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Abstract-Reduction of structural Fe in Na-exchanged dioctahedral smectites decreases swellability in 
water, but because clay interlayers also collapse in the process the concomitant effect on surface hydration 
energy is uncertain. This study examined the hydration behavior of oxidized and reduced dioctahedral 
smectite clays exchanged with polar (Na) and weakly-polar (organic) cations to determine the nature of 
the surface before and after Fe reduction, and to determine if clay surfaces are hydrophilic or hydrophobic. 
The H20 content in various dioctahedral smectites decreased if Na was replaced by tetramethylammonium 
(TMA), trimethylphenylammonium (TMPA), or hexadecyltrimethylammonium (HDTMA). Among the 
organo-clays, H20 adsorption decreased with increasing complexity of the cation. For oxidized smectites, 
those exchanged with TMPA retained less H20 than those exchanged with Na at all pressures. The extent 
of this difference depended on the clay and decreased with increasing applied pressure. Reduction of 
Fe(III) to Fe(II) in the octahedral sheets decreased the swelling of Na-saturated smectites, apparently 
causing some previously swelling interlayers to collapse. If the Na interlayer cation was exchanged to 
alkylammonium after reduction, but prior to swelling-pressure measurements, the swelling increased or 
remained near constant, suggesting that the organo-cation disrupted the collapse process of the interlayers 
associated with the reduced smectite layers. Reduced TMPA-saturated smectite surfaces are more strongly 
hydrated if the octahedral sheet is reduced than if oxidized. Thus, reduction of structural Fe increases the 
hydration energy of smectite basal surfaces, but swellability could decrease or increase depending on the 
extent of interlayer collapse occurring with different exchangeable cations. 

Key Words-Alkylammonium, Ferric Iron, Ferrous Iron, HDTMA, Hydrophilic Surface, Hydrophobic 
Surface, Interlayer Cation, Oxidation, Reduction, Surface Hydration, Swelling, TMA, TMPA. 

INTRODUCTION 

Clay minerals and humic substances substantially 
influence the sorption properties of soils. Among clay 
minerals, smectites have the greatest effect on the 
sorption of cations, owing to the negative charge de
rived from isomorphous substitution in the octahedral 
and/or tetrahedral sheets, and to water, because of sur
face hydration energy. The negative surface charge is 
balanced by exchangeable cations, which are mostly 
hydrated inorganic cations (e.g., Na+, K+, Ca2 +, Mg2+) 
in nature. Such clays may be ineffective as sorbents 
for poorly water-soluble (hydrophobic) organic con
taminants (Sheng and Boyd, 1998), but replacement of 
the inorganic cation with an organic cation such as 
tetraalkylarnmonium causes considerable change in the 
hydration and swelling properties of the clay. Replace
ment of the inorganic cation with an organic cation 
decreases the affinity of the smectite surface for H20 
because the hydration energy of the organic cations is 
much lower than that of inorganic cations. Moreover, 
the substantial amount of organic carbon associated 
with the organo-clay causes these modified clays to 
become effective sorbents for removing organic con-

t Present address: Brown and Williamson Tobacco Com
pany, 2600 Weaver Road, Macon, Georgia 31217, USA. 

taminants from water (Boyd and Jaynes, 1994; 
Lawrence et ai., 1998; Xu et ai., 1997). 

Exchange of inorganic cations by alkylammonium 
is also a well-known method for measuring the layer 
charge of smectites, vermiculites, and other clay min
erals (Lagaly and Weiss, 1976; Laird, 1994). Charge 
heterogeneity is a common property of swelling 2: 1 
clay minerals which arises from charge density vari
ations from layer to layer or within individual layers 
(Lagaly, 1994). Inhomogeneous charge-density distri
butions were reported for H-exchanged smectites 
which had auto-transformed to (H, AI, Fe, Mg)-ex
changed forms with aging (Janek et ai., 1997). In that 
study, the fraction of highest-charge layers was de
creased or completely removed during auto-transfor
mation. 

