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Abstract—The results of a combined chemico-osmotic/ diffusion experiment conducted on a geosynthetic
clay liner (GCL) containing Na-bentonite illustrate the destructive role of diffusion on the ability of the
GCL to act as a semipermeable membrane. The experiment is conducted by maintaining a concentration
difference of 5 mM CaCl2 across the GCL specimen while preventing the flow of solution through the
specimen. A time-dependent membrane efficiency is derived from measured pressure differences induced
across the specimen in response to the applied concentration difference. The diffusive mass fluxes of the
solutes (Cl – and Ca2+) through the specimen are also measured simultaneously. An initial increase in
induced pressure difference across the specimen to a peak value of 19.3 kPa is observed, followed by a
gradual decrease to zero. The decrease in induced pressure difference is consistent with compression of
diffuse double layers between clay particles and particle clusters due to diffusion of Ca2+, resulting in a
concomitant increase in pore sizes and decrease in the observed membrane behavior. The time required for
effective destruction of the initially observed semipermeable membrane behavior correlates well with the
time required to achieve steady-state Ca2+ diffusion. The results have important implications for the ability
of clays to sustain membrane behavior.
Key Words—Chemico-osmotic Efficiency, Clay Membrane, Diffuse Double Layer, Diffusion,
Membrane Behavior, Reflection Coefficient, Solute Restriction.

INTRODUCTION

Solute restriction resulting from the existence of
membrane behavior in clays has been shown to influence
volume change behavior, cause apparent deviations from
Darcy’s law in hydraulic conductivity testing, generate
anomalous pore-water pressures in low-permeability
geologic formations, and affect the rate of solute
migration through low-permeability clays (Malusis and
Shackelford, 2002a). Restricted solute migration result-
ing from membrane behavior is also currently being
considered in the context of clay containment barriers
for geoenvironmental applications, such as aquitards and
engineered clay liners for containment of disposed
waste, and vertical cutoff walls (e.g. soil-bentonite
walls) for in situ containment of contaminated ground-
water (e.g. Keijzer and Loch, 2001; Malusis et al.,
2001a; Shackelford et al., 2001). In such cases, the
existence of membrane behavior may be important in
terms of evaluating the hydraulic and contaminant
transport performance of the containment barrier, since
the primary objective of the barrier is to maintain a
contaminant concentration at the outer boundary of the
barrier that is lower than the source concentration of the
same contaminant. For example, in the case where the
clay containment barrier acts as a semipermeable
membrane, both chemico-osmotic counter flow and
contaminant (solute) restriction would act to reduce the
outward contaminant flux (Malusis et al., 2001a;

Shackelford et al., 2001). Thus, a clay containment
barrier that behaves as a semipermeable membrane is
expected to perform better than one that does not exhibit
membrane behavior.

In the case of electrolyte solutions, membrane
behavior in clays generally is attributed to electrostatic
repulsion of the ions by electric fields associated with
the diffuse double layers (DDLs) of adjacent clay
particles (e.g. Hanshaw and Coplen, 1973; Fritz, 1986).
Thus, the factors that tend to cause an increase in the
thickness of DDLs (i.e. at constant porosity), such as
decreasing ion concentration and/or decreasing ion
valence, also tend to enhance the membrane efficiency
of clays that behave as semipermeable membranes (see
Kemper and Rollins, 1966; Kemper and Quirk, 1972).
However, an increasing ion concentration and/or ion
valence also may result in a reduction in membrane
efficiency.

For example, Barbour (1986) and Barbour and
Fredlund (1989) attributed expulsion of pore-water
from specimens in chemico-osmotic consolidation tests
due to diffusion of high-concentration salts into the soil
specimen and subsequent ‘collapse’ of the DDLs.
Whitworth and Fritz (1994) correlated reductions in
membrane efficiency of compacted smectitic membranes
during forced passage of a 10 mM NaCl solutions
through the membranes to compression of DDLs
reflected by changes in the permeability of the
membranes.

