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Abstract
A natural sodium bentonite was tested in the laboratory to measure its reflection coefficient, ω, in equilibrium with mixed

aqueous solutions of sodium chloride (NaCl) and potassium chloride (KCl), with the aim of assessing the relative contribution
of chemico-osmosis and diffusion induced electro-osmosis to the non-hydraulic component of the liquid flux in the presence
of two cationic species, which diffuse at different rates in the pore solution. The former chemico-osmotic contribution is
only related to the ionic partition effect in the bentonite pores, and causes ω to vary in the 0 to 1 range, whereas the latter
electro-osmotic contribution is controlled by the diffusion potential, which spontaneously builds up across the bentonite
layer in response to the different aqueous-phase diffusion coefficients of the ionic species. The theoretical interpretation of
the obtained test results demonstrated that chemico-osmosis was the major contribution to ω when the testing solutions
only comprised KCl. However, significant deviations in the values of ω from those expected for pure chemico-osmosis were
observed for mixtures of NaCl and KCl, with both negative (ω = −1.234) and positive (ω = 1.040) anomalous values of the
reflection coefficient, resulting from the enhanced influence of diffusion induced electro-osmosis.

Key words: chemico-osmosis, diffusion potential, electro-osmosis, geosynthetic clay liners, semipermeable membrane be-
haviour

Introduction
Smectite-rich clay soils (e.g., bentonites), in addition to

having extremely low hydraulic conductivity values (typi-
cally ≤ 10−11 m/s) when permeated with dilute aqueous so-
lutions and self-healing properties due to the high swelling
potential, are able to exhibit semipermeable membrane be-
haviour, which results from the partial restriction of the mi-
gration of ionic species through pores that are freely accessi-
ble to water (H2O) molecules. Bentonites have large enough
pore sizes to accommodate hydrated ions and the selective re-
striction of charged solutes cannot therefore be attributed to
steric hindrance, which arises when the molecules are larger
than the membrane pores, but should instead be attributed
to the electrical interactions that occur between the ions
in solution and the clay particles (Mitchell and Soga 2005;
Shackelford 2013; Shackelford et al. 2019; Manassero 2020),
which carry a net negative charge as a consequence of the
isomorphic substitution of lower-valence cations for higher-
valence cations within the crystal lattice.

Although a conservative assessment of the performance
of engineered bentonite-based containment barriers (e.g.,
geosynthetic clay liners, bentonite-amended soil liners, and
soil-bentonite backfills for vertical cutoff walls) can be ob-

tained by modelling pollutant migration according to the
classical advective-diffusive transport theory, such barriers
are generally able to restrict contaminant migration more ef-
fectively as a result of their semipermeable properties, which
are responsible, among several coupled transport processes,
for the chemico-osmotic phenomenon (Malusis and Shack-
elford 2002a; Manassero and Dominijanni 2003; Malusis et
al. 2003, 2012, 2020, 2021; Guarena et al. 2020). Accordingly,
extensive research has been conducted over the past few
decades to gain a better understanding of the fundamental
mechanisms that govern clay membrane behaviour, which
is usually quantified through the laboratory measurement
of the reflection coefficient, ω, also known as the chemico-
osmotic or membrane efficiency coefficient. Most experimen-
tal studies have been devoted to investigating the extent
to which the reflection coefficient of bentonite-based bar-
riers is affected by the soil porosity and the salt (1:1 type
electrolyte) concentration of the equilibrium bulk solutions
(Malusis and Shackelford 2002b, 2002c; Bohnhoff and Shack-
elford 2013, 2015; Dominijanni et al. 2013, 2018; Malusis and
Daniyarov 2016; Shackelford et al. 2016; Musso et al. 2017;
Tong and Sample-Lord 2022), the concentration of divalent
cations resulting from the dissociation of 2:1 type electrolytes
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(Shackelford and Lee 2003; Mazzieri et al. 2010; Bohnhoff et
al. 2014; Di Emidio et al. 2015; Fu et al. 2021; Ni et al. 2022),
the bentonite content in soil-bentonite mixtures (Yeo et al.
2005; Henning et al. 2006; Evans et al. 2008; Kang and Shack-
elford 2010; Tang et al. 2014, 2015; Meier and Shackelford
2017), the effective confining stress (Kang and Shackelford
2011; Malusis et al. 2015), and the degree of water saturation
(Sample-Lord and Shackelford 2018).

