 10] shows that an increase in the 
ionic strength reduces adsorption of the cations 
studied, due to competition with the added ca- 
tions, and due to a reduced magnitude of the 
(negative) surface potential (see also Tables 1 to 4). 
According to Eq. (19), the concentrations of cat- 
ions near negatively charged surfaces are larger 
than their concentrations in bulk solution. In the 
case of adsorption of the monovalent organic 
cations MB and TFT to montmorillonite, their 
binding coefficients Ki are in the range of 108 to 
10 9 M - l ,  and Ki > 105 M-1, in comparison with 
values such as 1-100 M-1 for the inorganic ca- 
tions. Thus, in the case of MB or TFT, an increase 
in the ionic strength to the 1 M range had practi- 
cally no effect on their adsorption to montmoril- 
lonite below its CEC. However, Eq. (9) indicates 
reduced concentrations near the surface when ad- 
sorption occurs beyond the CEC, i.e., when 
qS(0) > 0. The model thus predicted an enhanced 
adsorption of MB and TFT beyond the CEC with 
increased ionic strength, which causes a reduction 
in qS(0). Indeed, the saturation adsorption values 
of the dyes could be raised by 20-30% in media of 
ionic strengths approaching 1 M [29]. A similar 
effect of ionic strength was reported for the ad- 
sorption of AF [4]. 

In a recent study [4], we demonstrated that the 
adsorption model can play a central role in ex- 
plaining results obtained with several experi- 
mental techniques, such as x-ray diffraction 
(XRD), UV and IR adsorption spectrocopies and 
IR linear dichroism (LDIR). Here, we discuss the 
case of AF. 
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Table 5 presents a few results of AF adsorption 
to montmorillonite. Model calculations yield rea- 
sonable simulations of the experimental results 
with the binding coefficients K = 1 0  9 M -1 and 
/K = 6x 10 5 M -1 (see Eq.(8)). It may be noted 
that up to the CEC all the dye added is adsorbed. 
Table 5 also shows the calculated fraction adsor- 
bed as a charged complex. 

Figure 1 shows the LDIR spectra of the clay- 
AF complexes. The difference between the differ- 
ent adsorption polarizations is 15-25% for a clay 
with 0.2 mmole AF/g and a clay with 1.2 mmole 
AF/g, and 10-15% for a clay with 0.6 mmole 
AF/g. From these results, we conclude that AF 
molecules lie parallel or almost parallel to the clay 
mineral plates [28, 30]. 

Table 5. Calculations of the fractions of dye molecules in the different species 

Dye 

Calculated Calculated Calculated 
Amount Total % % % 
added concentration in as as 
[mmoleg - i]  [mM] solution neutral charged 

complex complex 

Calculated 
total 
amount 
bound 
[mmole g- 1 ] 

Measured 
total 
amount 
bound 
[mmole g- l] 

AF 0.30 0.488 0.00 99.92 0.08 0.293 0.30 
AF 0.60 0.975 0.00 99.73 0.26 0.586 0.60 
AF 1.05 1.750 2.73 54.61 42.69 1.024 1.03 
AF 1.23 2.040 8.32 38.58 53.20 1.125 1.11 

/ x3 ~i~ '2 mm~ 

/ ~ ' . . .  ~ i ! x6 i : i ,, :,/ N y 

1800 1600 1400 1200 I000 800 

Wavenumber  [ern-1] 

Fig. 1. Linear dichroism-Fourier transform 
infrared spectra of oriented samples of mon- 
tmorillonite ("No dye") and AF-montmorillonite 
complexes with dye amounts as indicated on the 
right. Dotted lines and full lines indicate 90 ~ and 
0 ~ polarization measurements, respectively. 
Amplification of the range 1200-1800 cm -i  is 
indicated 
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The XRD measurements [4] show that at low 
adsorbed amounts of AF, the basal spacing de- 
creases to 1.3 nm, indicating water exclusion from 
the interlayer space. At added dye amounts higher 
than 0.3 mmole AF/g clay, the basal spacing in- 
creases gradually, reaching 1.55 nm at 0.5 mmole 
AF/g clay, and 1.62 nm at 1.2 mmole AF/g mon- 
tmorillonite. The combined information from 
XRD, LDIR, and adsorption results has enabled 
us to propose the arrangements of AF molecules 
in the interlayer space as depicted in Fig. 2. In the 
absence of the dye, the basal spacing is 1.5 nm 
(0.95 nm plus at least two layers of water molecu- 
les between the plates). The thickness of an AF 
molecule is about 0.3 nm. At low coverage of AF, 
water is excluded from the interlayer space and 
the basal spacing decreases. At higher loading 
charged complexes are formed (Table 5) and the 
basal spacing increases (Fig. 2). 

