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SWELLING PRESSURES OF sSODIUM MONTMORILLONITE
AT DEPRESSED TEMPERATURES

by

1 l 2
R. YONG |, L.O, TAYLOR AND B.FP. WARKENTIN

ABSTRACT
Swelling pressures of oriented samples of soedium-montmorillonite

-2
4 and 10 M NaCl| were measgured

at pore-water salt concentration of [0
atrantrolledtemperatures ranging from 1°C 1o ZSGC. The gpecially des-
igned apparatus allowed swelling apainst 2 movable piston ¢onnected to a
mercury manometer through which the ambient pressure was applied.
Calculations from the ¢ombined Poisson- Boltvmann equation,
taking the variation of temperature and dieleciric constant into account,
showed a decrease in swelling pressure with decrease in tecmperature.
At a pore-water salt concentration of 1{}'4 M NaCl, the measured swell-
ing pressure at 120 A average interparticle distance decreased from 48
cms. of mercury at ZBGC to 35 cms. at IDC, while the corresponding
calculated pressure decrease was {rom 48 to 40 ¢me. While the measured
preszures fell below calculated values at higher distances, the influence

of temperature remained consistent,
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At lﬁ-z M NaCl, the measured aw<lling pressures were much
higher than those predicted from the equation Corrzections based upon
the effective aalt concentrations required by the theory to give the
experimentally measured swelling pressures at room tempe ratures were
calculated. Theae were subatituted into the approximate Langmuir
solution af the cnmhined Poisson- Balternann equation to describe the

Z M NMall. With this correction, the calculated

swelling pressure at 10~
swelling presaure at 120 A average interparticle distance decreared
from 30 cmae. at ZEGC to 26 cms at lDC while the measured pressure
decreased from 30 to 23 cms. This close agreement between corrected

calculated pressure and measured pressure held from 100 to 250 A

interparticle spacing.
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INTRODUCTION

hMeasurements of swelling pressure of clays saturated with sodium
ions at normal room temperature have been reported n previous studies
by many investigators {e.g. Warkentin et al, 1957, Blackmore 1958,
Warkentin and Schofield, 1258). In general, good agreement has been
found between measured values and theoretical swelling pressures com-
puted on the baais of adaption of the Gouy-Chapman theory of the diffuse
double layer. In this instance, the combined Poisson-Beltamann egquation
describing the concentration of ions at the midplane of two parallel
charged plates 15 used to compute the van't Hoff pressure arising from
ion concentration difference between the rmidplane and the surrounding
pore-water aolution. With the assumption of ideal behavier of ions, the
van't Hoff pressure may then be taken as the computed swelling pressure,
lnasrmuch as the laboratory specimens correspond to the model used in
the theoretical analysis, a fair degree of correspondence is$ maintained
between measured and calculated swelling pressures.

The solution by Verwey and Overkeek {1948} for the Peisson-
Boltzmann equation for the case of overlapping diffuse double layers

arising from close proximity of adjacent parallel charpged plates gives:

]
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= = valence of iona

e = electronic charge

%, = nuinber of ion# per unit volume in bulk selution
£ = dielectric congtant

K, = Boltzrmann constant

T = absolute temperature

By using the Langmuir approximation which assumes that it is
poesible to neglect the presence of ions carrying the same sign as the
charge on the plate, a simplified solution for ILPE the midplane poetential

may be derived.

g = SRT 9, (X)) (2

ru

valid only far Y, > I
Alternatively, lla"__ may also be obtained by summating the potentials due

ta single particles. In this instance:

§ = - 25T 24 (coth HXeY R

'S ze& -

The van't Hoff equation [Schofield, 1946) may then be written as
P=2KTn, ("—ﬂ-'-\"zt“h —~- ‘L) c o 4)

where P= forcec per unit area required externally te keep adjacent
- particles at a spacing ol 2%

It is then pessible to determine from the physical equations the effects

of such variables as ionic concentration, valence, and temperature of

the pore-water phase of an oriented clay-water system on resultant

s50il-water interaction.