On the basis of the results of the aforementioned studies,
the reflection coefficient of bentonite-based barriers is gener-
ally considered to vary from zero (ω = 0), in the case of the
absence of semipermeable membrane behaviour, to unity (ω
= 1), in the case of ideal or perfect clay membranes, which are
able to completely prevent anions from entering the pores.
However, the range of variation of such phenomenological
parameter is not restricted to 0 and 1 on thermodynamic
grounds, since ω values outside the 0 to 1 range are fully
compatible with the requirement of a non-negative rate of en-
tropy production due to the coupled fluxes of solvent, solutes,
and electric current (Dominijanni and Manassero 2012a). Fur-
thermore, the soil science and geotechnical engineering lit-
erature has provided experimental evidence of the occur-
rence of the so-called “negative anomalous osmosis”, ω < 0,
in chemically active clays, whereby the liquid flux is directed
against the osmotic pressure gradient under isobaric condi-
tions (Kemper and Quirk 1972; Elrick et al. 1976; Olsen et al.
1989; Keijzer et al. 1999).

Kemper and Quirk (1972) measured the ω parameter of
bentonite, illite, and kaolinite clays permeated with aque-
ous solutions of a single salt, adopting a test configuration
that can be classified as an “open hydraulic control sys-
tem” (Shackelford 2013; Dominijanni et al. 2019a). In addi-
tion to the osmotic liquid flux, their testing apparatus al-
lowed the electromotive force of the system to be measured
through a pair of silver-coated electrodes reversible to Cl−

ions (i.e., Ag/AgCl electrodes) under non-short-circuited con-
ditions, while the known chloride concentration difference
allowed the portion of the total electromotive force, due to
the electric potential difference established across the speci-
men, to be estimated. After an initial period in which positive
ω values were obtained in equilibrium with dilute solutions, a
reversal of the osmotic flow direction occurred for higher salt
concentrations, with lower negative ω values generally be-
ing detected in the presence of salts that had dissociated into
low-mobility multivalent cationic species (CaCl2 and LaCl3).
This reversal occurred approximately for the same salt con-
centration at which the electric potential difference changed
sign.

The occurrence of negative anomalous osmosis under
isothermal and null-electric-current-density conditions, as in
the case of the laboratory tests conducted by Kemper and
Quirk (1972), should be attributed to the build-up of an
electro-osmotic contribution, which is referred to as diffusion
induced electro-osmosis, and causes the measured ω param-
eter to deviate from the range of variation (0 ≤ ω ≤ 1) that
is expected for pure chemico-osmosis. Indeed, when cations
diffuse in the pore solution at a lower rate than anions,
a diffusion potential spontaneously develops between the
clay boundaries to generate an electromigration of cations in

the same direction as that of diffusion and, simultaneously,
an electromigration of anions in the opposite direction to
that of diffusion. The magnitude of the diffusion potential
is such that the resulting fluxes of positive and negative elec-
tric charges, as given by the superposition of diffusion and
electromigration, are equal to each other, thereby allowing
the null-electric-current-density condition to be satisfied. Be-
cause of the surplus of a positive electric charge, which is due
to the ionic partition effect in the pore solution, electromigra-
tion is responsible for a net momentum transfer to the water
molecules from the more concentrated solution side to the
dilute solution side and, macroscopically, for the build-up of
diffusion induced electro-osmosis in the opposite direction to
that of chemico-osmosis.

A theoretical investigation of the conditions that are ex-
pected to promote such anomalous osmotic behaviour, with
emphasis on the role played by diffusion induced electro-
osmosis, was conducted by Guarena et al. (2022) in the frame
of the uniform-potential approach, which has been widely
adopted to model the semipermeable properties of clay soils
(e.g., Marine and Fritz 1981; Revil and Leroy 2004; Appelo
and Wersin 2007; Jougnot et al. 2009; Dominijanni and Man-
assero 2012b; Manassero et al. 2018). Whenever the pore so-
lution comprises a single cationic species, the osmotically
induced water movement through chemically active clays,
as driven by a gradient in the ionic concentrations, can be
shown to be dominated by chemico-osmosis and any devia-
tion in the measured reflection coefficient from the 0 to 1
range is therefore likely to be modest. This conclusion is con-
sistent with the available experimental evidence concerning
negative anomalous osmosis in single-electrolyte and non-
short-circuited systems, in which negative ω values lower
than – 0.01 have never been reported. However, in the pres-
ence of two or more cationic species that have different
aqueous-phase diffusion coefficients, the contribution of dif-
fusion induced electro-osmosis to the overall osmotic flow
may be comparable to or even greater than that associated
with chemico-osmosis, and large deviations in the measured
reflection coefficient from the 0 to 1 range are likely to be
observed.