Malusis et al. (2001b) and Malusis and Shackelford
(2002a) observed partial time-dependent decreases in
membrane efficiency for thin specimens (8 –13 mm) of a
geosynthetic clay liner (GCL) containing Na-bentonite
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subjected to differences in KCl concentrations. For
example, the induced pressure difference for a test with a
concentration difference of 47 mM KCl increased to
~40 kPa after ~3 days, but subsequently decreased
before reaching a steady value of 32 kPa. This time-
dependent decrease in membrane efficiency tended to
increase with increasing KCl concentration, and/or
in c r ea s i ng sp e c i m en po ro s i t y (Ma lu s i s a n d
Shackelford, 2002a). Malusis et al. (2001b) and
Malusis and Shackelford (2002a) concluded that the
observed behavior was consistent with expected beha-
vior based on compression of DDLs resulting from
increases in KCl concentrations due to solute diffusion
in their closed-system (no-flow) testing apparatus.

However, apparent reductions in membrane effi-
ciency have not always been attributed to collapse of
DDLs due to increased solute concentrations within the
clay membrane. For example, Keijzer et al. (1997, 1999)
attributed changes in induced chemico-osmotic pressures
across compacted Na-bentonite specimens located
between fresh- and salt-water reservoirs to time-depen-
dent changes in the boundary salt concentrations,
resulting in a time-dependent decrease in the concentra-
tion gradient across the specimen. These boundary
concentration changes were attributed to the net migra-
tion of water in a direction of decreasing concentration
gradient due to the process of diffusion osmosis (Olsen
et al., 1990). As a result, Keijzer et al. (1997, 1999)
concluded that the decrease in observed pressure
difference did not necessarily correlate with a decrease
in membrane efficiency of the specimens.

The results of the aforementioned studies suggest that
migrating solutes may adversely affect the efficiency of
clay membranes. However, these previous studies were
not performed with the specific purpose of evaluating
the potential effect of diffusion on clay membrane
efficiency. In addition, differences among the studies in
terms of testing objectives (e.g. consolidation vs.
membrane efficiency) and testing approaches (e.g.
open systems vs. closed systems, constant vs. time-
dependent boundary conditions) have precluded any
consensus with respect to the potential effect of
diffusion of invading solutes on clay membrane effi-
ciency. As a result, the objective of this paper is to
illustrate a direct correlation between diffusion of
invading solutes and the destruction of the efficiency
of a semipermeable clay membrane. This objective is
achieved using a unique testing apparatus that maintains
constant boundary concentrations while preventing
solution flow through the specimen, thereby eliminating
the potential effects of changes in boundary concentra-
tions and transport processes other than diffusion (e.g.
chemico-osmosis, diffusion-osmosis) from considera-
tion. The results of this evaluation may have significant
ramifications with respect to use and performance of
clay membranes as barriers for geoenvironmental con-
tainment applications.

MATERIALS AND METHODS

Materials

The Bentonfix1 NS GCL (Terrafix Geosynthetics,
Inc., Toronto, Ontario, Canada) was used in this study. A
schematic cross-section of this GCL is shown in
Figure 1. The GCL consists of a layer of Na-bentonite
sandwiched between woven and non-woven polypropy-
lene geotextiles held together by needle-punched fibers.
The GCL is ~6 mm thick in an air-dried condition, but
quickly swells to 10 –15 mm upon exposure to water
when unconfined. The bentonite content of the GCL
measured in accordance with ASTM D 5993 is
5.1 kg/m2. The mineralogy, exchangeable metals, and
cation exchange capacity (CEC) for the bentonite
portion of the GCL are given in Table 1.