These equations suggest that a decrease in temperature would
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cause a compredsion of the double layer thus resulting in a decrease in
osmotic swelling {or the same interparticle spacing. Assuming that the
conditions governing the ideal behaviour of the ions in the double layer
are met reasonably well in. the laboratory model, it would thus be possible
to measure swelling preasure both as a function of temperature and inter-
particle distance. The conditions rnecessary for good agreement between
measured values and computed swelling pressures at room temperature
must evidently be satisfied; i.e. (1) clay particles muat be plate shaped
with lateral dimensions far exceeding their thickness, (2] Particle sizes
must be within the colloidal range and their surfaces free irom irregular-
ities, {3} the assumption that the surface charge of the particle is of con-
atant sign {negative) and uniformly distributed should be reasonably
correct, (4} particles must be homeionic and free [rom impurities, {5}
particles must be oriented parallel to each other, (6) the pore-water
solution should consist of univalent ion® of a single species {NaCl in this
instance}, and {7} the resulting clay-water system should be homogeneous,
Approximate expressions accounting for the influence of die-
tectric saturation, polarization of ions, and ionic interactions in the
structure of the electric double layer have been incorporated in the
generalized Poisson-Boltzmann equation {Bolt, 1955}, which resalves
inte a correction function. This correction function when applied to the
Gouy-Chapman treatment of the electric double layer shows that in the
case of low concentration of co-ions in ¢olloidal suspensions, the
corrections involved are small if the surface charge density does not

exceed 2 x 10”7 m.eq. fcm
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EXPERIMENTAL PROCELDURE

Variation in swelling pressure arising from temperature de-
pression ¢an be obtzined by first allowing samples of a well oriented
clay-water system to attain their respective equilibrium volumes for
specific values of applied pressure {within a predetermined pressure
range), and either

a. maintaining each equilibrium vélume constant while lower-
ing the ternperature of the sarnple by predefermined incrementas. The
pressure required to maintain the equilibrium volume for each temper-
ature incTement may then be measured to determine pressure change
with temperature at constant volume or

b. maintaining the applied pressure constant while lowering the
trmperature of the sample by predetermined increments. The result-
ing volume change that occurs under constant applied pressure for each
temperature increment rmay then he determined.

The apparatus designed ta accomodate either of the two methods
proposed is shown in Figures | and 2. This consisted of a plexiglass
chamber encleosed in an insulating box to restrict heat transfer with the
external surroundings. Within the plexiglass chamber, an agitator kept
the fluid in the constant temperature bath circulating both around the
cooling ¢oils and the swelling chamber. The details of the swelling
chamber itself is given in Figure 2 and the measurement system used

15 detailed in Figure 3. Temperature rmeazsurements within the swelling
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ing chamhber were made by means of 2 copper-constantin thermo-couple
which passed through the rubber G-ring at the top and sat at the face

of the porous stonu. A Leeds MNorthrup type No. 8662 potentiometer
was used in conjunction with the thermo-couple. The junction of the
thermo-couple leads was protected by several coats of vpoxy resin to
prevent recaction with the pore-water solution.

The system of measarement for volume change within the
swelling chamber consisted of a tnercury piston connevted in such a way
that it could both exert a pressure on the stainless steel piston, and also
measure volume changes of the test sample. The stainleas steel pistan
with an embedded porous stone provided a level face waith the sample
and eliminated meniscus effects of the murcury face in the chamber.
Mercury was net expected to slip past the sides of the piston under
pressure since the pressure differential across the face ol the piston
was zero. In the event that slippage of muercury occurred because of
the tolerance limits berween wall and piston, no detrimental effects
were expected. Mercury in direct contaci with samples of pure clay
was used successfully by Hemwall and Low {1956) in previous measure-
rments of swelling pressure.

In Figure 3, the heavy lines indicate the portion of the measure-
ment systern saturated with mercury and connected such that any change
of volume occurring in the chamber as a result of pressurve change is
indicated by 4 corresponding change in the level of mercury in Column
f{2). The ratic of the cross-sectional area of the chamber to that of

Colurmn {2) is such that a small velume change of the sample in the swelling
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chamber causes a large change in the measuring column. This allows

for an aceurate measurement of minute volume changes. Ambienl

pressures applied to the samples were measured effectively by a mer-

cury manometer through the connection between the compressed air cylinder
and Calumn {2].

In order to reduce the sensitivity of the apparatus to emall leaks
that may develop thus causing a rapid less of pressure, and at the same
time to increase the velume of the system, an empty air cylinder was
incorporated into the system. By slowly releasing air through valves
{F} and [G) (shown in Figure 3), it was possible to obtain a gradual
expansion of the sample. A meore gradual expansion of the sample was
obtained through valve (D} by partly filling the air cylinder with oil and
slowly bleeding the oil through valve (D). The loss of oil caused a de-
crease in pressure and allowed the sample te swell.