Since there is currently no evidence on these latter condi-
tions, and such evidence is of paramount importance to eval-
uate the field performance of engineered bentonite-based
containment barriers, the objective of this paper is to present
the results of a multi-stage membrane test carried out on
a natural sodium bentonite in contact with aqueous mix-
tures of sodium chloride and potassium chloride. The ob-
tained results have been interpreted through the theoret-
ical framework outlined by Guarena et al. (2022), with a
view to assessing the extent to which the measured reflec-
tion coefficient deviates from predictions based on pure
chemico-osmosis when two monovalent cations, which dif-
fuse at different rates in water, are simultaneously present
in the pore solution. Besides negative anomalous osmosis,
the possible occurrence of the so-called “positive anoma-
lous osmosis”, ω > 1, as documented by Yaroshchuk et al.
(1993) and Hahn and Woermann (1996) for a phenolsulfonic
acid-formaldehyde cation exchange membrane, has also been
investigated.
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Materials and methods

Bentonite and salt solutions
The powdered bentonite tested in this study was the same

as the Indian sodium bentonite described by Dominijanni et
al. (2013, 2018), which is used for the industrial production
of a needle-punched geosynthetic clay liner. The cation ex-
change capacity was found to vary in the 97 to 104 meq/100 g
range by Dominijanni et al. (2019b), who adopted the methy-
lene blue titration method as a testing procedure that is able
to maintain a dispersed soil fabric and, hence, to enhance the
accessibility of the bentonite exchange sites. The mineralog-
ical composition was assessed by Dominijanni et al. (2013)
through the X-ray diffraction technique and was observed to
mainly consist of smectite (>98%), whereas the other con-
stituents, such as calcite, quartz, mica, and gypsum, were
only present in traces. The liquid limit and plastic limit were
found to be equal to 525% and 63%, respectively, and the hy-
draulic conductivity at a 27.5 kPa confining effective stress
resulted to be equal to 8 × 10−12 m/s, using deionised water
(DW) as the permeant liquid. The specific gravity was equal
to 2.65.

The salt solutions were prepared with sodium chloride
(NaCl) and potassium chloride (KCl) (ACS reagent, purity ≥
99%, purchased from Merck KGaA, Darmstadt, Germany).
Deionised water was used as the solvent (pH = 6.95;
EC20◦C = 2 μS/cm, where EC20◦C is the electrical conductivity
at a temperature of 20 ◦C), which was obtained by treating
tap water through a series of activated carbon filters, a re-
verse osmosis process and, finally, an ultraviolet lamp (Elix
Water Purification System). The sodium (Na+) and potassium
(K+) ion concentrations of the liquid samples that were col-
lected during the multi-stage membrane test were measured
using inductively coupled plasma optical emission spectrom-
etry or ICP-OES (Optima 2000 DV, produced by Perkin Elmer,
Waltham, Mass., USA), whereas the calcium (Ca2+) and mag-
nesium (Mg2+) ion concentrations, which were expected to
be significantly lower than the monovalent ion concentra-
tions, were measured using inductively coupled plasma mass
spectrometry or ICP-MS (iCAP Q, produced by Thermo Fisher
Scientific, Waltham, Mass., USA). As the two double-stage dif-
fusion tests, which were carried out after completion of the
multi-stage membrane test to evaluate the matrix tortuosity
factor of the porous stones, only involved the use of KCl so-
lutions, the concentration of KCl of the collected liquid sam-
ples was determined, in this latter case, from the measured
electrical conductivity, EC, according to the calibration curve
shown in Fig. 1.

Testing apparatus
The semipermeable properties of the natural sodium ben-

tonite in equilibrium with mixed aqueous solutions of NaCl
and KCl were investigated by means of a laboratory apparatus
which is similar to that used by Dominijanni et al. (2013) and
described in detail by Malusis et al. (2001). The primary com-
ponents of the testing device are shown in Fig. 2 and include
an osmotic cell, a flow-pump accumulator, a differential pres-
sure transducer, and a data acquisition system.

Fig. 1. Calibration of the potassium chloride (KCl) concentra-
tion, cKCl, with the measured electrical conductivity, EC. R2,
coefficient of determination for the regression line.