Although the GCL used in this study is not from the
same manufacturer as the GCL used by Malusis et al.
(2001b) and Malusis and Shackelford (2002a,b), the
components of the GCL and the mineralogical composi-
tion of the bentonite in the two GCLs are very similar.
This similarity was considered important because the
GCL used by Malusis et al. (2001b) and Malusis and
Shackelford (2002a,b) was shown to behave as a
semipermeable membrane in the presence of KCl
solutions ranging from 3.9 to 47 mM for specimen
thicknesses ranging from 8 to 13 mm, with greater
membrane efficiencies associated with lower KCl
concentrations and/or thinner GCL specimens. As a
result, the GCL used in this study was expected to
exhibit semipermeable membrane behavior, i.e. provided
the boundary salt concentration was suitably low and the
specimen was suitably thin.

The liquids used in the experiment consist of tap
water that is processed to remove ions by passage
through three Barnstead1 ion-exchange columns in
series (electrical conduct ivity, EC, at 25ºC =
0.30 mS/m, pH = 5.45), and a 5 mM calcium chloride
(CaCl2) solution (EC = 121 mS/m, pH = 5.58) prepared
by dissolving CaCl2 (powdered, >96% pure, Sigma-
Aldrich Co., St. Louis, Missouri) in the processed tap

Figure 1. Schematic cross-section of geosynthetic clay liner
used in this study.
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water. The CaCl2 was selected for use in this study to
determine if the GCL would exhibit membrane behavior
when exposed to the divalent Ca2+ cation, as opposed to
the previous studies that used the monovalent K+ cation,
and the 5 mM concentration was thought to be
sufficiently low to enhance the possibility of observing
membrane behavior.

Testing apparatus

The testing apparatus and testing procedures are the
same as described by Malusis et al. (2001b), and Malusis
and Shackelford (2002a,b); therefore, only a relatively
brief description is provided here. A schematic illustra-
tion of the testing apparatus is shown in Figure 2.

The testing cell consists of a rigid acrylic cylinder,
top piston and base pedestal. The top piston is locked in
place to prevent soil expansion and to control the
thickness (porosity) of the soil specimen. Solutions
containing initial concentrations of a given electrolyte
(designated as Cot and Cob in Figure 2) are expelled from
each of the two actuators (syringes) at the same constant
rate via the plunger that is attached to a flow-pump drive
(not shown), and subsequently are infused through the
porous stones across the top and bottom boundaries of

the specimen. Circulation outflow from these boundaries
is simultaneously collected through the opposite end of
the actuator at the same rate in order to maintain a
constant volume inside the testing cell (i.e. DVcell = 0)
and prevent liquid flux through the specimen. Under
these conditions, the chemico-osmotic efficiency coeffi-
cient, o, also commonly known as the reflection
coefficient, s, is defined as follows (Staverman, 1952;
Katchalsky and Curran, 1965; Groenevelt and Elrick,
1976; van Oort et al., 1996; Malusis et al., 2001b):

o ˆ DP
Dp

…1†

where DP = the measured pressure difference induced
across the specimen as a result of prohibiting chemico-
osmotic flux of solution, and Dp = the theoretical
chemico-osmotic pressure difference across an ‘ideal’
semipermeable membrane (i.e. o = 1) subjected to an
applied difference in solute concentration (e.g. Olsen et
al., 1990).

The value for Dp in equation 1 is calculated based on
the salt concentrations at the specimen boundaries in
accordance with the van’t Hoff expression as follows
(Malusis et al., 2001b; Malusis and Shackelford, 2002a):

Dp = RT
PN
iˆ1

(Cob,i – Cot,i) (2)

where R = the universal gas constant [8.314 J mol –1K–1],
T = the absolute temperature [K], Cob,i = the initial
concentration of solute species i at the bottom of the
specimen [mol L –3], Cot,i = the initial concentration of
solute species i at the top of the specimen [mol L –3], and
N = the total number of solute species. For simple salt
solutions, such as CaCl2, equation 2 may be written
more conveniently as:

Dp = nRTDC (3)

where n = the number of ions per molecule of the salt,
and DC (= Cob – Cot) = the salt concentration gradient.