The Li-fixation method has been used to create re
duced-charge montmorillonites to study the effects of 
layer charge on clay-organic interactions. The basis of 
this method is that the net negative charge of a silicate 
layer of a clay mineral, which is related to cation
exchange capacity (CEC), depends on the extent of 
isomorphous substitution of lesser-valent for greater
valent cations in the mineral structure. Such substitu
tions may occur either during or after clay-mineral for
mation, but the net negative charge of the 2: I layer of 
montmorillonite can be decreased by heating a Li-sat-
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urated montmorillonite at 200-300°C for several 
hours, causing Li cations to enter the 2: 1 layer and 
thereby decrease the negative charge on that layer. 
This treatment is known to decrease both the expand
ability and the CEC of the montmorillonite (Hofmann 
and Klemen, 1950), and has been widely used to dis
tinguish between montmorillonite and other smectites. 
Jaynes and Boyd (1991) used a series of reduced
charge clays prepared by a Li-treatment method 
(Jaynes and Bigham, 1987) to study the organophilic 
character of clay surfaces. They exchanged the inor
ganic interlayer cations with the small , hydrophobic 
trimethylphenylarnmonium (TMPA) cation and found 
that subsequent sorption of several aromatic hydrocar
bons was directly proportional to surface area and in
versely related to layer charge and TMPA content, i.e., 
more hydrocarbons were sorbed on clays with lower 
negative charge on the 2: 1 layers. They suggested that 
the adsorbing surfaces were the siloxane oxygens at 
the layer surface and TMPA cations served as pillars 
to keep adjacent layers apart. Water and competitive 
water-arene sorption studies on tetramethylammonium 
(TMA)- and TMPA-exchanged montmorillonites 
showed that H20 preferentially hydrates methyl groups 
of the exchangeable organo-cations, while in the pres
ence of bulk water arene adsorption occurs primarily 
on the siloxane surface (Stevens and Anderson, 1996; 
Stevens et ai., 1996). These investigators assert that 
clay surfaces are, therefore, primarily hydrophobic. 

Contradictory to these arguments that clay surfaces 
are inherently hydrophobic are numerous studies by 
Low and co-workers (e.g., Low and Margheim, 1980; 
Viani et at., 1983; Low, 1987) revealing that clay sur
faces carry a direct hydration energy. Infrared spectro
scopic evidence indicates that interlayer water is 
strongly coupled to the clay-mineral surface (Yan et 
aI., 1996a, 1996b, 1996c). The bond energy of Si-O 
in the tetrahedral sheet of the clay is modified by the 
interlayer H 20 content, and is independent of the in
organic univalent cation in the interlayer. The bond 
energy of interlayer H 20 is likewise modified, giving 
a linear relationship between the shifts of Si-O and H
O-H vibrational energies. This evidence is consistent 
with earlier reports of an epitaxial relationship be
tween H 20 and clay surfaces (Ravina and Low, 1972, 
1977), and that clay surfaces hydrate directly (Low 
and Margheim, 1980; Low, 1987). The oxidation state 
of structural Fe in the clay also influences the coupling 
between interlayer H 20 and structural Si-O bands (Yan 
and Stucki, 1999). This coupling would be inconceiv
able if H20 is repelled by the clay surfaces or only 
hydrates the interlayer cation. 

The apparent contradiction regarding the nature and 
properties of clay surfaces merits further investigation 
because the interaction mechanism between clay sur
faces and H20 or organic compounds is fundamental 
to many natural and industrial processes. The purpose 

of the present study was to examine the hydration be
havior of smectite clays exchanged with polar (inor
ganic) and weakly-polar (organic) cations to under
stand the nature of the surface. This study utilizes 
changes in Fe oxidation state as the method for vary
ing the layer charge in the 2: 1 layer. This method is 
preferred over the Li-fixation method because more is 
known about the effects on clay hydration and struc
tural changes. 

