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Abs t rac t - -The  present paper represents an extension of recent work that considered the partitioning 
response of binary solvents placed into contact with charged, expandable clays. Previous theoretical work 
yielded a model of partitioning by performing a thermodynamic analysis, involving the work of polar- 
ization, on a binary solvent, treated as a continuum and residing within the interlayer space of a layered 
aluminosilicate clay. Partitioning, or the tendency for sorbed and bulk phases to have different compo- 
sitions, was shown to be sensitive to the dielectric properties of the 2 solvents of the binary mixture and 
to the surface charge density on the clay, among other factors. Although previous experimental work has 
helped to validate the theory, additional work is reported here that looks at hysteresis effects, the role of 
the exchangeable cation (usually organic), the prediction of adsorption isotherms and the contribution 
that partitioning, or sorption, makes to the disjoining pressure that develops in binary solvent systems. 
In this current study, 3 different organo-clays were considered: Cetyltrimethylammonium (CTMA), Iso- 
propanolammonium (IPA), and Benzylammonium (BA) montmorillonite. Solvent systems under study 
included: acetone/chloroform (a-c), acetone/quadricyclane (a-q) and acetonitrile/chloroform (an-c). While 
partitioning of the a-c system on CTMA-clay follows theory quite well, theory tends to over-predict 
partitioning for the a-q system on the same clay and under-predict partitioning for the an-c system on all 
clays. Predicted adsorption isotherms range from highly nonlinear to nearly linear. Finally, the delami- 
nation and subsequent swelling processes of BA-clay in a water/acetonitrile binary solvent system are 
very sensitive to composition, a result that is directly linked to the partitioning process. 
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I N T R O D U C T I O N  

W h e n e v e r  a b ina ry  solvent ,  def ined here in  as a 
2 - componen t  solut ion of  fully misc ib le  solvents ,  is 
p laced  into contac t  wi th  clay, the so lvent  h a v i n g  a 
greater  affinity for  the  surface will  exper ience  some 
measure  of  e n r i c h m e n t  at the in ter face  whi le  that  wi th  
lesser  affinity wil l  be  depleted.  Tha t  is, sorbed  phase  
and  bu lk  phase  compos i t ions  are caused  to differ. Such  
processes  are usual ly  t reated empir ica l ly  t h rough  de- 
t e rmina t ion  of  the adsorpt ion  i so the rm and  then  fitting 
the results  to some  m o d e l  equat ion.  Finally,  an a t tempt  
is then made  to unders t and  the molecu la r  bas is  for the 
obse rved  so lvent -sur face  in terac t ion by  compar ing  the 
abil i ty of  var ious  mode l  equat ions  to fit the data. 

For  a clay hav ing  little or no  surface charge,  pref-  
erent ial  adsorp t ion  of  one  so lvent  over  the o ther  usu- 
ally proceeds  via  d i f ferences  in  the polar izabi l i ty  of  
the 2 substances .  I f  the 2 c o m p o n e n t s  of  the solut ion 
tend to fo rm a h igh ly  non- idea l  solut ion and  perhaps  
are no t  fully miscible ,  such as wi th  benzene  and  water, 
then  the  in terac t ions  be tween  solut ion cons t i tuents  
m a y  domina te  the  adsorpt ion  process.  

W h e n  clays bear  a s ignif icant  surface charge,  as 
wi th  the smecti tes ,  the preferent ia l  adsorp t ion  o f  one 
so lvent  f rom the mix ture  can  be  heavi ly  gove rned  by  
the magni tudes  of  the so lvent  dielectr ic  constants .  In 
particular,  it was  s h o w n  (Fe ldkamp and  Stauffer  
1994a, 1994b) that  w h e n e v e r  dielectr ic  cons tants  for 

