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Abstract-The swelling of n-butylammonium vermiculite in water was investigated as a function of the 
sol concentration (r), the salt concentration (c) and the temperature (T). 

The interlayer spacing in the gel phase was investigated as a function of r and c by neutron diffraction 
and by laboratory experiments which measured how many times its own volume a crystal would absorb. 
The salt concentration was found to be the stronger variable with the interlayer spacing decreasing 
proportional to co.s, which is consistent with previous results and with the Coulombic attraction theory. 
The sol concentration was found to affect the swelling for two reasons, the salt fractionation effect and 
the trapped salt effect. Both of these cause the salt concentration in the supernatant fluid to be greater 
than that originally added to the crystals and so reduce the swelling. 

A new method was used for extracting the solution from inside the gels by collapsing the gels by the 
addition of potassium hydrogen carbonate. The Volhardt titration was carried out on the extracted and 
supernatant solutions from about 250 gels. The ratio of the external to the internal chloride concentration 
was found to be approximately constant across the range of salt concentrations. Its average value was 
equal to 2.6, again in agreement with Coulombic attraction theory and showing the surface potential to 
be constant at about 70 mY. 

The (r, c, T) boundary of the two phase colloid region was investigated by three methods. A plot of 
loge against Tc was linear within experimental accuracy, with a gradient of 0.077 K-) or 13 K per log 
unit. This shows that the surface potential varies by only 1 m V per decade in the salt concentration. The 
system is therefore governed by the Dirichlet boundary condition and not by the Nernst equation. 
Key Words-CAT, DLVO theory, Neutron diffraction, Osmotic swelling, Phase transitions, Salt frac
tionation, Trapped salt, Vermiculite gels. 

INTRODUCTION 

The phenomenon of osmotic swelling only occurs 
with vermiculites containing certain cations. It was first 
observed by Walker (1960) for butylammonium ver
miculites, but has also been observed by Garrett and 
Walker (1962) for other short chain alkyl ammonium 
vermiculites and more recently by Rausell-Colom et 
al. (1989) for ornithine (H2N {CH2}3CH{NH2}C02H) 
vermiculites. The work presented in this paper inves
tigates the uniaxial swelling in water of n-butylam
monium vermiculite. The swelling involves the ab
sorption of large amounts of water by vermiculite 
crystals placed in water, leading to the interlayer spac
ing increasing to anything up to about 900 A, a suffi
ciently large spacing for the gels to act as I-dimensional 
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colloids. The gels show no tendency to disperse into 
the surrounding solution and the neutron diffraction 
experiments of Braganza et al. (1990) have shown that 
the plates retain their orientation to a high degree in 
the swollen (gel) phase. This confirmed the results of . 
an earlier X-ray study by Norrish and Rausell-Colom 
(1963) which showed sharp diffraction peaks for d-val
ues in the range 80-300 k 

The interlayer spacing in a vermiculite gel is deter
mined principally by the salt concentration (salt should 
now be assumed to refer to n-butylammonium chlo
ride); as the salt concentration increases the plate spac
ing decreases. The extreme results of Crawford et at. 
(1991) reveal that a gel in a 10- 3 M solution has a plate 
spacing of around 600 A while in a 0.1 M solution it 
is around 100 k No swelling has been observed with 
a salt concentration greater than 0.2 M. At higher con
centrations the gel phase becomes unstable and will 
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Figure I. Phase diagram of the three component system of 
clay (n-butylammonium vermiculite), salt (n-butylammoni
urn chloride) and water at constant T and P. The solid lines 
illustrate qualitatively the phase boundaries at T = 4°C, P = 
I atm. The left-hand wedge (region IV) represents a three 
phase region of crystalline clay, solid salt and saturated salt 
solution and the central wedge (region III) represents a two 
phase region of crystalline clay and salt solution. Regions I 
and II are the one phase (I) and two phase (II) regions of 
colloid stability. The crosses mark the points studied in the 
neutron diffraction experiments. 

collapse back to a crystalline phase with a d-value of 
19.4 A if sufficient salt is added. Braganza et at. (1990) 
showed that the osmotic swelling will only occur below 
a critical transition temperature, Te, that is concentra
tion dependent. If the temperature ofa swollen sample 
is increased above Te it will also collapse back to the 
crystalline phase. The collapsed gels do not return to 
their original state, however; re-crystallisation occurs 
locally to form regions of silicate layers with ad-value 
of 19.4 A. These regions are sufficiently large to give 
rise to a sharp diffraction pattern. The phase transition 
occurs within a maximum range of 2°C and was found 
to be completely reversible. 

The sol concentration of a gel also affects swelling. 
The sol concentration (or volume fraction) is defined 
as the ratio of the volume of vermiculite to the volume 
of water used to prepare a gel and is denoted by r. The 
experiments by Braganza et al. (1990) were for r < 
0.01. The experiments in this paper use four different 
sol concentrations, r = 0.0 I, 0.02, 0.05 and 0.10. The 
amount of water available to a gel does not directly 
affect swelling, except in dilute salt solutions for the 
case of r = 0.10 when there is insufficient water avail
able for full swelling to occur. However, the sol con
centration affects the salt concentration for two rea
sons. Firstly, the results presented later show that 
chloride ion exclusion from the region inside the gel 
by the negative charge on the plates leads to the salt 
concentration in the supernatant fluid being 2.6 times 
the average concentration inside the gel. As a result the 
sol concentration has a feedback effect on the swelling: 

the actual salt concentration in the solution around a 
gel will be greater than the original concentration due 
to excluded salt, so adding more solution reduces the 
salt concentration and therefore increases the swelling. 
Secondly, an unfortunate experimental feature of the 
vermiculite samples is that they inevitably contain a 
certain amount of salt in addition to any added in 
solution. This arises because the samples are prepared 
by soaking in molar solutions. The samples were most
ly washed before use, normally 20 washes in deminer
alised water at 80°C, but there was always some salt 
left in the crystals. This creates a second feedback effect 
from the sol concentration because the salt in the crys
tal is diluted to a varying extent depending on the 
volume fraction. 

N-butylammonium vermiculite in aqueous solu
tions of n-butylammonium chloride forms a three 
component system, consisting of clay, salt and water. 
Figure 1 illustrates qualitatively the borders between 
the different phases of the vermiculite. 

In region III the gel phase is unstable and we have 
a two phase region: vermiculite crystals and solution. 
There is also a small three phase region (IV) of ver
miculite crystals, salt crystals and saturated solution 
when the solubility limit of n-butylammonium chlo
ride is exceeded (which was found by titration to be 
4.5 M). The boundary of these regions is temperature 
dependent. Region I contains only one phase, the ver
miculite gel. In this region there is not sufficient water 
for the gel to reach its equilibrium spacing. The bound
ary with region II represents the points where the gel 
reaches equilibrium by absorbing all the available wa
ter. Region II is the area of interest for the experiments 
in this paper. There are two phases, the fully swollen 
gel and the n-butylammonium chloride solution. Four 
lines show qualitatively the positions of the experi
ments carried out with four different volume fractions. 
Note that for r = 0.10 the boundary with region I 
prevents full osmotic swelling for lower salt concen
trations. 