BACKGROUND 

The substitution of Fe (III) for Al(III) in smectites 
has no effect on layer charge, but reduction of struc
tural Fe(llI) to Fe(lI) increases the negative charge of 
the layers and thus the number of interlayer cations 
needed for charge compensation. The oxidation state 
of structural Fe in smectite has a profound effect on 
the chemical and physical behavior of the smectite 
(Stucki, 1988), but relatively little is known about the 
underlying mechanisms for these effects. Results by 
Stucki and co-workers (Gates et at., 1993; Lear and 
Stucki, 1989; Stucki et at., 1984a) revealed that the 
reduction of structural Fe(III) to Fe(lI) in the octahe
dral sheet of smectite greatly decreases swelling in wa
ter, whether reduced by sodium dithionite (Stucki et 
at., 1984a) or by bacteria (Gates et ai., 1993; Kostka 
et ai., 1999). Stucki et at. (1984a) attributed differ
ences in swell ability of oxidized and reduced clays to 
the collapse of clay interlayers as a result of Fe re
duction, which removed a portion of the structure from 
the swelling component of the system. This explana
tion is consistent with the swelling model proposed by 
Viani et al. (1983). This assertion was supported by 
direct X-ray diffraction evidence for at least partially 
collapsed interlayers in reduced smectites (Wu et aI., 
1988); and indirectly by surface area (ethylene glycol 
monoethyl ether adsorption) measurements (Lear and 
Stucki, 1989; Kostka et at., 1999). These results imply 
that the effect of Fe oxidation state on clay hydration 
is governed by multiple factors , including the interlay
er cation, non-specific surface-hydration forces , and 
other forces that influence interlayer collapse. 

The extent to which a clay surface will hydrate is 
determined by the difference in partial molar Gibbs 
free energy of H 20 in the clay compared to bulk water, 
~noted the relative partial molar Gibbs free energy or 
G - G o, where the superscript ° refers to pure bulk 
water, i.e. , the reference state. This is the macroscopic 
driving force that causes H20 to move from one phase 
to another, and, assuming the water is virtually incom
pressible over the pressure range used and the water 
vapor behaves ideally, can be calculated from the 
equation (Low, 1951): 

G - G o = -VII = RT In p/po (1) 

where V is the partial molar volume of H 20 in the 
clay, which in most clay systems deviates from that of 
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Table 1. Water content (mw/m,) of oxidized and reduced smectites exchanged with Na or TMPA and equilibrated at different 
swelling pressures, n. 

Na-saturated Smectite TMPA-saturated Smectite 

m.,jrnc m,/m.c 

Total Fe IT Fe(lI) 
(g H,Olg clay) 

Fe(lI) 
(g H,Olg clay) 

Smectite (mmol/g) (MPa) mmol/g Mean S.D. mmolJg Mean S.D. 

Upton Unaltered! 0.449 0.1 0.040 4.4590 0.0814 0.040 1.6846 0.0165 
0.3 2.2592 0.1340 1.1661 0.0157 
0.5 1.5192 0.0202 0.8295 0.0037 
0.7 1.2131 0.0246 0.6025 0.0082 
0.9 1.0567 0.0366 0.5231 0.0022 

Upton Reduced 0.1 0.366 3.7022 0.0484 0.382 4.3052 0.0846 
0.3 2.0434 0.0437 2.2863 0.0047 
0.5 1.4154 0.0124 1.6047 0.0212 
0.7 1.1090 0.0244 1.3004 0.0290 
0.9 0.9530 0.0220 1.0837 0.0080 

SWa-l Unaltered 2.775 0.1 0.008 3.7890 0.0589 0.008 2.7430 0.0091 
0.3 1.9731 0.0359 1.6235 0.0042 
0.5 1.3756 0.0623 1.2617 0.0185 
0.7 1.0990 0.0269 1.0400 0.0199 
0.9 0.9214 0.0067 0.8749 0.0072 

SWa-l Reduced 0.1 2.506 2.6460 0.0718 2.725 4.4625 0.0561 
0.3 2.556 1.6065 0.0623 2.7431 0.1056 
0.5 2.676 1.1923 0.0300 1.9541 0.0678 
0.7 2.570 0.9632 0.0157 1.6250 0.0215 
0.9 2.651 0.8445 0.0062 1.2815 0.0242 