the 2 solvents  are widely  separated or w h e n e v e r  bo th  
dielectr ic  cons tants  are small ,  bu t  different ,  par t i t ion-  
ing or preferent ia l  adsorp t ion  of  the more  polar  com-  
ponen t  results.  Cons ider ing  on ly  energet ics ,  the com-  
p o n e n t  of  greater  polar i ty  would  tend to res ide exclu- 
s ively in the sorbed  phase,  wi th  the nonpo la r  subs tance  
re jected complete ly .  A l lowing  for  the mutua l  misci-  
bi l i ty  of  the 2 solvents ,  that  is, entropic  effects,  some 
amoun t  of  the nonpo la r  cons t i tuent  will d issolve  into 
the polar  sorbed  componen t .  The  actual  so rbed  phase  
( inter layer)  compos i t i on  m a y  be  de t e rmined  by  includ-  
ing the  work  of  polar iza t ion  of  the sorbed phase  into 
the Firs t  Law of  T h e r m o d y n a m i c s  and  then p roceed ing  
as descr ibed  by  Fe ldkamp  and Stauffer  (1994a).  Le t  
x~ and  x~ represen t  the  final and init ial  mole  f ract ions  
of  the more  polar  c o m p o n e n t  in  the sorbed  phase,  wi th  
the fo rmer  cor responding  to the fully charged  state of  
the clay and the lat ter  to the fully d i scharged  condi-  
tion. The  par t i t ioning response,  x f - x~, is ob ta ined  
from: 

~ R T  _ 2 .4  d x p  - [1] 
) 

Symbo l s  have  the fo l lowing  fami l ia r  mean ings :  R = 
un iversa l  gas constant ;  T = absolute  tempera ture ;  xp 
= mole  f ract ion of  polar  componen t ;  Xn = mole  frac- 
t ion of  nonpo la r  componen t ;  K = dielectr ic  cons tan t  
of  in ter layer  l iquid;  Cro = surface charge  densi ty;  to = 
permi t t iv i ty  of  vaccum;  and  ~ = total  mo la r  volume.  
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The empirical parameter A comes from regular so- 
lution theory and links the activity coefficient Yi to its 
associated mole fraction xi by the relation: 

A 
ln(yi) = ~-~(1 - xi) z [2] 

Note from Equation [1] the sensitivity to both the 
dielectric constant and the surface charge density 
(each is squared). In the absence of surface charge or 
in the event that the dielectric constant is essentially 
independent of composition, no partitioning results so 

i The dielectric constant plays somewhat that x f = Xp. 
of a competing role with itself in the integrand of 
Equation [1]. Considering K in the numerator, a small 
K is desirable for promoting partitioning inasmuch as 
the limits of integration are then forced to be farther 
apart. In the denominator, however, a small K could 
possibly imply that K is not very sensitive to compo- 
sition, a condition not conducive to partitioning. Equa- 
tion [1] treats the binary solvent solution as a non- 
ideal classical liquid continuum, with activity coeffi- 
cients modeled by regular solution theory. Alternative 
activity coefficient models may be incorporated into 
the present theory, should regular solution theory 
prove inadequate. Though the integration in Equation 
[1] is readily carried out under certain circumstances, 
an explicit solution for x f in terms of x~ is still not 
possible and a numerical solution is required. Details 
concerning integration are available from the authors 
upon request. 

A very substantial side-effect of a partitioning re- 
sponse can be the generation of a significant contri- 
bution to the disjoining pressure, which would tend to 
de-laminate and thus swell the smectite clay. This me- 
chanical effect may occur even in cases where parti- 
tioning has resulted from dispersion forces alone. An 
"adsorption contribution" to the disjoining pressure 
seems to have been first recognized by Derjaguin 
(1978) who had concluded that "disperse systems may 
be stabilized in the presence of binary, nonionic so- 
lutions". Furthermore, his analysis of the problem had 
included only adsorption due to classical dispersion 
forces, that is, those forces that derive from induced 
dipoles. The presently described partitioning ultimate- 
ly originates from ion-dipole forces and perhaps rep- 
resents a more important component of Derjaguin's 
"adsorption disjoining pressure" when an electrical 
double layer is associated with the surface. 