One of the main aims of studying region II, the two
phase region of colloid stability, is to provide a test of 
the two theories currently used for describing the sta
bility of colloidal systems: the established DL VO the
ory, developed in the 1940s by DeIjaguin and Landau 
(1941) and independently by Verwey and Overbeek 
(1948), and the newer Coulom bic attraction theory 
(CAT), proposed by Sogami (1983) and generalized by 
Sogami and Ise (1984). 

THEORIES OF COLLOID STABILITY 

The standard treatment for the interaction between 
charged particles in ionic colloidal solutions has for a 
long time been DLVO theory. This theory, which was 
developed independently in the 1940s by DeIjaguin 
and Landau (1941) and Verwey and Overbeek (1948), 
states that the thermodynamic pair potential which 
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describes the Coulombic interaction between the 
charged particles is a purely repulsive one. Conse
quently the stability oflyophobic colloids is attributed 
to the van der Waals attractive force. 

Recently this theory has been undermined by the 
occurrence of discrepancies between the D LV a theory 
and experimental observations of clay swelling. Firstly, 
it has been shown by Smalley et al. (1989) that with 
n-butylammonium vermiculite the osmotically swol
len gel is a true thermodynamic phase of the system, 
whereas DL va theory is based on the assumption that 
lyophobic sols are kinetically but not thermodynami
cally stable. Secondly, Braganza et at. (1990) found no 
agreement between the observed interlayer separations 
and those predicted by DL va theory. 

Sogami and Ise (1984) have proposed a new theory 
regarding the electrostatic interaction in macro-ionic 
solutions which questions the basic assumption of 
DL va theory that the Coulombic force is repulsive at 
all separations. They argue that the ordering observed 
in highly charged macro-ionic solutions is due to a 
long-range Coulombic attraction between the like 
charged particles through the intermediate counter
ions. Smalley (1990) has adapted this theory to the 
one-dimensional case, and this adaptation can be di
rectly applied to the macro-ions of the n-butylam
monium substituted vermiculite system because the 
silicate layers in the gel approximate well to the the
oretical model of a series of parallel negatively charged 
plates. Assuming the plates to be perfectly parallel and 
of infinite size there is an electric field gradient only 
along the axis perpendicular to the plates, described 
by the 1-D Poisson equation: 

where 1/; is the electric potential, x is the distance from 
the plate, p is the charge density, and fo is the permit
tivity. 

The ion distribution is described by the Boltzmann 
equation and the charge density is given by 

p = noe[exp{ -<J>} - exp{<J>}] 

where <J> = e1/;/kT, e is the electronic charge, k is Boltz
mann's constant, T is the temperature, and no is the 
number density far from the plates. Therefore, 

d21/; noe 
- = -[exp{ -<J>} - exp{<J>}] 
d2 x fo 

which is the non-linear Poisson-Boltzmann equation. 
It can be linearised by the Debye approximation, ex
pandingtheexponentials, assuminge(1/;)/kT ~ 1, where 
(1/;) is the mean electric potential in the gel. In fact, 
Crawford et al. (1991) have shown that at 25°C, e(1/;)1 
kT - 1 for the n-butylammonium vermiculite gels, but 
the calculations ofSogami et at. (1991, 1992) involved 

in the non-linear model are so complicated that the 
linear approximation is used here. This reduces the full 
equation to 

where K is a constant, which has the physical solution 

(1) 

where K2 = K. 
Gathering together the constants which make up K 

for water at 25°C, we can express it in terms of the salt 
concentration, c, as 

K2 = 0.107c (2) 

where 11K is the Debye screening length, expressed in 
A, and c is in units of mol/liter. 

The electric potential described by Eq. (1) can be 
used to calculate the internal energy of the system, E, 
for any value of the interplate separation, X, by using 
the adiabatic approximation. The free energy of the 
system can then be calculated as F = E - TS or G = 

H - TS where H = E + PV, F is the Helmholtz free 
energy at constant volume and G is the Gibbs free 
energy at constant pressure. The graphs of the X-de
pendent parts of E, F and G against X are shown in 
Figure 2. 

The Helmholtz pair potential UF is given by 

UF = (87re2/f)(Z21K)exp(-KX) (3) 

where Z is the plate valency (number of charges per 
unit area). Smalley (1990) has shown this to be equiv
alent to the repulsive potential V R obtained by Verwey 
and Overbeek in the Debye limit: DL va theory uses 
the Helmholtz free energy of the system assuming that 
the volume of the system is constant. Since the Helm
holtz free energy curve has no minimum it alone would 
predict that the plates would spread out as far as pos
sible. DL va theory argues that there is also an attrac
tive potential, V A, arising from van der Waals forces 
between the plates. Taking into account retardation 
effects, this is given by 

(4) 

where Ah is the Hamaker constant and is independent 
of the salt concentration. 

At close distances the attractive force predominates, 
and when combined with the Born repulsion results in 
a deep primary minimum in the potential energy curve. 
In this region the strong attraction causes aggregation 
of the colloidal particles and results, in the case of 
vermiculite, in an unswollen crystalline phase. At larg
er distances the energy of electrical repulsion falls off 
more rapidly with increasing distance of separation 
than the van der Waals attraction, and a secondary 
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Figure 2. Comparison of the three pair potentials in the 
reduced forms Ua = {tUa(X)}/(21!'e2Z2a) (a = E, F, G) for Ka 
= I , where Z is the plate valency and 2a is the plate thickness, 
from Smalley (1990). E labels the electrostatic energy pair 
potential and F and G label the Helmholtz and Gibbs free 
energy pair potentials, respectively. 

minimum occurs. This identifies with the osmotically 
swollen gel state of vermiculite clay, which has a well 
defined interlayer separation. 

In order to predict the position of the secondary 
minimum in DL VO theory we differentiate Eqs. (3) 
and (4) with respect to X, giving 

(dVR/dX) = B exp(-KX) 

where B is an electrostatic constant, and 

where A is an adjustable constant. At the experimental 
d-value the attractive force must equal the repulsive, 
so DL VO theory predicts that 

B exp{ -Kd} = Nd4 

or, 

d4 exp { -Kd} = constant (5) 

Braganza et al. (1990) found that the best possible fit 
of the constant in Eq. (5) to the d-values observed in 
the n-butylammonium vermiculite system is equal to 
4.26 x 105 A-. 

The Coulombic attraction theory argues that DL VO 
theory mistakenly assumes that the system has a con
stant volume; the volume changes according to the 
plate spacing, and so the Gibbs free energy of the sys
tem must be considered rather than the Helmholtz. It 
can be seen from Figure 2 that there is a minimum in 
the Gibbs free energy and so CAT provides a purely 
electrostatic explanation for the well defined interlayer 
spacing. Van der Waals interactions between the plates 
will be present, but in CAT they are ofa much smaller 
magnitude than the electrostatic interactions and give 
only a small correction of a few percent. Norrish and 
Rausell-Colom (1963) have shown that the attractive 
forces required are too large to be explained by van 
der Waals forces in the n-butylammonium vermiculite 
system. 