The induced pressure difference, DP, in equation 1 is
measured using a differential pressure transducer that is
located as shown in Figure 2. Typical trends in the
induced pressure difference as a function of time based
on the data reported by Malusis et al. (2001b) and
Malusis and Shackelford (2002a) are illustrated sche-
matically in Figure 3a. The observed effect of increasing
solute concentration difference on the post-peak pressure
difference previously described is also illustrated in
Figure 3a.

The differences in solute (Cl – and Ca2+) concentra-
tions between the top and bottom boundaries of the
specimen also cause solute diffusion from the higher
concentration boundary (top) to the lower concentration
boundary (bottom), such that a steady-state solute flux
through the bottom of the specimen is eventually
established and maintained. This scenario is commonly
referred to as the steady-state approach for diffusion
testing (Shackelford, 1991).

Table 1. Properties of bentonite in a geosynthetic clay liner.

Property Standard Value

Principal minerals (%) a
Montmorillonite 78

Cristobalite 9
Plagioclase feldspar 4

Quartz 3
Tridymite 2

Others 4

Cation exchange capacity b 69.4
(meq/100 g)

Exchangeable cations b
(meq/100 g)

Ca 13.9
Mg 4.4
Na 48.1
K 0.7

Sum 67.1

Soluble cations b, c
(mg/kg)

Ca 241
Mg 29
Na 3437
K 51

Soil pH b, d 8.9

Electrical conductance b, d 300
(mS/m) @ 25ºC

a Based on XRD analyses performed by Mineralogy Inc.,
Tulsa, Oklahoma
b Based on procedures described in Shackelford and
Redmond (1995)
c Measured from a 1 g:20 mL clay-water extract
d Measured on saturated soil paste
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In the steady-state approach, the measured concen-
trations for a given solute in the circulation outflow (i.e.
from the base pedestal) are typically converted to
cumulative mass per unit area, Qt, using the following
expression (Malusis et al., 2001b):

Qt ˆ 1
A

XNs

iˆ1

Dmi ˆ 1
A

XNs

iˆ1

Cb;iDVi …4†

where A = cross-sectional area of the specimen, Dmi =
the incremental mass of the solute species collected over
a time increment (Dt), Cb,i = the concentration of the
solute species in the incremental volume, DVi, of
circulation outflow from the base pedestal corresponding
to the same Dt, and Ns = the number of incremental
samples corresponding to the total elapsed time, t. The
results are plotted in terms of Qt vs. t, as illustrated
schematically in Figure 3b. The curved portion of the
example plot in Figure 3b represents transient diffusion,
while the linear portion of the data in Figure 3b
corresponding to the constant slope, DQt/Dt, represents
steady-state diffusion.

Two characteristic times also are associated with the
plot in Figure 3b. First, the time corresponding to the

intersection of the extension of the steady-state slope to
the x axis is referred to as the time lag, tL (Shackelford,
1991). The value of tL can be used to determine the
retardation factor, Rd, which reflects the adsorption
behavior of the solute during transient diffusion (see
Malusis et al., 2001b). Second, the time corresponding
to the intersection of the initial curved portion of the
example plot shown in Figure 3b, representing the
transient diffusion stage, and the linear portion of the
example plot, representing steady-state diffusion, is the
time required to achieve steady-state diffusion, tss. Note
that tss is always greater than tL, and that tss typically is
not evaluated when steady-state diffusion tests are
performed.

The effective diffusion coefficient, D*, of the given
solute species is determined from the slope of the
steady-state portion of the response, DQt/Dt, in accor-
dance with the following expression:

D ˆ –
DQt

Dt

8>: 9>; L
nDC

8>: 9>; …5†

where n = the specimen porosity and L = the specimen
thickness. As noted by Malusis and Shackelford (2002b),
the value of D* determined according to equation 5 is a

Figure 2. Schematic cross-section of test cell (re-drawn after Malusis and Shackelford, 2002a).
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coupled effective diffusion coefficient that includes a
coupling term associated with the prevention of solution
flow in accordance with the principles of irreversible
thermodynamics. In the limit, as the membrane effi-
ciency of a clay approaches zero, the coupled effective
diffusion coefficient given by equation 5 converges to
the true effective diffusion coefficient represented by
Fick’s first law for diffusion in soil as defined by
Shackelford and Daniel (1991).