The theory leading to Equation [1] was tested by 
directly measuring the sorbed phase composition on 
an organo-clay using Fourier transform infrared spec- 
troscopy (FTIR) (Feldkamp and Stauffer 1994b). The 
exchange of quaternary ammonium ions for the natu- 
rally occurring sodium ions was employed so as to 
facilitate the exclusion of water from the surface. 
Thus, true nonaqueous systems were studied. Here we 
report on partitioning behavior on clays bearing dif- 

ferent types of exchanged cations. Furthermore, we 
will consider hysteresis effects in the partitioning re- 
sponse, the nature of adsorption isotherms calculated 
from Equation [ 1] and, finally, a brief look at the me- 
chanical effects of binary solutions on the dispersion 
processes alluded to in the previous paragraph, 

EXPERIMENTAL 

Organo-Clay Complexes 

Organo-clay complexes were prepared using 3 dif- 
ferent organic cations: 1) Cetyltrimethylammonium 
(CTMA) or Hexadecyltrimethylammonium; 2) Isopro- 
panolammonium (IPA), and 3) Benzylammonium 
(BA). The raw sodium exchanged clay was not used 
in experiments due to its tenacity for binding water 
which would necessarily require that water be 1 of the 
2 solvents of the binary solvent solution. All organo- 
clay materials were prepared from a sodium mont- 
morillonite clay, which originated from Crook County, 
Wyoming (Swy-1, obtained from the Clay Minerals 
Society). Organo-clay complexes were prepared by 
dispersing 15 g of the sodium clay in 0.5 L of distilled 
water and subsequently washing 6 times with 16 mL 
(96 mL total) of an aqueous organo-ammonium chlo- 
ride salt solution (0.75 equiv/L, CTMA-chloride was 
supplied as a 25 wt% aqueous solution). Resuspension 
volume was 125 mL, with additional volume made up 
with distilled water. Resulting suspensions were 
washed 3 times with distilled water and then 3 times 
with denatured ethanol. In the case of the CTMA-clay, 
the suspension was subsequently washed twice in tol- 
uene. This last step facilitated the formation of very 
even, air-dried films on infrared (IR) transparent win- 
dows. 

Mounting of Clay Films 

Thin films of organo-clay were deposited on ZnSe 
windows as described in Feldkamp and Stauffer 
(1994b). This reference should be consulted for details 
of film preparation and processing prior to PTIR ex- 
amination. 

Clay Film-Vapor Experiments 

Deposited clay films were exposed to the vapor 
phase above a binary solvent solution as described in 
Feldkamp and Stauffer (1994b). Since all 3 phases 
(clay film, vapor and liquid) are in equilibrium with 
each other, the chemical potential of each component 
is the same in each phase. As made clear in the theory, 
which has been developed in the context of liquid 
phase compositions, this condition completely obvi- 
ates the need for worry about differences in compo- 
sition between vapor and liquid phases. The vapor 
phase is merely an intermediary system that brings 
liquid and clay into chemical contact. Subsequent to 
an exposure time of approximately 1 h, the clay film 
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was subjected to IR examinat ion at selected wave-  
numbers to determine sorbed phase composit ion.  The 
determination o f  the sorbed phase composi t ion re- 
quired a knowledge  o f  the ratio of  molar  extinction 
coefficients for the 2 solvents in the sorbed phase. This 
ratio was assumed to be identical to that measured in 
either pentane or toluene. For  acetone at 1722 cm -1 
and chloroform at 762 cm -~, the ratio of  molar  extinc- 
tion coefficients was determined to be 0.274 (acetone: 
chloroform).  For  acetone, again at 1722 cm -~, and 
quadricyclane at 766 cm -1, the molar  extinction co- 
efficient ratio was 1.12 (acetone:quadricyclane).  Fi- 
nally, the ratio o f  the molar  extinction coefficient for 
chloroform at 762 cm -1 to that for acetonitrile at 2253 
cm -1 was found to be 53.0. 

F T I R  Spectra 

Infrared spectra o f  clay films and solvent mixtures 
were obtained using a Nicolet  Mode l  740 F T I R  spec- 
t rometer  equipped with a liquid N 2 cooled mercury  
cadium telluride detector. Each spectrum was obtained 
as the average of  128 scans at a resolution o f  2 cm 1. 
Spectral subtraction was implemented by using the un- 
treated, evacuated clay film as reference. I f  necessary,  
base line correction was employed  to help isolate the 
desired peaks f rom the absorbance spectrum. Mea-  
sured absorbances, together with the molar  extinction 
coefficient ratios, were then used to compute  the mole  
fraction of  the sorbed phase on the clay film. 