JP Unaltered 0.477 0.3 0.010 1.9864 0.0802 Oml 1.0161 0.0502 
JP Reduced 0.342 1.2778 0.0023 0.043 1.1324 0.0532 
St Unaltered 2.193 0.007 1.7265 0.0727 0.009 1.0288 0.0253 
St Reduced 1.318 1.2529 0.0415 0.851 1.0789 0.2608 
Hr Unaltered 1.815 0.629 1.5401 0.0298 1.280 1.0623 0.0060 
Hr Reduced 1.192 1.2306 0.0291 0.889 0.9499 0.2160 

! For comparison, Li-saturated Upton at n = 0.3 MPa has mjm, = 2.2962 :!: 0.0357 gig. 

bulk water by less than ~2% (Anderson and Low, 
1958); II, the swelling pressure; p/po, the relative va
por pressure of water in equilibrium with the clay
water system; R, the universal gas_constant; and T, the 
absolute temperature. Values of G - Go for the Na
exchanged clays and organo-clays at various H20 con
tents can thus be determined by measuring II (drying 
curve) or p/po (wetting curve) as a function of gravi
metric water content (mjmc)' 

MATERIALS AND METHODS 

Smectites 

The smectite minerals used in this study were fer
ruginous smectite (sample SWa-l, Source Clays Re
pository of The Clay Minerals Society, Columbia, 
Missouri), Upton montmorillonite (from American 
Colloid Company, Arlington Heights, Illinois, USA), 
JelSovy Potok (JP) montmorillonite (from JelSovy Po
tok, Slovak Republic), Stebno (St) beidellite (from 
Stebno, Czech Republic), and Fe(II)-rich Hroznetin 
(Hr) montmorillonite (from Hroznetin, Czech Repub
lic). The latter three were described in more detail by 
Cicel et al. (1992a, 1992b). Each clay sample was pre
pared by mixing a portion of the untreated clay thor
oughly with highly purified H20 (18 MOhm-cm) over
night, then separating the <2-f..Lm size fraction by cen-

trifugation and decantation. Samples were then hom
oionically saturated with Na+ by adding NaCI salt to 
bring the suspension to 1 M, mixing thoroughly for 
several hours, centrifuging to a clear supernatant 
(~35,000 X g for 30 min), and discarding the super
natant. This procedure was repeated three times. The 
NaCI concentration in the clay suspension was then 
decreased to 0.1 mM by first washing with a 0.5 mM 
NaCI solution four times and then diluting 1:5 with 
H20 after the final wash. The purpose of maintaining 
the concentration at this level was to avoid hydrolysis 
of exchanged Na+ at the clay surface. The suspension 
was then freeze-dried and a portion analyzed for total 
Fe by the method of Komadel and Stucki (1988) (see 
Table 1). The unaltered Upton montmorillonite was 
also prepared in the Li-saturated state by the same 
method. 

Reduction of Fe(III) to Fe(lI) and organo-ion 
exchange 

Structural Fe in the clays was reduced by resus
pending a 30-mg portion of the freeze-dried stock ma
terial in 20 mL of highly purified H20 in a septum
sealable, polycarbonate Oak Ridge-type centrifuge 
tube, then bringing the suspension to 30-mL volume 
with concentrated citrate-bicarbonate buffer solution 
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(prepared as 1 part by volume of 3 M NaHC03 and 8 
parts of 0.9 M Na3C6H50 7). The resulting suspension 
was washed once with a more dilute buffer solution 
(prepared as 1 part by volume of 1 M NaHC03 and 8 
parts of 0.3 M Na3C6H50 7), heated to 75°C, and re
duced by adding Na2S20 4 and purging the suspension 
with N2 using the method of Komadel et at. (1990). 
The Fe(II) in the sample was adjusted by altering the 
amount of Na2S20 4 added, ranging from 0 to 200 mg. 
The reduced suspension was cooled and washed free 
of excess salts using deoxygenated H20. In some sam
ples the counter ion was then changed, by repeated 
centrifuge washings, from Na+ to one of the following 
monovalent organic cations: TMA, TMPA, or HDTMA 
(hexadecyltrimethylammonium), prepared as deoxy
genated aqueous solutions of their respective chloride 
salts. All solutions were exchanged under inert-atmo
sphere conditions using a version of the apparatus de
scribed by Stucki et al. (1984b). 