Specimen assembly and disassembly

A circular specimen of the GCL with a nominal
diameter of 71.1 mm was cut from a larger GCL sheet,
and placed on the base pedestal inside the testing cell.
The cylinder then was filled with processed tap water to
submerge the specimen, and the top piston was lowered
into the cylinder to compress the GCL to a thickness of
~5 mm to enhance the potential for membrane behavior.
After compression, the top piston was locked in place to
prevent further volume expansion of the specimen
during the test due to swelling of the bentonite.

The initial concentrations of the soluble cations in the
pore-water of the specimen based on the measured
soluble cations concentrations shown in Table 1, the
assumption of 100% saturation, and a measured porosity

of the specimen of 0.718, were ~164 mM for Na,
6.6 mM for Ca, 1.4 mM for K and 1.3 mM for Mg.
Since the sum of these cation concentrations far exceeds
the concentration of the source solution (i.e. 5 mM
CaCl2), the specimen was permeated under backpressure
with processed tap water before testing to saturate the
specimen and to enhance the potential for membrane
behavior by removing soluble salts. This permeation was
continued until the electrical conductivity, EC, of the
effluent from the specimen was ~50% of the measured
EC for the 5 mM CaCl2 source solution of 121 mS/m, as
shown in Figure 4.

After permeation, the processed tap water was
circulated at the top and bottom boundaries of the
specimen for ~5 days to establish a steady baseline
differential pressure (see Malusis et al., 2001b). The
chemico-osmotic/diffusion portion of the experiment
then was initiated by circulating the 5 mM CaCl2
solution in the top piston (i.e. Cot > 0) while continuing
circulation of process tap water in the base pedestal.
Thus, in this study, the initial concentration of solute in
the base pedestal was maintained at zero (i.e. Cob = 0).

The circulation outflow from the bottom of the
specimen was also collected and subsequently analyzed
for electrical conductivity (EC), chloride (Cl –) concen-

Figure 3. Schematic illustration of typical results obtained from combined chemico-osmotic/diffusion experiments: (a) trends in
induced chemico-osmotic pressure observed for clay membranes; and (b) trends in cumulative solute mass through specimen due to
diffusion.

190 Shackelford and Lee Clays and Clay Minerals

https://doi.org/10.1346/CCMN.2003.0510209 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2003.0510209


trations using ion chromatography, and calcium (Ca2+)
concentrations using inductively coupled plasma (detec-
tion via atomic emission spectrometry). At the end of the
experiment, which lasted ~75 days, the cell was
disassembled, and the final thickness and porosity of
the specimen were measured.

RESULTS AND DISCUSSION

Electrical conductivities

The electrical conductivities measured in the circula-
tion outflows from the top and bottom boundaries during
the chemico-osmotic/diffusion stage of the experiment
are shown in Figure 5. The electrical conductivity in the
circulation outflow from the top boundary of the
specimen, ECtop, was maintained relatively constant at
a value of slightly greater than 100 mS/m. However, the
electrical conductivity of the circulation outflow from
the bottom boundary, ECbotttom, gradually increases from
~4 mS/m immediately after the start of the chemico-
osmotic/diffusion stage to ~20 mS/m at ~30 to 35 days
after the start of the chemico-osmotic stage. These
measured EC values reflect the boundary conditions
imposed in the experiment. For example, the lower ECtop

relative to the source solution (i.e. ECtop < 121 mS/m) is
consistent with the loss of solute mass from the source
solution due to diffusion into the specimen, whereas the
eventual increase in ECbottom with time is consistent with
the gain of solute mass in the bottom circulation outflow
due to diffusion through the specimen. The establish-
ment of steady ECbottom values of ~20 mS/m ~30 to
35 days after the start of the chemico-osmotic stage of
the experiment is consistent with the establishment of
steady-state diffusion of CaCl2 through the specimen.