In CAT the potential is given by 

'{[I + COSh(2aK)](? - X) + 2a Sinh(2aK)} 

(6) 

where 2a is the thickness of the clay plates. For dilute 
salt solutions, Ka < I and (6) reduces to 

V = (B/ 2K)exp { -KX}[I(X - 3] 

Differentiating, 

(dV IdX) = (B/2)exp{ -KX}[4 - I(X] 

At the minimum of the curve, (dV IdX) = 0, so 

Kd = 4, 

or 

d = 41K (7) 

Eqs. (5) and (7) are the predictions of DL VO and 
CAT theories for the plate spacing in a g el in terms of 
K, and K is related to the salt concentration by Eq. (2). 
The two theories can therefore be tested experimentally 
by measuring the layer spacing as a function of salt 
concentration. The experimental results are compared 
with these predictions in the discussion. 

In any electrostatic theory we must expect exclusion 
of salt from inside the gels: because negative ions are 
repelled from the region around the plates there is an 
overall deficiency of negative ions in the region inside 
the gel. This results in the overall concentration of these 
ions being significantly larger in the solution outside 
the gel. The following outlines calculations by Smalley 
(1994) concerning this salt fractionation effect. 

For a fiat double layer on a negatively charged plate 
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the ratio, g, of the deficit of negative ions to the total 
charge has been given by K1aarenbeek (1946) as 

1 - exp{elfo12kT} 
g = ------"----'--=-----~ 

exp{elfo12kT} - exp{ -elfo12kT} 

where lfo is the surface potential. In the case of the 
n-butylammonium vermiculite gels lfo is about 70 m V, 
so at room temperature g = 0.20. This drops to 0.17 
when allowance is made for the finite value of the mid
plane potential. The charge density, in charges per 
square Angstrom, on the plates is a function of the salt 
concentration, given by Crawford et al. (1991) as 

(J = 4.26 x 10-2K 

if the surface potential is constant at 70 mY. The av
erage number density of the charge deficit is given by 

nde = 0. 17(J/d 

Combining the last two equations with Eqs. (2) and (7) 
tells us that the number density of the deficit is pro
portional to the overall salt concentration. Converting 
the number density nde into a deficit molarity Cde using 

the result is 

cde = 0.64c 

For low sol concentrations this implies that 

s = ce/ cgel = 2.8 (8) 

where c.x is the concentration in the supernatant so
lution, cg• 1 is the average concentration inside the gel 
and s is defined as the ratio of these two quantities. 
The Coulombic attraction theory predicts that the salt 
concentration in the supernatant fluid should be 2.8 
times the average concentration in the region between 
the silicate layers, irrespective of the absolute value of 
the salt concentration. Because the layer separation has 
been fixed at (41K) by Eq. (7) this is a prediction arising 
purely from CAT, which cannot be made from stan
dard theory. The experimental results are compared 
with this prediction in the discussion. 

Although the vermiculite gels form a useful model 
ofa one-dimensional colloid, it should be remembered 
when considering the results in this paper that the gels 
are not a theoretical ideal. Individual samples can vary 
greatly, in part due to the variation of trapped salt 
concentration. Gels can also be not completely ho
mogeneous. In general, experimental results can be no 
more accurate than within about 10% due purely to 
sample variation. In no case will these results be given 
to more than two significant figures . What we are look
ing for in the results is general agreement or disagree
ment with theory rather than absolute accuracy. 

EXPERIMENTAL 

The vermiculite crystals were from Eucatex, Brazil. 
Crystals about 30 mm2 in area by I mm thick were 
washed and then treated for about a year with 1 M 
NaCl solution at 50DC, with regular changes of solution, 
to produce a pure Na vermiculite, following the pro
cedure of Garrett and Walker (1962). The complete
ness of the exchange was checked from the regularity 
of the c-axis peaks in the X-ray diffraction patterns, 
the c-axis spacing for the Na form being 14.9 A. To 
prepare the n-butylammonium vermiculite the Na form 
was soaked in I M n-butylammonium chloride solu
tion at 50DC, with regular changes of solution, for about 
a month. During this process the amount of Na dis
placed from the crystals was determined by atomic 
absorption spectroscopy and the cation exchange ca
pacity of the mineral was found to correspond to a 
charge density of 1.3 monovalent cations per 02(OH)4 
unit. The purity was again checked by X-ray diffrac
tion, the c-axis spacing now being 19.4 A. The crystals 
were stored in a I M n-butylammonium chloride so
lution prior to the swelling experiments. 

The three main purposes of the experiments were to 
measure the salt fractionation factor (s), the interlayer 
spacing (d) and the phase transition temperature (Tc) 
across as wide a range of (r, c) points as possible. In 
previous experiments on this system, r was always small, 
that is, the total volume of the condensed matter sys
tem, V*, was always considerably larger than the vol
ume occupied by the macroions, V. Defining V rn to be 
the volume occupied by the macroions in their crys
talline state, prior to soaking in the dilute salt solutions, 
the sol concentration is defined experimentally by 

r = Vrn/ V*, 

Smalley et al. (1989) found that V* decreases by about 
0.1 % when the crystals swell in a 0 .1 M solution. This 
reduction in volume is due to the electrostriction that 
accompanies the swelling. It is a very small change 
compared to that observed in V/V m, which in this case 
is equal to 600%, and in the following it is assumed 
that V* is constant. For the case of perfectly homo
geneous swelling, the amount of solution absorbed by 
a crystal provides an estimate of the d-spacing by: 

where V is the volume of the gel, but the neutron 
scattering experiments provide the sharpest informa
tion on d and Tc because they probe the microscopic 
structure of the gels. However, the samples used in the 
neutron experiments were too small to provide a re
liable estimate of s. The salt fractionation factor was 
therefore investigated by simple volumetric and gravi
metric experiments. 

Prior to performing an experiment on the clay, the 
crystals were first washed thoroughly to remove any 
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Figure 3. Photograph of a typical sample after swelling for 
two weeks. The height of the sample jar is approximately 5 
cm. 

molar solution that may be trapped in surface imper
fections. This was achieved by rinsing the crystals with 
500 cm3 of distilled water at 60°-80°C twenty times 
before drying on filter paper. The distilled water was 
heated in order to prevent any swelling occurring dur
ing this washing process since, although absorption of 
distilled water is rapid, it does not occur above about 
40°C as this is above the phase transition temperature 
for crystallization, as described in the results. 

Even after this thorough washing procedure it was 
discovered that an unknown amount of salt was always 
present in the original vermiculite crystal. After over 
a year of soaking in hot molar chloride solutions in 
order to obtain the pure n-butylammonium form of 
the vermiculite, it is not surprising that the crystals, 
which contain cracks and pores, contain a substantial 
amount ofn-butylammonium chloride. This salt leach
es out into the solution upon swelling and so the total 
amount of salt present is unknown until the final con
centrations in both the supernatant fluid and the gel 
phase and the volumes occupied by both phases have 
been determined. 