The osmotic cell consists of a modified rigid-wall perme-
ameter (70.57-mm inner diameter), where the top piston
and the bottom pedestal are endowed with three drainage
lines. The two peripheral lines allow different electrolyte so-
lutions to circulate at the boundaries of the osmotic cell, so
that a chemical potential gradient is established across the
specimen and is maintained constant throughout the test-
ing stages. The central line is connected to the differential
pressure transducer (UNIK 5000 Silicon Pressure Sensor, ac-
curacy ± 0.1% FS BSL, produced by GE Measurement & Con-
trol, Billerica, Mass., USA), which enables the difference in hy-
draulic head, �h, to be measured between the porous stones.
The hydraulic head in the circulation loops through the top
piston and the bottom pedestal is monitored by two addi-
tional relative pressure transducers. The flow-pump accumu-
lator consists of a dual-carriage syringe pump and two stain-
less steel actuators (Model 33 Twin Syringe Pump, produced
by Harvard, Holliston, Mass., USA), which simultaneously in-
ject and withdraw the same volume of solution from both the
upper and lower boundaries of the osmotic cell to prevent a
liquid volumetric flux from occurring through the specimen.

Three main differences can be identified between the labo-
ratory apparatus used in this study and the one described by
Dominijanni et al. (2013). First, a custom-made steel frame
was manufactured and assembled on the osmotic cell to
make the top piston stiffer in the vertical direction, so that
the void ratio of the specimen was controlled more accurately
than in previous studies and, as a result, the condition of null
volumetric strain was ensured throughout the test. The fresh
salt solutions used to replenish the flow-pump actuators were
prepared directly inside two separate filtering flasks, wherein
vacuum was applied for a duration of 30 min immediately be-
fore each refilling operation to minimise the presence of air
in the apparatus. Finally, because of the scattering that was
observed by Dominijanni et al. (2013, 2018) in the measured
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Fig. 2. Schematic view of the membrane test apparatus (not to scale).

hydraulic head difference, which entailed a certain degree of
uncertainty in the determination of the steady-state value of
�h, the osmotic cell was modified by inserting 2-mm-thick
brass spacers between the bottom porous stone and the bot-
tom pedestal and, in the same way, between the top porous
stone and the top piston, as illustrated in Fig. 3. In this way,
the salt solutions were not forced to flow through the porous
stones, which had been recognised as the cause of the scatter-
ing in the aforementioned experimental measurements, but
instead flowed through interstices that were thick enough to
avoid any accidental clogging and, hence, exerted negligible
resistance to the liquid motion.

Specimen preparation
Prior to membrane testing, the sodium bentonite was sub-

jected to the same “squeezing” procedure that was described
in detail by Dominijanni et al. (2013, 2018) to remove any
excess soluble salts that are naturally contained in the pow-
dered material. Briefly, this conditioning procedure consists
of a series of consecutive phases of hydration with DW and
drained consolidation within a consolidometer, while the EC
of the sampled solution is periodically measured to evaluate
the soluble salt concentration in the bentonite pore water.

After approximately six squeezing cycles, the measured EC
reached stable values in the 500 to 600 μS/cm range, corre-
sponding to a lower salt concentration than 5 mM. As the EC
of the extracted pore water could not be reduced any further
simply by advection, the salt removal procedure was termi-
nated at the end of the ninth cycle.

The squeezed sodium bentonite, oven-dried at 105 ◦C and
sifted through an ASTM No. 200 mesh sieve, was hydrated
once again with DW up to a water content of 438.5%, which
was slightly lower than the liquid limit measured on the
raw bentonite. The mixture in the plastic state was then
worked with a spatula until a gel-like structure was obtained,
which reflects the formation of a dispersed fabric of evenly
distributed smectite unit layers (Guyonnet et al. 2005). A
known amount of the clay-water mixture (dry mass equal
to 21.94 g) was uniformly distributed inside the modified
rigid-wall permeameter and sandwiched between two sin-
tered porous stones (28-WF4074, produced by Wykeham Far-
rance, Liscate, Italy), the physical properties of which are
listed in Table 1. Filter papers were placed between the speci-
men and the porous stones, so as to partially prevent the ben-
tonite particles from migrating into the porous stones. A ver-
tical load was applied to the shaft of the top piston by means
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Fig. 3. Detail of the modified rigid-wall permeameter
equipped with brass spacers to separate the porous stones
from the top piston and the bottom pedestal.