Membrane efficiency

The induced pressure difference, –DP (> 0), across
the GCL specimen and the corresponding membrane
efficiency in the form of the chemico-osmotic efficiency
coefficient, o, are plotted vs. time in Figure 6 (note:

values of DP and Dp are < 0 because pressure increases
in the negative x direction, or upward; see Figure 2). The
values of o in Figure 6 were calculated using equa-
tion 1, the measured induced pressure differences, and a
chemico-osmotic pressure, Dp, of –36.9 kPa in accor-
dance with equation 3 using n = 3 for CaCl2 and DC =
–0.005 M CaCl2.

A slight induced pressure difference was observed
during the initial 5-day stage where processed tap water
was circulated through both porous stones such that a
concentration gradient was not applied across the
specimen. This pressure difference has been attributed,
in part, to slightly different hydraulic resistances of the
two porous stones such that the head losses in each stone
are not exactly the same, typically resulting in a slight
recorded pressure difference across the specimen
(Malusis et al., 2001b; Malusis and Shackelford,
2002a). However, the induced pressure difference at
the end of this 5-day flushing stage was negligible, as
shown in Figure 6.

Immediately after replacing the processed tap water
circulating across the top of the specimen with the 5 mM
CaCl2 solution (i.e. at t = 0), the induced pressure
difference increases immediately and continues to
increase gradually to a maximum value of ~19.3 kPa
after 9 days corresponding to a maximum chemico-
osmotic efficiency coefficient, omax, of 0.52 or mem-
brane efficiency of 52%. Thereafter, the induced
pressure difference and corresponding membrane effi-
ciency gradually decrease such that the observed
membrane behavior is effectively destroyed after
35 days.

Short-circuiting of the specimen, e.g. in terms of
side-wall leakage (see Shackelford, 1994), is not likely
in this experiment for the following reasons: (1) solution
flow through the specimen, which is a prerequisite in
most studies showing side-wall leakage, was prevented
during the chemico-osmotic stage of the experiment;
(2) the electrolyte concentration (5 mM CaCl2) used in
the experiment is low, and certainly lower than the vast

Figure 4. Electrical conductivity of effluent from specimen
resulting from permeating specimen with processed tap water
prior to the chemico-osmotic stage of the experiment.

Figure 5. Electrical conductivities of circulation outflows from
top and bottomboundaries of specimen during chemico-osmotic
stage of experiment.
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majority of cases in which side-wall leakage has been
reported; (3) the swelling pressure of the specimen was
probably sufficiently high to prevent shrinkage, and no
physical evidence of shrinkage after breakdown of the
test apparatus was observed; and (4) a much more rapid
diminishing of the induced chemico-osmotic pressure
difference than was observed would be expected had
specimen shrinkage, if any, been significant. Instead, the
gradual post-peak decrease in –DP with time, shown in
Figure 6, suggests that the response of the specimen to
the imposed boundary conditions is due to a naturally
occurring, physico-chemical process, such as collapse of
the diffuse double layers (DDLs) due to an increase in
the Ca2+ concentration in the pore-water of the speci-
men, which is consistent with previous conclusions
(Barbour, 1986; Barbour and Fredlund, 1989; Whitworth
and Fritz, 1994; Malusis et al., 2001b; Malusis and
Shackelford, 2002a). However, unlike previous studies
whereby an increase in salt concentration in the pore-
water of the specimen resulted in only a partial reduction

in the observed membrane efficiency during the test, the
divalent calcium concentration (5 mM Ca2+) used in this
study was apparently sufficiently strong to completely
destroy the tendency of the GCL specimen to behave as a
semipermeable membrane. Since the migration of Ca2+

is due solely to diffusion, the time required for complete
destruction of the observed membrane behavior should
be reasonably correlated with the time required to reach
steady-state diffusion of the Ca2+.