The average density of the vermiculite crystals was 
found to be 1.86 ± 0.0 I g cm-3 and the volume of 
vermiculite used in the experiments was determined 

by weighing the crystals and using this density value. 
In a typical experiment, approximately 0.5 cm3 of 
washed and dried vermiculite crystals were accurately 
weighed out and their volume calculated from the den
sity. The crystals were placed in a sealable bottle and 
distilled water added until the ratio of water to clay in 
the bottle was 50: I, that is, 50 x V m of water was added. 
The bottle was then sealed to prevent evaporation which 
would change the sol concentration, and allowed to 
stand for two weeks to enable the crystals to swell freely 
and reach equilibrium. The two week time period was 
not arbitrarily chosen but was determined by the ki
netic experiments described by Moody (1992) and 
Townshend (1992). After two weeks had passed the 
appearance of the samples was as shown in Figure 3. 
While the n-butylammonium vermiculite crystals have 
a golden metallic sheen the gels formed by osmotic 
swelling are green-yellow and translucent. 

After equilibrium had been reached, it was straight
forward to pipette off the supernatant fluid and its con
centration was easily measured by the Volhardt chlo
ride ion titration described below. In order to measure 
the internal concentration, however, it was first nec
essary to remove the water from the gel. This proved 
to be more difficult. It was thought at first that this 
could be done by putting physical pressure on the gel. 
Various methods were tried but failed owing to the 
fragility of the gel stacks which are easily mashed into 
a homogeneous paste. Instead, it was decided to col
lapse the gels chemically by adding a salt containing a 
cation which inhibits swelling. Na, K, and multivalent 
metal cations inhibit swelling. The unhydrated K ion 
fits in the cavities on the plate surface and so binds the 
plates closely together, K Eucatex vermiculite having 
a plate spacing of only 10.2 A, determined by Humes 
(1985). KHC03 was chosen because it is rapidly dis
solved on the damp surface of the gel. This is important 
as it cannot be added as a solution since this would 
alter the chloride concentration. This method was very 
effective. K ions rapidly diffuse into the gel, causing it 
to release the interlayer fluid as a clear solution. 

A small amount of KHC03 crystals were sprinkled 
over the gel, which was then left for 24 hours. The 
solution released from inside the gel was then removed 
by pipette. Samples of the solutions from both inside 
and outside the gel were then titrated for Cl- concen
tration using the Volhardt titration. In the Volhardt 
titration for chloride ions an excess of AgN03 is added 
to the sample, precipitating out the CI- as AgCl. The 
remaining Ag+ ions are then back-titrated using KSCN 
and a conc. HNO/Fe(N03)3 indicator. At the end point, 
when the remaining Ag has precipitated out as AgSCN, 
a blood red colour is seen from the FeSCN complex 
formed in solution. The original chloride concentration 
can then be calculated. The Volhardt titration is ideal 
for chloride solutions of concentrations down to about 
0.005 M, but below this the end point becomes in-
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creasingly harder to see accurately, so that large sets of 
samples were needed for each r, c point. 

In the case of no added salt, the total number of 
moles of salt trapped inside a crystal, nl> is given by 

where Cex and cgel are the salt concentrations in the 
supernatant fluid and the gel phase and Vex and Vgel 
are their respective volumes. Since V m is known, the 
salt concentration trapped inside the crystals, ct , was 
determined as 

ct = n/ Vm • 

This value was averaged over many samples studied 
in the laboratory and used to estimate the real salt 
concentration from the added salt concentration for 
the samples used in the neutron scattering experiments, 
for which the sample size was too small for the Volhard 
titration to be reliable. 

The neutron diffraction experiments were done using 
the LOQ Small Angle Scattering Diffractometer at the 
ISIS Spallation Neutron Source, described in ISIS User 
Guide (1992). The LOQ instrument was chosen as it 
is designed for looking at spacings between 30 and 900 
A (towards the upper limit for neutrons) simultaneous
ly and so is ideal for looking at the gels. 

The experiments described by Moody (1992) and 
Townshend (1992) showed that for the n-butylam
monium substituted vermiculite crystals to reach equi
librium in dilute n-butylammonium chloride solutions 
took in the region of 14 days. For this reason the sam
ples were prepared two weeks in advance to ensure 
fully homogeneous swelling. The crystals were washed 
and dried as described previously, and after drying, the 
crystals were cut to dimensions of approximately 6 x 
6 x 0.5 mm. These were individually weighed and the 
volume of the crystal in its fully hydrated state cal
culated using the density. Solutions ofn-butylammoni
urn chloride in D 20 were made up at concentrations 
of 0.1, 0.01 and 0.001 mol dm-3 and added to the 
crystals to produce the appropriate sol concentrations. 
The cells were sealed with parafilm for two reasons. 
Firstly, to prevent exchange of H20 in the atmosphere 
with D 20 in the solution, and secondly, to prevent D 20 
evaporating, causing a decrease in the volume of so
lution and an increase in the sol concentration, r. 

Quartz sample cells of dimensions I x I x 5 cm 
were used, quartz being practically transparent to neu
trons at the wavelengths utilized on LOQ. Due to the 
fragile nature of the swollen gels, particularly those 
soaked in the more dilute solutions where the extent 
of swelling is greatest, the vermiculite crystals were 
placed directly into the quartz cells after weighing and 
left to swell in situ to minimize the amount of handling 
required when swollen. It was necessary to swell the 
crystals in D20 rather than H 20 solutions because of 
the large incoherent neutron scattering cross-section of 
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Figure 4. A contour plot ofa typical neutron scattering pat
tern. Qyand Qx denote the momentum transfers (A-I) per
pendicular and parallel to the silicate layers, respectively. 

hydrogen which would otherwise have obscured the 
scattering of interest. The small angle neutron scatter
ing from D 20 is of low intensity and completely un
structured over the Q range used here. 

ISIS is a spallation, or pulsed, source and so time of 
flight instrumentation is used to measure the neutron 
wavelengths. This also means that the instrument can 
employ a "fixed" (or constant IJ) scattering geometry. 
This in turn has the advantage that in a single runl 
measurement data can be collected over a wide range 
of Q values, where Q, the modulus of the scattering 
vector, is given by 

Q = (47r/A) ·sinIJ 

where A is the neutron wavelength and 2IJ is the scat
tering angle. On LOQ a wavelength limiting chopper 
operating at 25 Hz provides an incident neutron beam 
with wavelengths between 2 and 10 A. Typically the 
Q-range ofLOQ is 0.007 A- I to 0.2 A- I. 

Due to the parallel plate geometry of the gel samples 
under investigation, the incident beam was collimated 
by passage through a 2 x 8 mm slit placed immediately 
before the samples. This produced a flat beam ofneu
trons parallel to the clay plates rather than the 8 mm 
diameter circular collimation normally employed. The 
samples were mounted on a temperature controlled 20 
position sample changer under the control of the in
strument computer. 