Clay hydration at plpo = 1.00 (wetting curve) 

One preparation of each Na-clay and organo-clay 
was freeze-dried, then duplicate 30-mg portions of the 
resulting powder were placed in pre-weighed weighing 
bottles and rehydrated by exposure to and equilibra
tion with pure water in an atmosphere of 100% relative 
humidity (p/pO = 1.00) in a desiccator at room tem
perature. Following equilibration (determined as the 
point after which no change in water content oc
curred), mjII\; of the sample was determined by 
weighing the sample before and after oven drying at 
105°C. 

Clay dehydration at varying swelling pressure, n 
(drying curve) 

Another preparation of each Na-clay or organo-clay 
suspension was submitted to swelling-pressure mea
surements without freeze-drying. For the organo-clay 
preparation of samples Upton and SWa-l, reduction, 
washing, and organo-ion exchange were performed on 
25 identical samples in 50-mL Oak Ridge tubes as 
described above, with the suspension volume being 
adjusted to slightly less than 10 mL after the final 
wash. Then, all samples were placed inside an inert
atmosphere glove box (Vacuum Atmospheres Model 
HE-493 with a <1 ppm O2 atmosphere) and combined 
into a single 250-mL bottle. An aliquot was removed 
and analyzed for Fe(II)/total Fe by the 1,1O-phenan
throline method of Komadel and Stucki (1988), using 
the absorptivity-corrected absorbance ratio. This meth
od enabled the direct analysis of the suspension by 
avoiding the necessity of analyzing a known quantity 
of smectite. 

Approximately 12.5 mL of the combined suspen
sion was then transferred, inside the glove box, to a 
50-mL Oak Ridge tube, septum sealed, and removed 
from the glove box. This suspension was divided 

equally among five cells of a miniature swelling-pres
sure apparatus (Stucki et at., 1984a; Gates et at., 1993) 
by inserting two septum-penetration needles into the 
suspension. Through one needle, 02-free N2 gas was 
applied to pressurize the tube, forcing the suspension 
out through the other needle into the swelling-pressure 
cell via an open ball valve at its top. During the trans
fer, the cell was continuously purged from within with 
02-free N2 gas, as described by Stucki et al. (1984a). 
The ball valve was then closed and the gas pressure 
above the clay suspension in the cell rapidly reached 
the value previously established in the pressure appa
ratus, and the water was expressed through the Milli
pore filter (0.025-jLm pore size) at the bottom. Once 
equilibrium was established, the filter cake in each of 
the five cells was quickly removed, its water content 
determined gravimetrically, and the mean value cal
culated. This process was repeated for each of the ap
plied gas pressures (II) of 0.1, 0.3, 0.5, 0.7, and 0.9 
MPa by transferring another 12.5-mL aliquot from the 
glove box. A separate, subsequent preparation was 
made for samples submitted to 0 .01 MPa applied pres
sure. 

Only one swelling pressure (0.3 MPa) was used 
with clay samples Jp, St, and Hr, so tubes containing 
reduced samples of these clays were not combined in
side the glove box, but were taken directly to the 
swelling-pressure apparatus after washing. Iron(II)/to
tal Fe contents were measured in samples prepared in 
parallel. 

The Na form of each of the Jp, St, and Hr clays was 
prepared by the same procedure as described above 
for the organo-clay, except a new preparation of five 
samples was made for each swelling pressure rather 
than beginning with 25 samples simultaneously. Un
altered (oxidized) samples of Na- and organo-clay 
were treated identically to the reduced samples, except 
no reducing agent was added. 