RESULTS A N D  D I S C U S S I O N  

Effects of  Exchange  Ions on Partit ioning 

Figure 1 illustrates the parti t ioning response ob- 
served for an acetone/chloroform binary solvent sys- 
tem over  a CTMA-clay .  The degree of  partit ioning is 

represented on the ordinate as the excess mole  fraction 
of  the polar  component  in the sorbed phase while the 
horizontal axis gives the corresponding mole  fraction 
of  the polar component  in the liquid phase. I f  parti- 
t ioning did not occur, then the experimental  data 
would  fall on the horizontal axis. At  the other extreme, 
that is, 100% partitioning, acetone alone would  reside 
in the interlayer space and the data would be expected 
to fall on the dashed line which runs diagonally f rom 
upper left to lower  fight. The theoretically expected 
behavior  is g iven by the solid curve  (A = - 2.0 kJ 
mol  1 and tro = 0.12 C/m2). Experimental  data and 
theory agree reasonably well  in this case. Two sets of  
experimental  data appear in Figure 1. Set 1, indicated 
by solid circles, was obtained by progressively in- 
creasing the mole  fraction of  acetone in the external 
solution f rom approximately 0.20 to 0.92. Subsequent  
to exposing the clay film to the vapor phase of  such a 
series of  solutions, the clay film was re-exposed to a 
second series of  solutions with progressive increase in 
the acetone mole  fraction starting f rom approximately 
0.10 (solid squares). The new curve  does not retrace 
its original path until the mole  fraction is approxi- 
mately 0.50. Though hysteresis is clearly indicated, the 
origin of  the behavior  is not at all apparent without 
the benefit of  additional data, such as interlayer spac- 
ing as a function of  composit ion.  

The partit ioning behavior  of  acetone/quadricyclane 
solutions over  a C T M A  clay film is shown in Figure 
2. In this example,  theory over-predicts the extent of  
partit ioning regardless of  whether  or not the solution 
is treated as ideal or real (A = 2.0 kJ mol  1). This 
contrasts with the behavior  observed in Figure 1, 
where theory slightly under-predicts the partit ioning 
response. Agreement  be tween theory and experiment  
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Figure 4. Partitioning of acetonitrile/chloroform on BA-clay 
and CTMA-clay. 

in Figure 2 could be improved by making A negative, 
but such values for A are not reasonable, implying that 
intermolecular interactions between solvents could not 
explain our observations. Since acetone, the polar con- 
stituent, is common to both systems, the different be- 
haviors implied by Figures 1 and 2 must result from 
specific differences in the way that the 2 nonpolar 
components, chloroform and quadricyclane, interact 
with the surface or its exchange ions. There appears 
to be some feature of the qnadricyclane molecule, per- 
haps its size or shape, that permits it to be more com- 
patible with the sorbed phase than chloroform. 

Agreement between theory and experiment for ace- 
tonitrile/chloroform systems (A = 0.0) over various 
clays, as indicated in Figures 3 and 4, is rather poor 
when compared to the previous results of Figures 1 
and 2. Theory substantially underestimates the degree 
of partitioning, regardless of the nature of the ex- 
changeable cation on the clay surface. Noting that the 
acetone/chloroform system behaved essentially in 
agreement with theory, the under-prediction by theory 
must be due to specific differences in the way that 
acetonitrile and acetone interact with the clay surface 
rather than any peculiar behavior exhibited by chlo- 
roform which is common to both systems. The smaller 
size and linear geometry of acetonitrile, relative to ac- 
etone, probably permit a more intimate interaction 
with exchange ions, allowing it to reside in regions of 
higher electric field strength. To test that suggestion 
and to more fully appreciate the differences between 
theory and experiment in Figures 3 and 4, the theo- 
retical curve obtained by increasing the surface charge 
density by 1A is shown in Figure 3. The improved 
agreement between experimental data and the recal- 
culated theory curve lends credence to the idea that 

the smaller size of acetonitrile permits it to reside in 
higher-field locations. 