Neutrons scattered by the gel samples were recorded 
on a large two-dimensional "area" detector, the active 
area of which was 64 x 64 cm, situated approximately 
4.5 m behind the samples. This was a 3He gas detector, 
software coded as 64 x 64 pixels x 102 time channels. 
A typical scattering pattern from a gel sample (for all 
wavelengths) is shown in Figure 4. 
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Table 1. The twelve sets of results obtained for the salt frac-
tionation effect. 

elM W N, co,lmM c&etfmM 

0.01 0 20 32 1.4 ± 0.4 0.8 ± 0.5 1.6 ± 1.5 
0.01 0 0 16 3.3 ± 0.4 1.2 ± 0.3 2.7 ± 1.0 
0.01 0.03 20 16 30 5 6.0 
0.01 0.10 20 16 105 ± 1.8 39 ± 7.7 2.7 ± 0.6 
0.02 0 20 32 1.1 ± 0.5 0.5 ± 0.3 2.2 ± 2.0 
0.02 0 0 20 13 ± 2.2 8.0 ± 1.9 1.6 ± 0.7 
0.02 0.03 20 16 32 ± 2.0 8.6 ± l.l 3.7 ± 0.7 
0.02 0.10 20 16 110 ± 2.5 40 ± 2.4 2.7 ± 0.2 
0.05 0 20 32 11 ± 2.6 4.7 ± 1.7 2.3 ± 1.4 
0.05 0 0 16 37 ± 2.4 15 ± 1.7 2.5 ± 0.4 
0.05 0.03 20 16 40 ± 4.0 14 ± 1.5 2.9 ± 0.6 
0.05 0.10 20 16 120 ± 2.7 38 ± 4.3 3.2 ± 0.4 

r is the sol concentration, clM is the salt concentration of 
the solution added to the crystals expressed as a molarity, W 
is the number of washes that the crystals were given and N, 
the number of samples which were used under each set of 
conditions. ceJmM and cge,lmM are, respectively, the mea-
sured salt concentrations in the supernatant fluid and the gel 
phase, expressed as millimolar quantities, and s = Cexlcgel is 
the salt fractionation factor. 

Figure 4 represents the corrected data from the de
tector, with intensity contours plotted as a function of 
the scattering vector perpendicular (Qy) and parallel 
(QJ to the layers. The scattering pattern consists of 
two lobes of intensity above and below the plane of 
the layers in the gel. If the layers were perfectly parallel 
then coherent scattering wo:,ld only occur along the 
axis perpendicular to the layers, but in reality there are 
defects in the gel so scattering occurs either side of the 
axis. The width of the lobe is an indication of the 
parallelity of the gel stack. I(Q) against Q plots were 
obtained by radially summing the intensity at constant 
Q around the detector. At the same time the azimuthal 
range was limited to between 600 and 1200 in order to 
give a more detailed diffraction pattern. All ofthe sam
ple runs were corrected for the transmission (using the 
straight through beam) and for the background scat
tering using a cell containing D 20. In this way the 
scattering patterns analysed arose purely from the gels. 

RESULTS 

Salt fractionation effect 

The gels were prepared in the standard way, the crys
tals being washed 20 times, unless stated otherwise. 
Three volume fractions were investigated, r = 0.01, 
0.02 and 0.05. For each volume fraction four sets of 
samples were investigated: 

i) Crystals swollen in demineralised water. 
ii) Unwashed crystals swollen in demineralised wa

ter. 
iii) Crystals swollen in 0.03 M n-butylammonium 

chloride solution. 
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Figure 5. The salt fractionation effect in n-butylammonium 
vermiculite swelling. s = Ce/COOI is plotted as a function of Cox> 
the salt concentration in the supernatant fluid. The solid line 
shows the CAT prediction, s = 2.8. 

iv) Crystals swollen in 0.10 M n-butylammonium 
chloride solution. 

For each set of conditions at least 16 samples were 
prepared to assess sample to sample variation. The 
crystals were left to swell for two weeks in order to 
ensure that they had reached equilibrium. The samples 
were then weighed, the solution removed by pipette, 
and the samples weighed again. These weighings al
lowed the mass ofthe solution to be calculated and so, 
knowing the initial mass of water added to the crystal, 
the mass of water absorbed by the crystal. This result 
was used to calculate the d-spacing in the gel and is 
discussed below. The twelve sets of results for the salt 
fractionation effect are given in Table 1. 

The measured salt concentrations in the supernatant 
fluid, Ce" and the gel phase, cge!> have been given in the 
form IL ± f7 in Table 1, where IL is the average result 
and f7 is its standard deviation. The exception is the r 
= 0.01, c = 0.03 M result, for which only the average 
values are given. This result was not regarded as sig
nificant because the global average of s over the 244 
pairs of titrations performed was equal to 2.7, so that 
the result in this case, s = 6.0, lay more than three 
standard deviations from the mean. After this abnor
mal result had been discarded, the average over the 
remaining eleven sets of results was s = 2.6. 

In each case s was determined both as the average 
over the Ns individual determinations of ce/cgel and as 
the ratio (cex)/(Cgel) and these two results were found 
to be equal to two significant figures. The range of s 
expressed after the ± sign in the final column of Table 
1 was therefore obtained by expressing the standard 
deviations in Cex and Cgel as percentages of their means, 
adding these two figures to give a compound percentage 
error and multiplying this number by the average value 
of s. These numbers have been plotted as the error bars 

https://doi.org/10.1346/CCMN.1994.0420514 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1994.0420514


622 Williams et al Clays and Clay Minerals 

in Figure 5, which shows s as a function of the equi
librium salt concentration in the supernatant fluid , Cex. 

The most obvious feature of Table 1 and Figure 5 
is that there seems to be no systematic variation of s 
with respect to Cex> in agreement with the Coulombic 
attraction theory. The CAT prediction, s = 2.8, which 
is also plotted on Figure 5, fits most of the data, there 
being only two points whose error bars lie outside the 
predicted value of 2.8, one above and one below. It 
should be noted, however, that the percentage com
pound error in s is very large at the lower salt concen
trations because of the lesser accuracy of the Volhardt 
titration and so we would not be sensitive to deviations 
from the prediction for Cex < 2 mM. The two results 
in this range have been omitted from Figure 5 because 
the percentage error in these cases approaches 100%. 
In the range 3 mM < Cex < 120 mM, we conclude that 
s is constant and equal to 2.6 ± 0.4. 

As the salt concentrations both inside and outside 
the gels were measured as well as the amount of water 
absorbed by the gel the total amount of salt present in 
a sample could be calculated and so we could determine 
the concentration of salt trapped in the original crystals. 
This is an important result since without it we cannot 
know the salt concentration in a gel simply from the 
salt concentration of the solution used to prepare it. 
The amount of trapped salt is dependent on how thor
oughly the crystals have been washed: since we are 
primarily interested in the amount of salt contained 
by crystals after the standard treatment (20 washes in 
demineralized water at 60°-80°C) the data for W = 0 
were omitted from this determination. The data for c 
= 0.1 M and r = 0.0 I, c = 0.03 M were also omitted 
from this determination because the trapped salt was 
not seen significantly vis-a-vis the added electrolyte in 
these cases. The three best data sets, those with W = 

20, c = 0, each obtained for 32 samples (Ns = 32), gave 
C, = 0.04 M, 0.12 M and 0.09 M for r = 0.01, 0.02 
and 0.05 respectively. The two remaining data sets 
determined for 16 samples (Ns = 16) both gave Ct = 
0.15 M, so the final average result was c, = 0.10 M. 
The spread of the results suggests that c, varies between 
sets of crystals (in each case all of the crystals used in 
an experiment were washed together) and that an ap
propriate range to take for Ct is ±0.05 M. We therefore 
conclude that: 

ct = 0.10 ± 0 .05 M. 