Table 1. Properties of the sintered porous stones (as de-
clared by the manufacturer).

Thickness, Ld (mm) 6

Diameter, dd (mm) 70

Porosity, nd (−) 0.43

Hydraulic conductivity, kd (m/s) 5 × 10–5 ± 4 × 10–6

of a pneumatic actuator, and gradually increased to consol-
idate the bentonite specimen under a total vertical stress of
400 kPa. At the end of consolidation, the specimen height, Lb,
and its void ratio, eb, were equal to 10.27 mm and 3.85, respec-
tively. After the piston was locked in place and the drainage
lines were connected to the ports of the osmotic cell, DW was
continuously infused at both the upper and lower boundaries
for a period of 19 days to establish a salt concentration gra-
dient between the pore solution and the external bulk solu-
tion, so that the specimen could be further rinsed of any ex-
cess soluble salts through a purely diffusive mechanism be-
fore membrane testing was initiated. Although the extent of
soluble salt removal by this latter purification phase could
not be verified, diffusion is expected to be particularly effec-
tive when the salt concentrations are so low that purification
methods based on advection do not produce any appreciable
effect (Sample-Lord and Shackelford 2016).

Testing procedures
The multi-stage membrane test was carried out by circu-

lating different salt solutions through the upper (x = xL) and
lower (x = x0) boundaries of the osmotic cell at a circulation
rate of 0.05 mL/min, which has been found to be sufficiently
fast to minimise the ionic concentration changes that are
caused by diffusion through the porous medium and, at the
same time, sufficiently slow to allow the ionic molar fluxes
to be measured (Malusis et al. 2001, 2015; Dominijanni et

al. 2013, 2018). A constant difference in KCl concentration of
9 mM was imposed for the entire duration of the membrane
test by maintaining the KCl concentrations of the solutions
injected into the upper, cKCl,L, and lower, cKCl,0, boundaries
equal to 10 and 1 mM, respectively. While KCl was the only
salt present in the solution circulating through the upper
boundary (i.e., cNaCl,L = 0), the NaCl concentration of the solu-
tion injected into the lower boundary, cNaCl,0, was increased
stepwise from 0 to 40 mM (Table 2), so that the latter so-
lution corresponded to the hypotonic solution for the first
three testing stages and to the hypertonic solution for the
last three testing stages.

The hydraulic head difference induced across the speci-
men and the EC of the solutions exiting from the upper
and lower boundaries were measured during all the stages.
While �h was continuously monitored at time increments
of 120 s, samples of the solutions exiting from the osmotic
cell boundaries were collected for EC measurement when the
flow-pump system was briefly halted to refill the hydraulic
actuators, which have a capacity of 72 h before the plunger
barrel reaches the end of the actuator housing at a circula-
tion rate of 0.05 mL/min. Once steady-state conditions were
deemed to have been achieved for each testing stage, on the
basis of the measured �h and EC, the liquid samples collected
after the last replenishment of the flow-pump actuators were
further analysed to determine the molar concentrations of
Na+, K+, Ca2+, and Mg2+ ions, and the subsequent testing
stage was then initiated.

The steady-state molar fluxes of the i-th ionic species en-
tering the upper boundary, (Ji,L)ss, and exiting from the lower
boundary, (Ji,0)ss, which were both expected to approach the
steady-state molar flux across the specimen, (Ji)ss, were deter-
mined as follows (Shackelford 1991):

(Ji,L )ss = vw

A

(
cexit

i,L − ci,L
)

(1a)

(Ji,0)ss = vw

A

(
ci,0 − cexit

i,0

)
(1b)

where vw is the circulation rate imposed by the flow pump
(0.05 mL/min), A is the inner cross-sectional area of the rigid-
wall permeameter (3.911 × 10–3 m2), ci,L and ci,0 are the
concentrations of the i-th ionic species in the solutions in-
jected into the upper and lower boundaries, respectively, cexit

i,L
and cexit

i,0 are the steady-state concentrations of the i-th ionic
species in the solutions withdrawn from the upper and lower
boundaries, respectively.