Solute diffusion

The measured chloride (Cl –) and calcium (Ca2+)
concentrations in the circulating liquid exiting the base
pedestal are plotted vs. time in Figure 7. The corre-
sponding values of cumulative mass per unit area, Qt,
based on the Cl – and Ca2+ concentrations calculated in
accordance with equation 4 are plotted vs. time in
Figure 8.

The scatter in the measured Cl – concentration data
masks somewhat the existence of steady-state conditions

Figure 6. Measured induced chemico-osmotic pressure difference and calculated chemico-osmotic efficiency as a function of time.
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with respect to diffusion of the Cl –, and the Ca2+

concentration data appear to be increasing, albeit
slightly, even after 68 days of monitoring, suggesting
that steady-state diffusion of Ca2+ was approached, but
not necessarily established. As a result, the time required

to reach steady-state diffusion was evaluated in a more
systematic manner by performing sequential linear
regression analyses on an increasing number of Qt vs. t
data, starting from an analysis performed using only the
last 2 data points, followed by subsequent linear
regression analyses on an increasing number of data
(i.e. adding one additional datum for each subsequent
analysis) until all of the data were used in an analysis.
Therefore, since 67 samples were collected during the
test at a rate of one per day, a total of 66 linear
regression analyses were performed for each solute.

The coefficient of determination, r2, resulting from
each regression analysis is plotted as a function of the
number of data used in the analysis for both Cl – and
Ca2+ in Figure 9. The number of data corresponding to
the location where r2 starts to deviate significantly from
unity is taken as the transition from a non-linear to linear
slope in the Qt vs. t data corresponding to the transition
from the transient portion of the data to the steady-state
portion of the data. Accordingly, the times correspond-
ing to the earliest data used in each regression analysis
also are plotted vs. the corresponding r2 values in
Figure 9.

As shown in Figure 9, the r2 values based on the
regression analyses using the Qt vs. t data for Cl –

Figure 7. Measured chloride and calcium concentrations exiting
the base pedestal of the test cell due to diffusion.

Figure 8. Cumulative mass data based on measured bottom concentrations (tL = time lag; tss = time to steady-state diffusion).
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decrease dramatically when more than 48 data are used
in the analysis. Thus, the elapsed time associated with
the earliest of the 48 data points used in the analysis
represents the time at which steady-state diffusion of
Cl – is established; i.e. tss is 20 days for Cl –. Although
this distinction is not quite as evident in the results based
on the Qt vs. t data for Ca2+, the use of 33±2 data
corresponding to tss of 35±2 days appears reasonable for
Ca2+.

The time lag, tL, and slope of the steady-state portion
of the data for each solute shown in Figure 8 are based
on the results of the linear regression analyses using 48
Qt vs. t data for Cl – and 33 Qt vs. t data for Ca2+. The
higher tL of 694 h (28.9 days) for Ca2+ relative to the tL
of 285 h (11.9 days) for Cl – is attributed to the tendency
for cation exchange associated with the divalent calcium
cation (e.g. Malusis et al., 2001b).

At steady state, electroneutrality requires that the
charge flux of the Cl – has the same magnitude as the

charge flux of the Ca2+. This requirement may be written
as follows:

JCl– |zCl– | = JCa2+|zCa2+| (6)

where JCl– and JCa2+ = the steady-state diffusive molar
fluxes of Cl – and Ca2+, and zCl– and zCa2+ = the charges
Cl – and Ca2+ (i.e. –1 and +2, respectively). Therefore,
the steady-state diffusive molar flux of Cl – theoretically
should be twice the magnitude of the steady-state
diffusive molar flux of Ca2+. In terms of mass fluxes,
this ratio must be multiplied by the ratio of the atomic
weight of Ca2+ (40.08) to the atomic weight of Cl –

(35.453). Therefore, the magnitude of the steady-state
diffusive mass flux of Cl – theoretically should be 2.26
[= 26(40.08/35.453)] times the magnitude of the
steady-state diffusive mass flux of Ca2+. Based on the
results shown in Figure 8, the observed ratio of the
steady-state diffusive mass flux of Cl – to the steady-
state diffusive mass flux of Ca2+ in this study is 2.11

Figure 9. Coefficients of determination from multiple linear regression analyses performed on measured cumulative mass data as a
function of the number of data used for linear regression and the elapsed time to the earliest datum used in the regression.