This result is used below to calculate the real salt con
centration in the samples studied in neutron scattering 
experiments, for which the sample size was too small 
for the Volhardt titration to be reliable. 

Neutron diffraction study 

The object of the experiments was to find the c-axis 
spacing, d, in the gel and the phase transition temper
ature, Te, for each of 16 sets of(r, c) conditions. These 

Table 2. The real salt concentrations (mM) in the neutron 
diffraction experiments and laboratory Tc experiments. 

OM 10 'M 10- ' M 10 'M 

0.01 1 ± 0.5 2 ± 0.5 11 ± 0.5 101 ± 0.5 
0.02 2 ± 1.0 3 ± 1.0 12 ± 1.0 102 ± 1.0 
0.05 5 ± 2.5 6 ± 2.5 15 ± 2.5 105 ± 2.5 
0.10 10 ± 5.0 II ± 5.0 20 ± 5.0 110 ± 5.0 

were r = 0.01, 0.02, 0.05 and 0.10 for each of c = 0, 
10-3 M, 10-2 M and 10- 1 M, although the actual salt 
concentrations were greater due to the salt trapped in 
the crystals. The real salt concentrations are given in 
Table 2. 

First, the sample changer was maintained at 2°C. For 
each (r, c) point four samples were made; this was 
necessary due to sample to sample variation and to 
ensure at least one of each set gave a clear peak. It was 
found that good statistics could be obtained in about 
15 minutes. The sample giving the clearest scattering 
pattern was selected from each set of four and those 
sixteen were run at higher temperatures, increasing the 
temperature in 2°C steps. These temperature scans were 
only run for about three minutes since beam time was 
limited and the collapse of a gel could be seen by the 
disappearance of the peak, without needing the very 
good statistics of the earlier sets of data. 

The d-values and transition temperatures calculated 
from the neutron experiments are tabulated below for 
direct comparison with results from the laboratory ex
periments. Samples of the diffraction patterns obtained 
are shown here to illustrate various features. 

Figures 6(a) and 6(b) both show sets of results for 
four identical samples at 2°C, clearly showing the peaks 
from which the d-spacing in a gel is calculated. Figure 
6(a) shows a set for which there is little sample to 
sample variation in the position of the peak. The four 
plots show peaks of different intensities, but this is due 
to physical differences in the size of the gels; the wider 
the section of gel in the neutron beam is, the more 
intense the scattering. One of the plots has a distinct 
second order peak, which is fairly rare. Figure 6(b) 
shows the sample to sample variation which can occur, 
in this case there being two plots giving clear peaks 
with different Q values as well as one which gives no 
peak at all. Figure 7 shows the runs for a single sample 
at 18°, 20° and 22°C. The traces clearly show the dis
appearance of the peak as the gel collapses. In this case 
Te = 20° ± 1°C. 

Inter/ayer spacings 

In order to extract the most precise information from 
the neutron diffraction patterns it will be necessary to 
analyse them quantitatively using a one-dimensional 
paracrystalline lattice model , as described by Hashi
moto et al. (I 978). However, the sharpness of the dif-
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Figure 6. I(Q) (arbitrary units) vs. Q patterns obtained at 
2°C for four different samples. Top shows the four traces 
obtained from the four different samples prepared at r = 0.05, 
c = O. Bottom shows the four traces obtained at r = 0.1, c = 
0.001 M. 

fraction effect permits an immediate approximate eval
uation of the average interplate separation by simply 
observing Qm"", the Q-value at the maximum of the 
first order diffraction effect, and applying the simple 
equation 
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Figure 7. I(Q) vs. Q plots obtained for one sample at r = 
0.1, c = 0.01 M. The crosses (+), stars (*) and circles (0) show 
the scans obtained at 18°,20°, and 22°C, respectively. 

Table 3. The interlayer spacing d as a function of the salt 
concentration c from neutron diffraction experiments. 

elM dlA dcO- 5/AMo.5 d'exp{ -dc'" }lA' 

0.0012 520 18 3.0 10-2 

0.0023 480 23 5.4 
0.0027 450 23 4.2 
0.0042 490 32 7.3 10-' 
0.0071 210 18 3.0101 

0.0085 210 19 1.1 101 

0.012 310 34 1.6 10-5 

0.015 305 37 7.4 10-7 

0.016 135 17 1.4 10 1 

0.018 150 20 1.7 
0.021 200 29 4.1 10-' 
0.027 130 21 0.22 
0.10 120 38 6.5 10-9 

0.11 120 40 8.8 10- 10 

0.12 110 38 4.6 10-9 

0.13 95 34 1.4 10-7 

The quantities calculated in columns 3 and 4 are predicted 
to be constant by the CAT and DLVO theory respectively. 

The results of this analysis are given in Table 3, where 
the salt concentrations have been taken from Table 2. 
The third and fourth columns in Table 3 have been 
calculated by applying the predictions of the CAT and 
DLVO theory given by Eqs. (10) and (9), derived in 
the following section. 

The predictions can also be compared with the re
sults of the soaking experiments described above in 
which the number of volumes of water absorbed by a 
single volume of crystal was measured. Because the 
crystal contains one layer every 19.4 A and swelling is 
homogeneous, for each volume of water it absorbs the 
interlayer spacing must have increased by 19.4 A. The 
conditions used for these gels are listed in Table 1 and 
the results are given in Table 4. Table 4 also lists N., 
the number of samples which were used for each set 
of conditions. 

There is a systematic variation between the two sets 
of results, those from the neutron experiments giving 
lower layer spacings than the laboratory experiments. 
This could be because the samples used contained a 
higher than average trapped salt concentration or pos
sibly due to the use of D 20 instead of H 20 to prepare 
those samples. The difference is, however, small and 
so both sets of results will be discussed together below. 

Phase transition temperature 

Experiments were canied out to investigate Te , the 
temperature above which the gels become unstable, for 
gels prepared at sixteen (r, c) points: r = 0.01, 0.02, 
0.05 and 0.10 for each of c = 0, 10-3 M, 10-2 M and 
10- 1 M. All of the samples were prepared using solu
tions in D 20. This was necessary for the neutron dif
fraction experiments and it was decided to use D20 in 
subsequent experiments so that the results could be 
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Table 4. The interlayer spacing d as a function of the salt 
concentration c from laboratory experiments. N, is the num-
ber of samples used in each determination. 

N, e/M dlA dco.s/AMo.s d'exp{ -dc"}/ A' 

32 0.0010 620 20 3.0 10-2 

32 0.0014 600 22 3.6101 

16 0.0033 540 31 2.9 10-3 

32 0.011 235 24 0.12 
20 0.013 260 30 4.2 10-4 

16 0.030 300 52 2.1 10- 13 

16 0.032 290 52 1.8 10- 13 

16 0.037 240 46 3.5 10- 11 

16 0.040 235 47 1.2 10-11 

16 0.105 220 71 3.4 10- 22 

16 0.110 210 69 2.1 10-21 

16 0.120 195 68 4.2 10-21 

The quantities calculated in columns 4 and 5 are predicted 
to be constant by the CAT and DLVO theory respectively. 

directly compared without having to consider any pos
sible isotope effect. 