When the circulation channels in the top piston and
bottom pedestal are such that the salt solutions flow outside
the porous filter plates, which bind the clay specimen on
both sides, and the diffusive resistance of the filter plates
themselves is not negligible relative to that of the clay
specimen, as is the case with the testing apparatus and
natural bentonite used in the present study, it is essential
to account for the effect of solute diffusion through the
sintered porous stones to correctly assess the transport
properties of the tested bentonite (Barbour et al. 1996; Glaus
et al. 2008; Yaroshchuk and Van Loon 2008; Yaroshchuk et al.
2008, 2009; Sample-Lord and Shackelford 2018). Therefore,
after the apparatus had been disassembled at the end of
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Table 2. Measured values of the ionic concentrations and of the hydraulic head difference during the multi-stage
membrane test on the natural sodium bentonite.

Values at steady state

cNaCl,L(mM) cKCl,L(mM) cNaCl,0(mM) cKCl,0(mM) cexit
Na,L(mM) cexit

K,L (mM) cexit
Ca,L(mM) cexit

Mg,L(mM) cexit
Na,0(mM) cexit

K,0(mM) cexit
Ca,0(mM) cexit

Mg,0(mM) (�h)ss(m)

0 10 0 1 1.45 9.37 0.011 0.022 0.43 0.98 0.001 0.004 1.733

0 10 5 1 1.22 9.28 0.010 0.024 5.23 1.14 0.003 0.010 1.121

0 10 8 1 0.90 9.41 0.009 0.023 8.33 1.23 0.002 0.008 0.510

0 10 12 1 0.80 9.40 0.009 0.022 12.10 1.32 0.003 0.009 0.306

0 10 20 1 0.60 9.89 0.008 0.021 19.62 1.53 0.005 0.015 − 0.204

0 10 40 1 1.09 a 10.69 a 0.007 0.020 45.59 a 1.67 a 0.004 0.016 − 0.510

Note: cNaCl,L and cNaCl,0, NaCl concentrations of the solutions injected into the upper and lower boundaries, respectively; cKCl,L and cKCl,0, KCl concentrations
of the solutions injected into the upper and lower boundaries, respectively; cexit

i,L and cexit
i,0 , concentrations of the i-th ionic species of the solutions withdrawn

from the upper and lower boundaries, respectively; (�h)ss, difference in hydraulic head of the bulk solution across the specimen.
a The marked values of ionic concentration were not used to calculate the ionic molar fluxes.

Table 3. Measured values of the KCl concentration during the double-stage diffusion tests on the porous stones.

Values at steady state

cNaCl,L(mM) cKCl,L(mM) cNaCl,0(mM) cKCl,0(mM) cexit
KCl,L(mM) cexit

KCl,0(mM) cavg
KCl,L(mM) cavg

KCl,0(mM)

Top porous stone 0 10 0 0 9.30 0.83 9.65 0.41

0 20 0 0 17.89 1.78 18.94 0.89

Bottom porous stone 0 10 0 0 9.34 0.73 9.67 0.36

0 20 0 0 18.48 1.61 19.24 0.81

Note: cNaCl,L and cNaCl,0, NaCl concentrations of the solutions injected into the upper and lower boundaries, respectively; cKCl,L and cKCl,0, KCl concentrations of the
solutions injected into the upper and lower boundaries, respectively; cexit

KCl,L and cexit
KCl,0, KCl concentrations of the solutions withdrawn from the upper and lower boundaries,

respectively; cavg
KCl,L and cavg

KCl,0, average KCl concentrations of the solutions circulating at the upper and lower boundaries, respectively.

the membrane test, any bentonite adhering to the surface
of the porous stones was mechanically removed and the
porous stones were allowed to equilibrate with DW. Two
double-stage diffusion tests were then conducted to measure
the diffusive properties of the porous stones in the “used”
state, i.e., after an overall contact time of 131 days with the
bentonite specimen. Each diffusion test was carried out on
a single porous stone, using the same modified rigid-wall
permeameter and testing procedures that were adopted for
membrane testing, but circulating DW at the lower boundary
and varying the KCl concentration of the solutions infused at
the upper boundary from 10 to 20 mM (Table 3). The porous
stones were supported laterally with polytetrafluoroethylene
(PTFE) flat seals to prevent sidewall diffusion from occurring,
and care was taken to avoid any difference in hydraulic head
between the upper and lower boundaries during the refilling
phases of the flow-pump actuators.