RESULTS AND DISCUSSION 

Oxidized (unaltered) smectites 

The water content (Figure 1) of SWa-1 saturated 
with various cations, which was achieved by wetting 
the freeze-dried clay from the vapor phase at 100% 
relative humidity (p/pO = 1.00), decreased if Na was 
replaced by any of the selected organic cations. 
Among the organo-clays, the amount of water ad
sorbed decreased with increasing complexity of the 
cation (chain length, functional groups, and non-polar 
segments), revealing that the wetting-curve water con
tents decreased in the order Na > TMA > TMPA > 
HDTMA. 

Drying-curve water contents, obtained at increasing 
swelling pressures, of unaltered Na- and TMPA-satu
rated Upton and SWa-l smectites (Table 1; Figure 2) 
were greater for Na-saturated Upton than for Na-sat-
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Figure 1. Equilibrium water content (mw/me> at 100% rela· 
tive humidity (p/pO = 1.00) of SWa-l saturated with Na or 
with one of three organo·cations. 

urated SWa-l at all pressures. This result was expected 
because Upton is one of the highest-swelling clays 
known (Low, 1981), and it is considered to be fully 
dispersed in its Li-exchanged form (Banin and Labav, 
1968). As shown in Table I (see footnote to Table I 
also), the swellability of the Upton sample was nearly 
identical in either the Li- or Na-saturated forms, in
dicating that the oxidized Na-saturated Upton was ful
ly dispersed. 

The TMPA form of both Upton and SWa-l retained 
less water than the Na forms at all pressures, and this 
difference decreased with increasing pressure. Al
though Na-saturated Upton contained substantially 
more H20 than TMPA-saturated Upton at all pres
sures, the difference between Na-saturated SWa-l and 
TMPA-saturated SWa-l systematically decreased with 
increasing pressure until no significant difference was 
evident (at 0.7 MPa and above). The relatively low 
H20 content of TMPA-saturated Upton confirms that 
replacing Na with an organo-cation substantially de
creased the ability of this clay to retain H20. This be
havior is related to limited intracrystalline swelling of 
TMPA-saturated Upton, in contrast to the high values 
for Na-saturated Upton (Zhang et ai., 1993), and may 
be attributed to the differences in size as well as hy
dration energy of the respective cations. The substi
tution of TMPA for Na also decreased the drying
curve H20 contents of smectites Jp, St, and Hr at 0.3 
MPa (Table 1; Figure 2 inset), with the difference be
tween Na- and TMPA-forms decreasing in the above 
order. Except for SWa-l, the H20 contents of all 
TMPA·saturated smectites at II = 0.3 MPa were sim-
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Figure 2. Effect of swelling pressure (II) on equilibrium wa
ter content (mJmc) of unaltered (oxidized) SWa-l and Upton 
saturated with Na or TMPA. Insert compares water contents 
of Na· and TMPA·saturated smectites JP, St, or Hr with SWa· 
1 and Upton at II = 0.3 MPa. 

ilar, within the range of 1.02-1.17 gig. The value for 
SWa-l was 1.62 gig. 

The changes in interlayer H20 content of the smec
tites owing to the various cations indicate [Equation 
(1)] that the partial molar Gibbs free energy of H20 
next to the clay interlayer surfaces increases, or be
comes more like pure bulk water, in the order Na < 
TMA < TMPA :S HDTMA. This is also the order of 
decreasing perturbation on H20 molecules by the clay
cation system, consistent with decreasing hydration 
energy of these cations. If the clay system is assumed 
to be fully swellable in all of these ionic forms, mean
ing that little or no variation is expected in the specific 
surface area exposed to H20 and in the number of 
layers participating in the swelling or surface-hydra
tion process (Low, 1980), then these observed differ
ences in swelling of oxidized smectites are best ex
plained by differences in cation polarity. This could 
decrease the affinity of the interlayer region for H20 
based either on entropy or on the hydration energy of 
the cation (Chen et aI., 1987). 