Oriented specimens of homoionic sodium-montmorillonite were
prepared by slow sedimentation and drying of weak suspensions of the
purified clay. The clay suspensions which contained less than one
percent by weight of material were allowed to settle Blowly in small
plexiglass tubes which were sealed at the battom with cellophane
membranes. This technique of slow evaporation and sedimentation
whi¢h produced waferlike clay plaies has been used successfully pre-
viously [Warkentin and Schefield, 1958).

Five clay plates were placed individually in the flocded swell-
ing chamber in the portion hetween the stainlesas steel piston and the

top of the chamber. Millipore membranes were used at the faces of
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the top and bottom porous stones. Following sample immersion in the
chamber and with bath cap replaced and system de-aired, the sample
was allowed to swell under a emall pressure restraint. Since the
applied pressure was transmitted through th mercury piston which
also served as a scale for volume change measurements {shown in
Figure } as the line passing through valve C}, initial zero readings
for equilibrium veolume at room temperature and initial pressure
restraint could ke made helore introduction of the cooling fluid. A
period of [rom three to six days was required to allow the sample to
swell and come to equilibrium valume at room temperature. The
length of time involved depended upon the initial pressure restraint.
The entire system was calibrated for termperature effccts previous ta
test measurements, With this systern, a predetermined initial pressure
could be applied and fellowing equilibrium conditions, a sories of re-
sultant volume changesmightbe measuredas 2 furnction of lemperature
depression. A compiete test series on any one sample consisted of
measurement of volume changes occurring as a result of temperature
variation from 23°C to lGC for 2 range of applied pressures. Since
sample area is constant, volume changes can be reported as changes
in interparticle spacing with a simple conversion. In Figures 4 and
5 the variation in interparticle spacing resulting from temperature
depression under prescribed constanl applied pressures has heen
shown for three complete series at lﬂ-4 M Nall pore-water salt con-

centration, and for one complete series at lI[ZI'.2 M MNaCl.
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RESULTS AND DISCUSSION

Swelling pressure measurements [or both 10"%* M NaCl and 1{1-2 M NaCl
samples have been ploticd in Figure & for the test series at 23° C. The
correspondence between measured values and computed swelling pressure
indicated by the solid line for pore-water salt concentration of 107 M Nacl
justifies use of both technique and apparatus, For lEl'-2 M NaCl pore-water
galt concentration, the measured values are consistently higher than weuld
be predicted fram the physical equations. This is expected since the
Boltzmann and van't Hoff equations become lesa valid with increasing elec-
trolyte concentration, At concentrations leas than lﬁ-a M NacCl, the agree-
mient between experimental values and computed swe lling pressures indicate
that the error invelved in calculating oamotic pressure by the numerical
difference is nat large {Warkentin and Schofield, 1962). At higher conc-
centrations however, the error due to substitution ef ionic concentrations
lor ionic activities becomes maore significant.

While efforte to allow for lonic activity in deuble layer calcula-
tions have been made by Loeb {1951} and Bolt {1955), it does seem that
because of the difficulties involved in determination of activity coeffici-
ente for counter-ions between adjacent clay plates, calculation of
corrected osmotic pressure based upon ionic activities is not possible.

A more expedient method for correction of oamotic pressure at higher
electrolyte concentration would be 1o determine the effective pore-water

salt concentration required by theory to give experimentally measured
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swelling pressures,
From the Poisson-Boltzmann equation, the electric potential at
the midplane \}L rmay be written a4
Ll"-.-.= /Q—ﬁ(JEMxL\ - - sy
without altering the assumptions of the Gouy-Chapman theory

significantly. Writing the van't Hoff eguation as

- P
— KT —
'Ll,l: = - z& cosh aKTSN, N 13 ... Lad

where
S = coefficient of effective salt concentration
Sn,=n' = effective salt concentration
the effective pore-water salt concentration which produces the same
value for ‘.Pcin equations (5] and (&) mzay then be determined. For 10”4 M NaCl
concentration, very little correction if any 1s needed. For lﬂ_z M NaCl
concentration, thia presuppossa that the sxperimentally determined wvalues
are correct. The relationship defined for the effective salt concentration
based upon equating the midplane potentials shown in equations (3} and {b)
and measured swelling pressures for 1072 M NaCl indicales that the
effective salt concentration weould be dependent on interparticle spacing.
The method of solulion of the effactive pore-water salt concen-
tration for the lﬂ-z M NaCl sample consisted of determining the mid-
plane potential for each of the measured values of swelling pressure from
equations (4) and {2) using varying values of pore-water salt concentra-

tions. For any one efiective pore-water salt concentration, the value
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of the electric potential obtained from equation {4) must equal that
obtained from equation {2). Therefore, for each chosen concentration,
the algebraic differences in the mid-plane potentials were calculated
from equations {(4) and {2) for each ambient pressure. The relationship
between algebraic diflerence in mid-plane potential and pere-water salt
concentration may then be established for any chesen value of swelling
pressute. The equation established thereby showing variation in the

effective pore-water salt concentration with half distance gives:

3
il
SK. = m - 017 X ¥ o1 AT

ith temperature and dielectric constant variation, the theoretical
equation may then be modified with the use of equation (7).