Since any residual soluble salts were removed from the
porous stones through equilibration with DW prior to diffu-
sion testing, only K+ and Cl− ions were assumed to contribute
to the measured EC of the sampled solutions, so that the mo-
lar concentrations of KCl for the fluxes withdrawn from the
upper, cexit

KCl,L, and lower boundary, cexit
KCl,0, were estimated from

the EC measurements and the calibration curve shown in Fig.
1. Therefore, as opposed to the membrane test, it was possi-
ble not only to calculate the steady-state values at each testing
stage but also the trends over time of the KCl molar fluxes en-
tering the upper boundary, JKCl,L, and exiting from the lower
boundary, JKCl,0, as follows:

JKCl,L = vw

A

(
cexit

KCl,L − cKCl,L
)

(2a)

JKCl,0 = vw

A

(
cKCl,0 − cexit

KCl,0

)
(2b)

Under steady-state conditions, the trends over time of the
JKCl,L and JKCl,0 fluxes were expected to approach the same
asymptotic value, corresponding to the steady-state molar
flux, (JKCl)ss.

Test results
The multi-stage membrane test was performed using

squeezed sodium bentonite, which had preliminarily been
hydrated with DW up to a water content that was close to
the liquid limit, then worked with a spatula to promote the
formation of a dispersed fabric and, finally, consolidated un-
til a height of 10.27 mm was attained (i.e., eb = 3.85). The a
priori estimated eb was verified at the end of the test by mea-
suring the water content of the bentonite, which resulted to
be equal to 145.3%.

The measured difference in hydraulic head between the up-
per and lower boundaries of the osmotic cell is shown in Fig.
4 as a function of time. The estimation of the steady-state
values of the hydraulic head difference, (�h)ss, which are re-
ported in Table 2, was based on a critical examination of the
overall experimental trend, and steady-state conditions were
found to be achieved after approximately two weeks from
the beginning of each testing stage. Therefore, apart from
the first two stages, which were prolonged for a period of 21
days, each of the remaining stages lasted 14 days.

Similar conclusions can be drawn from an analysis of the
trend over time of the measured increase in electrical conduc-
tivity of the solution circulating through the upper boundary,
�ECL, and the decrease in electrical conductivity of the solu-
tion circulating through the lower boundary, �EC0:

ΔECL = ECexit
L − ECL(3a)
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Fig. 4. Hydraulic head difference, �h, as a function of time during the multi-stage membrane test conducted on the natural
sodium bentonite.

ΔEC0 = EC0 − ECexit
0(3b)

where ECL and EC0 are the electrical conductivities of the salt
solutions injected into the upper and lower boundaries, re-
spectively, ECexit

L and ECexit
0 are the electrical conductivities

of the salt solutions withdrawn from the upper and lower
boundaries, respectively.

Although both �ECL and �EC0 approached steady-state
values after a period of approximately two weeks from the
beginning of each testing stage, �ECL eventually overcame
�EC0 in all the stages (Fig. 5). As discussed by Dominijanni et
al. (2018), the observed phenomenon can be ascribed to the
presence of excess soluble salts in the bentonite pores that
had not been entirely removed by the implemented purifica-
tion procedures and, hence, contributed to a certain extent
to the EC measurements during membrane testing.

The above evidence was confirmed from the measured con-
centrations of the ionic species in the circulation outflows
(Table 2) and the ionic molar fluxes that were calculated ac-
cording to eqs. 1a and 1b (Table 4). Indeed, although the Ca2+

and Mg2+ concentrations were negligible for all the testing
stages and, thus, were assumed to be null for the theoreti-
cal interpretation of the obtained test results, (Ji,L)ss and (Ji,0)ss
were found to diverge from each other due to the presence
of residual soluble NaCl in the pore solution. In particular,

(JNa,L)ss was larger than (JNa,0)ss, thereby suggesting an outward
migration of soluble Na+ ions from the bentonite specimen
to both the upper and lower boundaries of the osmotic cell.
Such outward migration of soluble Na+ ions was found to be
compensated by an inward migration of K+ ions from the
boundaries of the osmotic cell to the bentonite specimen,
since (JK,L)ss was lower than (JK,0)ss. The observed divergence
was particularly notable during the early stages, because of
the relatively low values of the boundary salt concentrations,
thus the steady-state molar fluxes of Na+ and K+ ions across
the specimen were assessed by averaging (Ji,L)ss and (Ji,0)ss to re-
duce the error that had been introduced by this contribution
(Table 4):

(Ji )ss = (Ji,L )ss + (Ji,0)ss
2

(4)

All the Na+ and K+ concentration measurements were used
to calculate the fluxes, apart from the concentration values
that were measured for the last testing stage. The outcomes of
the chemical analyses that were conducted on the liquid sam-
ples collected at the end of the sixth stage were not consistent
with the imposed boundary salt concentrations and, in gen-
eral, with the ionic concentrations that had been measured
in the earlier stages, thus suggesting that an experimental
error might have altered the results of the aforementioned
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Fig. 5. Variations in electrical conductivity, �EC, of the solutions circulating through the upper and lower boundaries of the
osmotic cell as a function of time during the multi-stage membrane test conducted on the natural sodium bentonite.