Reduced smectites 

Previous studies (Lear and Stucki, 1989; Stucki et 
al., 1984a; Wu et ai., 1988; Gates et aI., 1993) found 
that reduction of structural Fe(III) to Fe (II) in the 
structure of Na-exchanged smectite dramatically de
creases swell ability. Results here confirm the earlier 
observations and expand the number of N a-saturated 
smectites that follow the same trend (Figure 3; Table 
1), indicating that the effect of structural Fe(I1) on the 
loss of swellability of Na-exchanged smectites is prob
ably a general phenomenon. The magnitude of the ef-
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Figure 3. Effect of Fe oxidation state on equilibrium water 
content of five Na-saturated smectites equilibrated at II = 0.3 
MPa. 

fect of Fe(II) on mwiIIlc at a given value of IT, however, 
varies depending on the smectite. For example, at 0.3 
MPa, the slope of the plot of mJmc vs. Fe(II) content 
increases in the order SWa-l < Upton < Hr < St < 
JP (Figure 3). 

Two models to explain the effect of Fe(II) on Na
saturated smectite swelling are considered here. The 
first relato the Langmuir equation from Gouy-Chap
man theory (van Olphen, 1963), which is based on the 
assumption that an osmotic pressure develops within 
the clay interlayer because of exchangeable cations, 
viz., 

P = 2nok:rV Cosh( U - 1) (2) 

where P is the repulsive pressure between clay plates; 
n°, the cation concentration in the outer solution of the 
clay-water system; k, Boltzmann's constant; T, the ab
solute temperature; and U, a function > 1 that depends 
directly on the surface-charge density. Reduction of 
structural Fe increases the surface-charge density 
(Lear and Stucki, 1987, 1989; Kostka et at., 1999), 
which by Equation (2) should also increase P. How
ever, results shown in Figure 3a reveal that the oppo
site occurs. Thus, this model for explaining the effect 
of Fe(II) on Na-exchanged smectite swelling is inad
equate. 

The second model is consistent with experimental 
evidence, and is based on observations (Odom and 
Low, 1978; Viani et at., 1983; Mulla et at., 1985; Low, 
1987) that the swelling of a given Na-saturated smec
tite depends primarily on specific surface area and the 
number of interlayers that expand fully. Previous stud
ies (Stucki et al., 1984a; Lear and Stucki, 1989; Wu 
et aZ., 1988) attributed the effect of Fe oxidation state 

on swelling to its influence on the number of partially 
or fully collapsed interlayers. Whereas the fraction of 
expandable interlayers was not measured in the current 
study, the changes in mwiIIlc of Na-saturated smectites 
followed the same trends as in the previous studies. 

Organo-clays offer insight as to whether structural 
Fe reduction actually alters the hydration force or par
tial molar Gibbs free energy of water at the clay sur
face. If Na counterions are replaced by TMA, TMPA, 
or HDTMA after reduction, but prior to swelling-pres
sure measurements, the swelling of the reduced clay 
increases rather than decreases relative to a more ox
idized counterpart (Figure 4). For example, after 
reaching eqUilibrium at 0.01 MPa (0.1 atm), reduced 
TMA-, TMPA-, and HDTMA-saturated SWa-l re
tained 2.2,4.0, and 3.7 times more water, respectively, 
than the unaltered counterparts (Figure 4a). Organo
exchanged Upton exhibited a similar trend, and Hr, Jp, 
and St retained nearly the same amount of H20 as in 
the oxidized state (Figure 4b). In no case did the H20 
content decrease as observed for the Na form. 

Samples Upton and SWa-l were further studied at 
additional swelling pressures, and the same trends 
were observed (Figure 5). The increases in swellability 
of reduced TMPA-saturated Upton and TMPA-satu
rated SWa-l over their oxidized counterparts were 
most dramatic. For TMPA-saturated Upton, the H20 
content of the reduced sample was equal to or slightly 
greater than that of the oxidized Na-saturated Upton 
(Figure Sa); but in the reduced TMPA-saturated SWa-
1, the H20 content greatly exceeded that of the oxi
dized Na-saturated Upton (Figure 5b). Because TMPA 
has such a large effect on decreasing the swell ability 
of the oxidized smectites (Figures 1, 2, and 5), this 
observation is of great significance and indicates that 
the reduction of structural Fe in the 2: 1 layer has a 
much greater and more complex effect on surface hy
dration forces than originally believed. 