Both IPA-montmorillonite and BA-montmorillonite 
partition the acetonitrile/chloroform solvent system 
slightly more than CTMA-montmorillonite clay. Dif- 
ferences between the CTMA clay and the other two 
may be due to the presence of trace amounts of water 
on the IPA and BA clay surfaces, measured by IR. 

Relation of Partitioning to Adsorption Isotherms 

To state that sorbed phase and bulk liquid phase have 
different compositions is entirely equivalent to saying 
that one or the other of the 2 components has been 
preferentially adsorbed. This subsection illustrates that 
equivalence, or relation between the 2 concepts. If the 
volume of the sorbed phase per g of sorbent, Vs, is 
known, it is possible in principle to calculate the ad- 
sorption isotherm from Equation [1]. The molar excess 
of the more polar component is given by: 

. . . .  - 

Initial and final total molar volumes, ~ and ~, are in- 
dicated by superscripts. Dividing Equation [3] by the 
surface area per g of the sorbent gives the moles of 
polar component adsorbed per unit area. The quantity 
in parentheses in Equation [3] is readily obtained from 
Equation [1], while V~ must be approximated. For a 
sodium montmorillonite, the N 2 surface area is ap- 
proximately 32.0 m 2 g-l, while the water-vapor surface 
area ranges from about 140 to 200 m 2 g-l, depending 
upon whether adsorption or desorption is used (Grim 
1968). Using 80.0 m 2 g 1 as the surface area for the 
organo-clays of the current study and 0.5 nm as the 
sorbed layer thickness (1.0 nm interlayer gap dis- 
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tance), V~ was calculated as the product of the two. 
With such an approximation in hand, the adsorption 
isotherms for the acetone/quadricyclane and acetone/ 
chloroform systems were calculated. These isotherms, 
applicable to any of the clays, are shown in Figures 5 
and 6, with the same Vs being used in either case. 
Notice that the isotherms are extremely nonlinear, a 
result of substantial partitioning in either system. 
Therefore, regardless of the mole fraction of acetone 
in the bulk phase, the mole fraction of acetone in the 
sorbed phase climbs to very high values. 

The plateau region for acetone adsorption from 
quadricyclane is predicted to be about 50% higher than 
that for acetone adsorption from chloroform. Attempts 
were made to experimentally determine the location of 
the 2 adsorption isotherm plateaus l~y analyzing a se- 
ries of batch adsorption isotherm experiments for ac- 
etone mole fractions ranging from approximately 0.01 
to 0.06 on CTMA-clay. The experimental value of the 
plateau adsorption for the acetone/quadricyclane sys- 
tem is 428 _ 62 p214 g i clay while that for the ace- 
tone/chloroform system was 473 ___ 187 laak/g-i clay. 
The former exhibits good agreement with theory while 
agreement is somewhat poorer for the case of acetone 
adsorption from chloroform. 

The highly nonlinear behavior shown in Figure 6 is 
not always predicted from the model. Within other sys- 
tems, it is quite common that linear or near-linear ad- 
sorption isotherms are predicted. As an example, the 
adsorption isotherm for the acetonitrile/acetone system 
was calculated at 2 different surface charge densities, 
0.117 C/m 2 and 0.160 C/m 2. The V~ value previously 
used in Figures 5 and 6 was used once again. As is 
readily observed in Figure 7, the adsorption of aceto- 
nitrile increases nearly linearly with mole fraction. In 

this case, doubling the surface charge density (squared) 
essentially doubles the adsorption. Hence, a comparison 
with the behavior depicted by Figures 5 and 6 shows 
that a wide range of adsorption behavior may be pre- 
dicted, depending of course, upon material properties. 