Three types of experiment were carried out: 
i) The neutron diffraction experiments described 

above. 
ii) A set of 16 samples were placed in a water bath 

at 55°C immediately after preparation so that they 
would not swell. The temperature of the water bath 
was then reduced by 1°C at 24 hour intervals and the 
temperature noted at which the first signs of swelling 
were seen. 

iii) Two sets of 16 samples were placed in a water 
bath at 4°C and left for two weeks to swell to equilib
rium. The temperature of the water bath was then in
creased by 1°C every 24 hours and the temperature 
noted at which the gels collapsed. 

The results from the three sets of experiments are 
listed in the above order in Tables 5a, band c, which 
include the approximate errors for each result. 

The three sets of results are in good agreement, the 
variations representing an error of only a few percent 
in an absolute temperature of approximately 300 K. 
Of the three sets the neutron data are probably the 
most accurate since the collapse of the gel was seen 
very clearly by the disappearance of the diffraction 
peak within the range of two degrees Kelvin (Figure 
7). In the second set of experiments the onset of swell
ing as temperature was increased could be seen fairly 
clearly but the third method was less accurate as it is 
much harder to see the exact temperature at which 
collapse occurs. When a gel collapses it does not regain 
its original crystalline appearance; groups of plates con
glomerate but the structure as a whole becomes broken 
up and does not decrease significantly in volume. The 
most reliable indication of collapse is the appearance 
of the metallic sheen of the crystal but this too can be 
hard to spot and so the errors are larger in Table 5c. 
This method, however, was the only one for which 

Table 5. The phase transition temperatures ("C) obtained by 
three methods. 

c 

OM 10- 3 M IO'M IO'M 

(a) Neutron diffraction 
0.01 >34 >34 27 ± 1 13 ± 1 
0.02 34 ± 1 >34 27 ± 1 12 ± 1 
0.05 20 ± 1 23 ± 1 22 ± 1 9 ± 1 
0.10 20 ± 2 22 ± 3 19 ± 1 9 ± 1 

(b) Laboratory cooling experiments 
0.01 37 ± 1 36 ± 2 26 ± 1 13 ± I 
0.02 33 ± I 34 ± I 27 ± I 12 ± 1 
0.05 31 ± 1 31 ± 1 25 ± I 12 ± I 
0.10 27 ± I 26 ± I 22 ± I 11 ± I 

(c) Laboratory heating experiments 
0.01 >39 >39 28 ± 2 14 ± 1 
0.02 36 ± 4 37 ± 3 28 ± 2 15 ± I 
0.05 34 ± 2 32 ± 2 28 ± 1 12 ± 1 
0.10 26 ± 2 26 ± 2 26 ± 2 13 ± I 

more than one sample under each set of r, c conditions 
was used and so the errors in Table 5c do contain an 
indication of the level of sample to sample variation. 
This is in any case the most likely source of variation 
in the results rather than experimental error because 
of the variation in trapped salt concentration. It can 
be seen from Table 2 that for low c and high r con
ditions this error is greater than that in the values ob
tained for Tc and so an average over all the results will 
be used. The largest inconsistency is that the neutron 
experiments give consistently lower results than the 
other two methods. This suggests that the batch of 
crystals used for them had a higher than average con
centration of trapped salt, a conclusion which is con
sistent with the results obtained for the d-values. The 
results for the second two methods are very consistent. 
Since they approach the phase transition from opposite 
sides, this shows that there are no hysteresis loops. 

DISCUSSION 

In the theory section it was shown how the predic
tions of the CAT and DL VO theory differ as regards 
the plate spacing inside a gel at different salt concen
trations, namely 

DLVO: d 4exp{ -Kd} = constant (5) 

CAT: 

with 

d = 4/K 

K2=0.lc 

(7) 

(2) 

Combining (2) with each of (5) and (7) the predictions 
become 

DLVO: d4exp{ -dco.5 } = constant (9) 

CAT: d = 13c-o.5 (10) 

where d is in A and c is in molliter-I. 
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Table 6. The modified CAT prediction with a plate thickness 
2a = 19.4 A. 

4 • 
-/A 

f(" K)/A d(theory)1 A d(exp)/A elM « 

0.1 40 15 55 140 
0.03 73 9 82 180 
0.01 126 6 132 260 
0.003 231 3 234 430 
0.001 400 2 402 620 

c is the salt concentration, 4iK is the leading term in the 
CAT prediction and f(a, K) is the correction term. The fourth 
column gives the modified CAT prediction and the fifth col
umn gives the average experimental result. 

It is very clear from Tables 3 and 4 that the predic
tion ofDL VO theory does not fit the experimental data. 
In Table 3 the calculated values of d4 exp{ -dcc,s}, pre
dicted by DL VO to be a constant, vary by eleven orders 
of magnitude. In Table 4 there is an even greater range, 
the same quantity varying by 23 orders of magnitude. 
CAT fits the experimental results much more closely: 
the calculated values of dcc.s vary only by a factor of 
2 for the neutron data and by a factor of 3 for the 
laboratory experiments. Although this may seem a poor 
approximation to a constant it must be remembered 
that there is a large degree of variation in the gels 
themselves, as they are pieces of clay rather than the
oretical models. We are therefore looking for general 
rather than accurate agreement. The main conclusion 
of this section is that CA T is consistent with the ex
perimental results: DL va theory is not. 

One factor which might explain some of the dis
crepancy between CAT and the experimental results is 
the thickness of the silicate layers themselves. Up to 
now we have approximated the interlayer spacing as 
the distance over which the system repeats, but this 
also includes a silicate layer with a bare thickness of 
around 10 A and two strongly adsorbed n-butylam
monium layers. This gives an insignificant correction 
at low salt concentrations when a gel may have a plate 
spacing of600 A, but becomes i~portant as the spacing 
decreases to below 100 A. Eq. (7) is only the small 
kappa prediction of CAT, the full equation being given 
by 

I ( 2 sinh {2aK} ) d = - 4 + aK ----'--'--
K I + cosh {2aK} 

(11) 

where 2a is the plate thickness, as shown by Smalley 
(1990). 

The theoretical prediction for the plate spacing now 
varies from the original value of four Debye screening 
lengths in dilute salt concentrations to over five Debye 
screening lengths in a 0.1 M solution. The predictions 
of Eq. (11) for the plate spacing at various salt con
centrations are compared with the experimental results 
in Table 6. The parameter 2a has been taken to be 19.4 
A because this is the experimentally observed c-axis 

Table 7. The modified CAT predictions with layer thick-
nesses of 30 A and 80 A. 

4 • 
f(" «) f(,,«) d(2, ~ d(2, ~ d(e,tp)1 -/A 

elM K 2, ~ JO 2, ~ 80 JO)/A 80)/A 

0.1 40 27 80 67 120 140 
0.03 73 20 78 93 lSI 180 
0.01 126 13 69 139 195 260 
0.003 231 7 47 238 278 430 
0.001 400 4 30 404 430 620 

c is the salt concentration, (4IK) is the leading term in the 
CAT prediction and f(a, K) is the correction term. The fifth 
and sixth columns give the modified CAT predictions and 
the seventh column gives the average experimental result. 

spacing in the crystal. The second term has been ab
breviated to f(a, K) in the tables. 