194 Shackelford and Lee Clays and Clay Minerals

https://doi.org/10.1346/CCMN.2003.0510209 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2003.0510209


(= 21.8/10.3), which is sufficiently close to the theore-
tical value of 2.26 to suggest that steady-state diffusion
of Ca2+ had essentially been established.

Finally, the effective diffusion coefficients, D*, for
Cl – and Ca2+ calculated in accordance with equation 5
using a measured porosity (n) of 0.718 and an averaged
measured thickness (L) of 5.6 mm are 1.21610 –10 m2/s
and 1.10610–10 m2/s, respectively. The closeness in
these D* values also is consistent with the electro-
neutrality constraint that requires the two D* values to
be the same at steady-state diffusion.

Conceptual explanation

The tss of 35±2 days for Ca2+ is identical to the time
required for effective destruction of the observed
membrane behavior, as indicated in Figure 6. Thus, the
correlation between the times required for effective
destruction of the membrane behavior and the establish-
ment of steady-state diffusion of the Ca2+ is excellent.
Therefore, the results of this study provide the first
direct evidence that complete destruction of clay
membrane behavior can be caused by diffusion of the
principal salt cation (i.e. Ca2+). However, because clay
membranes by definition restrict solute migration, the
question as to how this migration can occur is raised.

A conceptual explanation for the observed correlation
between Ca2+ diffusion and the destruction of the
observed membrane behavior of the GCL can be
formulated on the basis of the clay structure models
described by Pusch (1999) and Pusch and Schomburg
(1999). In these models, the bentonite consists of an
intermingled structure of both unit particles and particle
clusters, with the primary pores located between the unit
particles and the clusters. At the measured porosity of
the specimen of 0.718, interlayer spacing of the particles
will be controlled by surface hydration rather than by the
diffuse double layer interactions, such that the interlayer
spacing of the unit particles will probably not have been
affected much by the exchangeable cation (e.g. van
Olphen 1977). However, diffuse double layers will
probably have extended into the voids between both
unit particles and particle clusters, thereby restricting the
diffusive migration of the ions. In this case, the
destruction of the observed membrane behavior can be
explained in terms of decreasing diffuse double layer
thickness between unit particles and particle clusters
with increasing pore concentration due to ion diffusion,
resulting in a gradual destruction of the observed
membrane behavior.

CONCLUSIONS

The results of a combined chemico-osmotic/diffusion
experiment conducted on a geosynthetic clay liner
containing Na-bentonite and exposed to a constant
concentration difference of 5 mM CaCl2 show an initial
increase in induced pressure difference across the

specimen to a maximum value of 19.3 kPa correspond-
ing to a maximum membrane efficiency of 52% after
9 days of testing. This membrane behavior observed
initially is followed by a gradual decrease in induced
pressure difference to almost zero (0.6 kPa) correspond-
ing to a membrane efficiency of only 1.6% after 35 days
of testing, and subsequently to zero after 48 days of
testing. The effective destruction of the initially
observed semipermeable membrane behavior after
35 days of testing correlates well with the time of
35±2 days required to essentially achieve steady-state
Ca2+ diffusion. This correlation suggests that the
decrease in induced pressure difference is consistent
with compression of diffuse double layers between clay
particles and particle clusters due to diffusion of Ca2+,
resulting in concomitant increase in pore sizes and
decrease in the membrane efficiency. The results
illustrate the potentially destructive role of diffusion of
invading salt cations on the membrane behavior of clays,
and are particularly relevant with respect to the ability of
clays to sustain membrane behavior.
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