Based upon measurements shown in Figures 4 and 5, the vari-
ation of swelling predasure as influenced by temperature depression may
then be drawn - a5 shown in Figures 7 and 8. The eifect of 2 variabkle
dielectric constant is considered in Figure 8. The relationship estab-
lighed by Sirvastava and Varshni {1956) for a variable dielectric ¢constant

was used in calculating variation of £ with temperature.

gz-ﬁ_lli-‘?oﬂl BT
The dielectric constant was assumed to be that of the solvent. While it
i# recognised that the dielectric constant of the water phase in clay soils
and of adsorbed water may be significantly diiferent (Pickett and Lemcoe
195%, Muir 1954), the assumptions involved in the initial equations of the

Gouy-Chapman theory dictate the use of the solvent value {or the
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dielectric coenstant.

The correspondence between predicted values and measured
swelling pressures for the 107% M NaGl sample shows the validity of the
use of the effective salt concentration for correction. As seen from the
graphs, there 18 reasonably ciose agreement between swelling pressures
and calculated values for smaller interparticle spacings for the 10_4 M Nall.
While measured pressurcs at higher apacings fell below the calculated
values, the influence of temperature on swelling pressure remainad
conkistent.

ln aceordance with theoretical predictions, measured values of
awcelling pressure decreased with decreasing temperatures, The physical
model of the electric double layer assumes thata large portion of its
magnitude i5 derived from the thermal energy of the ions which tend to
restrict orientation in the field of charged plates, thus cauging the
slectric double layer to extend over large distances from the charged
surface. It i1s expected that if the thermal energy of the ions is decreased,
the capacity of the ions to resist oricntation will decrease, and accord-
ingly, the thickness of the electric double layer will also decrease. While
the temperature depression decrcases the thoermal energy of the ions,
the dielectric constant on the other hand will increase, which in turm
would tend to cause the thickness of the electric double layer to increase.
The net cffect however 13 a decrease in electric double layer thickness
since there is evidence that the ¢iffect of 2 decrease in thermal energy is
greater than that of the dielectric constant. Moreover, as the temper-

ature 18 depressed, the concentration and distribution of ions in gencral
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will decrease correspondingly, and a further decrease in the electric
double layer may then be expected on the basis of reduction of effective
volume.

The divergence of measured values from calculated swelling
pressures for 1{).‘l M NaCl samples at higher interparticle spacings
under Toom temperature conditions has been pointed out in a4 previcus
study {Yong and Warkentin 1959). However, the close agreement between
measured and calculated values {or swelling pressure shown in the case
of the IG-ZM NaCl sample, sugpests that correction for effective pore-
water salt concentration for the 18°% M NaCl samples at higher inter-
particle spacings may be necessary. If a similar correction is made
for the 10-4 M NaCl samples for effective pore-water salt concentration
at lower ambient pressures, as in the case of the 10°2 M NaCl sample
carried over its entire range of pressures, better agreement would be
achieved under depressed temperature conditions.

While the use of the effective pore-water salt concentration
serves to adjust the physical equations to conlorm with ipitial meagured
values, it does not explain the reasons for the consistent differences
between measured and calculated values. The reasons for the differ-
ences are not quite clear, but they are thought to lie partially in the
limitations of the double layer theory, the lack of particle orientation
at higher interparticle spacings and probably in the posseible impurities

in the clay.
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CONCLUSIONS

Conszistent with theoretical predictions, measured valuea of
swelling pressure decreased with temperature depression. With the
use of a correction expressed in terms of the effective pore-water
salt concentration, the approximate Langmuir solution of the combined
Poisson-Beltzmann equation may be used to describe swelling pressure
of sodium montmorillonite within certain restricted limits. The
magnitude of the decrease inswelling pressure under predetermined inter-
particle spacings arising from temperature changes {between 23°C
and IOCI, in the pressure range of 0.1 to 1.0 atmospheres may be

adequately predicted from double layer calculations.
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