There is still a discrepancy between the theory and 
the observed results. It may be possible to partly ac
count for this by taking the idea of the silicate layer 
thickness a step further, as first suggested by Rausel(l)
Colom (1964). Although the distribution of butylam
monium ions in the crystal has not yet been deter
mined, a likely arrangement is that the positively 
charged NHjhead groups will form a layer on the sur
face of the clay particles. Even when the crystal swells 
these layers are likely to persist on the surface of the 
particles and both adsorbed layers would have a thick
ness of about 9.4 A. It may be that we ought to be 
considering not the spacing between the silicate layers 
but the spacing between the ordered regions centered 
around them, which by Rausell-Colom's argument are 
considered to be approximately 30 A thick. 

Furthermore, it could be argued that the ordered 
structure around the plates extends out into the solu
tion between the plates. Various authors have sug
gested that there will be an ordering of the polar water 
molecules into layers on the clay particles. The effective 
layer thickness might therefore be even greater than 30 
A. A fact which may be relevant here is that it is im
possible to make a two-phase gel with a plate spacing 
of less than about 80 A, since at higher salt concen
trations the gel collapses back to the crystal phase. 
Perhaps 80 A could represent the true thickness of the 
ordered structure? Since a layer of water molecules 
takes up about 2.5 A this would involve 20 layers of 
water between each silicate layer, or in other words 
that the ordering due to each plate must extend over 
10 layers. The predicted results using layer thicknesses 
of 30 and 80 A are listed in Table 7, which shows that 
by using a layer thickness of 80 A CAT gives good 
agreement with the experimental results at high salt 
concentrations. Such an agreement may be fortuitous 
as it is unlikely that any sort of ordering could extend 
to ten layers of water on each plate since such a struc
ture is at the expense of the entropy of the solution. 

It is noteworthy that while spectroscopists invariably 
find that the clay surface influences at most the first 
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two layers of water molecules, the interpretation of our 
data in terms of an ordered structure of 80 A around -1 
a clay particle implies that the clay has a relatively long 
distance influence on its environment. This duality 
probably arises because the spectroscopic technique 
probes only the local environment of the water mol-
ecules, whereas we are measuring the long-range equi-
librium properties of the gel structure as a whole. The 
better fit we obtain to our data with 2a = 80 A is in 
agreement with the work of Low (1987), who looks at 
clay suspensions from a thermodynamic viewpoint. 
This emphasises the thermodynamic nature of our ap
proach, a point which is particularly important in at
tempting to understand the nature of the phase tran-
sition between the crystalline and gel states. 

The phase transition is thermodynamic, so it will 
occur when the primary and secondary minima are of 
equal depth. We might expect the free energy of the 
crystalline state to be relatively insensitive to temper-
ature. In this case, variations ofTc correspond to vari
ations in the depth of the secondary minimum, which 
is sensitive to the surface potential, 1/;0: the electrostatic 
constant B contains the square of 1/;0' The effect there-
fore gives us a measure of the way in which 1/;0 varies 
with c. The exact functional dependence of 1/;0 on Tc is 
unknown, but it seems reasonable to assume that the 
ratio of el/;o/kTc will remain constant along the c, T 
phase boundary if the behaviour of the system is dom
inated by electrostatic forces. As the temperature of 
the transition decreases with increasing salt concentra
tion, this suggests that the magnitude of the surface 
potential is also decreasing with c. 

Ifwe now look for Nernstian behaviour in the system 
then 

I/; = 1/;0 + (RTIzF)ln c (12) 

suggests that a plot of the surface potential against log c 
should be linear. This further suggests that a plot ofTc 
against log c might also be linear, and Figure 8 shows 
that this is indeed the case. 

The Tc values in Figure 8 have been taken as the 
average over Tables 5a, band c and the c values have 
been taken from Table 2. The gradient of the graph is 
-0.077 K - l, corresponding to a decrease of 13 K per 
log unit. In electrical terms that corresponds to a de
crease of only I mV per decade of salt concentration 
compared to 58 mV as predicted by the Nernst equa
tion. This shows that the n-butylammonium gels form 
a more or less constant surface potential system rather 
than a constant surface charge system and are therefore 
governed by the Dirichlet boundary condition rather 
than the Nernst equation. Smalley (1994) has shown 
that this conclusion agrees with the constancy of the 
salt fractionation effect and it agrees with that reached 
by Crawford et al. (1991) from the effect of uniaxial 
stress on the gels. 
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Figure 8. Logarithmic plot of the salt concentration c against 
the phase transition temperature, Te. The gradient ofthe plot 
is equal to -0.077 K-l. 

Crawford et al. (1991) found 1/;0 = 70 mV for the 
n-butylammonium vermiculite gels and Low (1987) 
found 1/;0 = 60 m V for the Na smectites, both results 
being independent of electrolyte concentration. These 
results invalidate the use of the Nernst equation as a 
first principle in colloid science, as attempted by Et
telaie (1993). Understanding the non-Nernstian be
haviour of these clay systems is a question of great 
interest in colloid science. 

CONCLUSION 

First, the DL VO theory cannot satisfactorily explain 
the raw fact that a coagulated colloid can spontaneously 
disperse into a solvent medium. When an n-butylam
monium vermiculite crystal swells osmotically, it de
velops spontaneously from its primary to its secondary 
minimum. So the latter must represent a state oflower 
free energy. Secondly, the DLVO theory is based on 
the assumption that lyophobic sols are thermodynam
ically unstable (with respect to the primary minimum 
state). The DLVO theory is therefore refuted by the 
simplest possible colloid experiment in which we swell 
a coagulated colloid (or crystal) in a beaker of solvent, 
and by experiments that demonstrate the thermody
namic stability of lyophobic colloids. 
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The phenomenon of osmotic swelling and the ther
modynamic stability of the colloidal state have per
fectly natural explanations in terms of the Coulombic 
attraction theory. Sogami et at. (1992) have shown how 
the counterions in the simple ionic solution between 
the plates begin to be absorbed onto the plates as the 
clay layers get closer together. This reduces Z, the charge 
on the plates, until X, the interplate separation, be
comes equal to 2a, at which point the clay has com
pletely coalesced and Z has fallen to zero. As Z tends 
to zero, UG tends to zero and hence the negative values 
of UG at large particle separations represent a state of 
lower free energy than the crystal plus the appropriate 
amount of solution. This feature of CAT is a radical 
improvement on DL VO theory. 

Quite apart from the question of the relative depths 
of the primary and secondary minima, CAT yields a 
qualitatively different prediction for the position of the 
secondary minimum to that afforded by DL VO theory. 
It is clear from the results presented here that CAT is 
better adapted to explain the experimental results. Fur
thermore, CAT predicts the experimentally observed 
salt fractionation effect accurately. This subtle effect is 
way beyond the scope of DLVO theory, which gives 
insufficient consideration to the two phase region of 
colloid stability. 

All of the experimental evidence points to the n-bu
tylammonium vermiculite swelling being governed by 
the Sogami potential with the Dirichlet boundary con
dition. There is no possibility that the experimental 
results presented here could be explained by DL VO 
theory, which is unfortunately still common currency 
amongst many experimental workers in the field. 
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