Effects of Partitioning on Dispersion 

Finally, an experiment was performed to examine 
the impact of partitioning on the colloidal dispersion 
process. A 0.5-g sample of benzylammonium clay 
(BA-clay) was placed into each of 6 glass tubes. The 
composition of the binary solvent medium, water/ace- 
tonitrile, was varied in each of the tubes, ranging from 
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Figure 8. Benzylammonium-montmorillonite dispersed in binary mixtures prepared from water and acetonitrile. The numbers 
on the tubes indicate the mole fraction of water. The tubes were photographed 48 h after initial mixing. 

pure acetonitrile to pure water. IR examination indi- 
cated that water was not completely removed from the 
BA-clay so that, in reality, the "pure-acetonitrile" tube 
contained trace water. Figure 8 shows the condition of 
the clay dispersions after 48 h and clearly indicates 
that an adsorption contribution to the disjoining pres- 
sure exists as described by Derjaguin (1978) and Der- 
jaguin and Churaev (1977). The physical mechanism 
is quite simple. A partitioning response occurs as de- 
scribed by Equation [1], followed by the development 
of an added contribution to the osmotic swelling pres- 
sure. The latter results by virtue of the difference in 
composition between sorbed and bulk phases. The dis- 
persions undergo self-weight consolidation until equi- 
librium gel volumes are attained in about 3 months, 
as illustrated in Figure 9. No additional change was 
observed over a 1-y period. 

Other experiments, similar to the one just described, 
were performed by Jordan (1949) many years ago us- 
ing organic solvents only. As a consequence, the more 
polar solvent, usually an alcohol, was viewed or con- 
sidered as a dispersant, in the same fashion as tradi- 
tional surfactants. This unfortunate choice of termi- 
nology perhaps thwarted a proper understanding of the 
mechanism responsible for the observed swelling in 

nonaqueous solvent media. For the systems shown in 
Figures 8 and 9, the terminology of older literature 
would have us regard water as a dispersant in much 
the same way as surfactants have been considered as 
dispersants. There is, of course, nothing about the mo- 
lecular geometry of water to suggest that it bears any 
resemblance to traditional surfactants or dispersants. 

The adsorption contribution to the swelling pres- 
sure, dramatically depicted in Figures 8 and 9, may 
lead to potentially important mechanical side-effects 
in compacted clayey materials such as clay liners. 
Sometimes clay liners are legally required to retard the 
passage of solvent mixtures from hazardous waste 
sites to groundwater. In spite of their low hydraulic 
conductivity, liquids will eventually pass through the 
clay liner so that, after long-term leaching has oc- 
curred, the composition of the solvent that contacts the 
clay may change substantially. In view of the behav- 
ioral changes in dispersion that are demonstrated in 
Figures 8 and 9, significant changes in the shear 
strength of the clay liner can also be reasonably ex- 
pected. Obviously, the propensity for such events to 
occur should be thoroughly investigated before imple- 
menting a clay liner system to retain multicomponent 
solvents. 
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Figure 9. Benzylammonium-montmorillonite dispersed in binary mixtures prepared from water and acetonitrile. The numbers 
on the tubes indicate the mole fraction of water. The tubes were photographed 3 mo after initial mixing. 

S U M M A R Y  

Previous theoretical work  intended to describe the 
degree of  partit ioning of  a mutually miscible  2-com- 
ponent solution, or  more simply, binary solvent, 
placed into contact  with a charged, expandable clay 
was more rigorously evaluated than before. The  theory 
certainly gives quali tat ively correct predictions o f  the 
excess mole  fraction of  the polar component  in the 
interlayer space and, in some cases, predictions are 
quantitative. Where  there is substantial d isagreement  
between theory and experiment,  specific interactions 
between either polar  or nonpolar  components  and the 
surface or exchange ions must be occurring above and 
beyond that which is accounted for by a cont inuum 
thermodynamic  analysis that includes the work  of  po- 
larization in the First Law. 

The theory is shown to be useful in calculating ad- 
sorption isotherms, inasmuch as the partit ioning pro- 
cess defined herein is equivalent.  Predicted isotherms 
range f rom nearly linear to highly nonlinear. Further- 
more,  the partit ioning response predicted by the theory 
over  the full composi t ion range is very useful in ex- 
plaining, i f  not qualifying, the "adsorpt ion contribu- 
t ion"  made to the disjoining pressure, which has an 

enormous consequence for the dispersion of  charged 
clays in binary solvent media,  
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