One possibility is that the decrease in H20 content 
of Na-saturated smectite upon Fe reduction may be 
related solely to a decrease in the number of fully ex
panded interlayers, requiring no change in the hydra
tion energy of the participating surfaces. Indeed, Wu 
et al. (1988) observed that the number of fully ex
panded interlayers in Na-saturated nontronite decreas
es with Fe reduction, and Lear and Stucki (1989) and 
Kostka et al. (1999) noted that the specific surface area 
declines. However, reduced smectite surfaces at the 
clay-water interface are more strongly hydrated than 
oxidized surfaces. This conclusion is based on: (1) The 
H20 content of organo-exchanged smectites increases 
upon Fe reduction (Figure 4), thus reversing the trend 
observed with Na-saturated smectites (Figure 3). 
These differences cannot be explained by the hydra
tion energy of the interlayer cation because the effect 
of the organic cation alone causes the system to retain 
less H20 than if Na is the cation (Figures 1 and 2). 
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(2) The reduced organo-smectite must contain more 
expanded interlayers than the reduced Na-saturated 
smectite, otherwise a H20 content greater than or 
equal to the Na-saturated reduced form is precluded 
unless (1) is violated. The organic cations evidently 
disrupt the mechanism that causes clay interlayers to 
collapse and become non-swelling. They keep more 
interlayers accessible for swelling and hydration than 
inorganic cations, such as Na+. (3) The increased H20 
content of the reduced organo-smectite cannot be ex
plained only by an increase in the number of expand
able interlayers, however, because this requires the or
gano-clay to be more expanded than the unaltered Na 
form of Upton or SWa-l (Figure 5). The Na or Li 
forms of Upton are the most dispersed or expanded 
forms of smectite, and both cations yielded similar 
H20 contents here (Table 1). (4) For (1), (2), and (3) 
to be correct, the reduced smectite surface must be 
more strongly hydrated than the oxidized surface, en
abling the reduced organo-smectite to contain more 
H20 than the fully expanded Na-saturated smectite. 

The net swellability of reduced smectites is, there
fore, determined by the balance achieved between the 
opposing forces of increased hydration energy of re
duced surfaces and the increased tendency for reduced 
layers to collapse. Under some conditions (e.g., where 
organic cations inhibit interlayer collapse) the hydra
tion energy dominates, whereas for other conditions 

(e.g., Na-exchanged form) the tendency for interlayers 
to collapse is dominant. These results also provide fur
ther evidence that the clay surface hydrates directly 
and strongly, even in the presence of a hydrophobic 
organic cation (TMPA). 

SUMMARY AND CONCLUSIONS 

The H20 content in various dioctahedral smectites 
decreased if Na was replaced by any of the organic 
cations TMA, TMPA, or HDTMA. Among these or
ganic cations, the observed trend was that the amount 
of H20 adsorbed decreased further with increasing 
complexity of the cation. TMPA-smectites retained 
less H20 than Na-saturated forms at all pressures. This 
difference depended on the clay, and decreased with 
increasing pressure. Reduction of Fe(IU) to Fe(U) in 
the octahedral sheet increased the layer charge and de
creased the swelling of Na-saturated smectites by 
causing fewer interlayers to participate in the swelling 
process. The surfaces of reduced layers associated 
with uncollapsed interlayers hydrated more strongly 
than in the oxidized state. If the interlayer cation was 
changed from Na to an organo-cation after reduction, 
but prior to swelling-pressure measurements, the 
swelling of the reduced clays increased. For reduced 
TMPA-saturated Upton, the swelling was about the 
same or slightly greater than that of oxidized Na-sat
urated Upton, and for reduced TMPA-saturated SWa-
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1 the swelling was even greater. This dramatic increase 
in the swelling of reduced organo-clays is attributed 
to a large increase in the direct hydration energy of 
the clay surface. Both a greater surface hydration en
ergy and the ability of organo-cations to prevent in
terlayers from collapsing and becoming non-swelling 
contributed to a higher H 20 content in reduced as 
compared to oxidized organo-clays. Smectite interlay
er surfaces are, therefore, hydrophilic, and not hydro
phobic. 
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