Adsorption of divalent organic cations 

Figure 3 shows the measured amounts of PQ 
adsorbed on montmorillonite as a function of 
total concentration of dye after 1 and 22 days of 
incubation. Up to the CEC of the clay (equivalent 
to 0.4 mmole divalent dye per g clay), essentially 
all the dye adsorbs to the clay. This indicates 
a very large binding affinity [27, 28]. However, 
when the amounts added are higher than the 
CEC, the amounts of PQ adsorbed do not exceed 
the CEC, unlike the results discussed above for 
monovalent organic cations. The adsorption 
reaches equilibrium after less than 1 day. 

Competitive adsorption 

Figure 4 shows the results of competitive ad- 
sorption of PQ and AF at equal concentrations 
on montmorillonite. The amount of total dyes 
adsorbed reached a level of 1.1 meq/g. The equi- 
valent amounts of monovalent dye adsorbed were 
more than those of the divalent dye. There is no 
decrease in the adsorbed amount of PQ at higher 
concentrations. It appears that most of the ad- 
sorption takes place during the first 24 h of incu- 
bation. 

We are currently in the stage of further develop- 
ing the model for simulating the adsorption of 
divalent organic cations in the presence of several 
other cations of different valencies. An intriguing 
result is that above the CEC an increase in the 
ionic strength reduces the adsorbed amounts of 
the divalent organic cations studied (unlike the 
results with monovalent organic cations). In order 
to gain insight about the interactions of divalent 
organic cations with the clay mineral, we are 
currently studying the adsorption, XRD and UV- 
visible and IR spectra for montmorillonite inter- 
acting with the divalent cations PQ, diquat and 
methyl green (G. Rytwo, S. Nir and L. Margulies, 
unpublished). 

Agro-environmental applications of organo-clays 

Specially designed organo-clays can be used for 
solving environmental problems in modern agri- 
culture, posed for example by the excessive use 
of pesticides in the field. The application of 

(o) 

(o) 

0 H~O 01~0 OH20 OH=O OHiO i ? 
~ i i  50nm 

(d) 

~ .  62 nm 

(b) 

.!150 nm 

Fig. 2. Illustration of various clay-dye 
complexes. Shadowed rectangles indi- 
cate montmorillonite layers, a): Mont- 
morillonite with no dye, air dried, b): 
Montmorillonite with 0.2 mmole 
AF g-1 clay. c): Montmorillonite with 
0.6 mmole AF g- 1 clay. d): Montmoril- 
lonite with 1.2 mmole AF g- 1 clay 
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Fig. 4. Competitive adsorption of 
PQ and acriflavin (AF) to mont- 
morillonite after 1, 6, and 11 days 
of incubation 

pesticides in excess is a common practice in cases 
where the lifetime of biological activity is shorten- 
ed either by volatility of such agrochemicals or by 
their photochemical lability to sunlight. 

We have shown that by adsorption of the vo- 
latile herbicide S-ethyl dipropyl thiocarbamat 
(EPTC) to montmorillonite, to sepiolite and to 
their complexes with the divalent organic cation 
methyl green, the half-life time of the herbicide 
was extended to more than 5 days. The half-life 
time of EPTC in its free form is 10 h. When 
incorporated into the soil, the half-life times were 

4 and 9 days for the free and adsorbed forms, 
respectively [63]. 

Photolabile pesticides can be stabilized by ad- 
sorbing them on organo-clays containing an addi- 
tional coadsorbed chromophore.  In such systems, 
efficient energy or charge transfer processes be- 
tween the photoexcited pesticide (donor) and the 
chromophore (acceptor) result in an extension of 
the biological activity of the pesticide, enabling its 
use in agricultural formulations. The strong at- 
tachment of the organic cation to the surface of 
the clay mineral prevents desorption which might 
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lead to contamination of soil a n d  water. This 
approach has been successfully used for photo- 
stabilizing both synthetic insecticides and herbi- 
cides as well as insecticides of microbial origin 
[20, 64-69]. 

Another application of organo-clays is in the 
development of a method for detoxification of 
water contaminated with organic pollutants. The 
method consists of adsorbing the contaminants 
on organo-clays to which a cationic organic 
photosensitizer was previously adsorbed, fol- 
lowed by irradiation with visible light. The feasi- 
bility of the method was demonstrated by using 
pentachlorophenol as a model contaminant  in 
water and montmoril lonite adsorbed with hexa- 
decyltr imethylammonium with loads above the 
cation exchange capacity of the clay and with 
small amounts of methylene blue. After 6 h of 
irradiation with visible light, the concentration of 
the toxicant was reduced to less than one-tenth (L. 
Margulies, S. Pivonia and Y. Chen, unpublished). 

In all the above applications, it is of utmost 
importance to design systems in which clay- 
organic interactions are optimized to achieve the 
desired effects. Since these interactions strongly 
depend on the concentrations of the organic mol- 
ecules adsorbed, the availability of a theoretical 
model which can provide the optimal concentra- 
tions is important  for further improvements in 
this field. 
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