Table 4. Calculated steady-state values of the ionic molar fluxes for the multi-stage membrane test conducted on the natural
sodium bentonite (first to fifth testing stages).

(JNa,L)ss
(×10–7 mol·m−2·s−1)

(JK,L)ss
(×10–7 mol·m−2·s−1)

(JNa,0)ss
(×10–7 mol·m−2·s−1)

(JK,0)ss
(×10–7 mol·m−2·s−1)

(JNa)ss
(×10–7 mol·m−2·s−1)

(JK)ss
(×10–7 mol·m−2·s−1)

3.086 −1.350 − 0.908 0.044 1.089 −0.653

2.604 −1.530 − 0.496 − 0.300 1.054 −0.915

1.918 −1.247 − 0.712 − 0.496 0.603 −0.871

1.714 −1.269 − 0.206 − 0.681 0.754 −0.975

1.279 −0.244 0.806 − 1.134 1.042 −0.689

Note: (Ji,L)ss and (Ji ,0)ss, steady-state molar fluxes of the i-th ionic species entering the upper boundary and exiting from the lower boundary, respectively; (Ji)ss, steady-state
molar flux of the i-th ionic species across the specimen.

analyses. For this reason, the ionic molar fluxes were not cal-
culated for the sixth testing stage.

The trends of the KCl molar fluxes over time during the
two double-stage diffusion tests, which were conducted to
assess the diffusive properties of the porous stones, were
obtained according to eqs. 2a and 2b, on the basis of
the measured KCl concentrations in the circulation out-
flows (Table 3). Both the first and second stages of the
test carried out on the top porous stone lasted 12 days,
whereas the first and second stages of the test carried
out on the bottom porous stone lasted 14 and 11 days,
respectively. As shown in Fig. 6, steady-state conditions

were achieved at the end of each testing stage, since JKCl,L

and JKCl,0 clearly approached the same asymptotic value,
which corresponded to (JKCl)ss and was determined as follows
(Table 5):

(JKCl )ss = (JKCl,L )ss + (JKCl,0)ss
2

(5)

where (JKCl,L)ss and (JKCl,0)ss were assumed to coincide with the
last calculated values of JKCl,L and JKCl,0, respectively, for the
considered testing stage.
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Fig. 6. Trends of the KCl molar fluxes, JKCl, over time during the double-stage diffusion tests conducted on the porous stones:
(a) first stage on the top porous stone; (b) second stage on the top porous stone; (c) first stage on the bottom porous stone; (d)
second stage on the bottom porous stone.

Table 5. Calculated steady-state values of the KCl molar fluxes for the double-stage diffusion tests conducted on the
porous stones.

(JKCl,L)ss(×10–6 mol·m−2·s−1) (JKCl,0)ss(×10–6 mol·m−2·s−1) (JKCl)ss(×10–6 mol·m−2·s−1)

Top porous stone −0.149 −0.176 −0.163

−0.450 −0.380 −0.415

Bottom porous stone −0.141 −0.155 −0.148

−0.324 −0.344 −0.334

Note: (JKCl,L)ss and (JKCl,0)ss, steady-state KCl molar fluxes entering the upper boundary and exiting from the lower boundary, respectively; (JKCl)ss, steady-state
KCl molar flux across the porous stone.
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Fig. 7. Linear regression of the steady-state values of the normalised KCl molar flux (open symbols) versus the imposed KCl
concentration difference, �cKCl: (a) double-stage diffusion test on the top porous stone; (b) double-stage diffusion test on the
bottom porous stone. (JKCl)ss, steady-state KCl molar flux across the porous stone; Ld, thickness of the porous stone; nd, porosity
of the porous stone; and D0,KCl, free-solution diffusion coefficient of KCl.

Discussion

Interpretation of double-stage diffusion test
results

Since solutions of a single salt (i.e., KCl) were infused at
the upper boundary of the rigid-wall permeameter to test the
porous stones for their diffusive properties, the following re-
lation holds between the matrix tortuosity factor, τm,d, of the
porous stones, which behave as non-semipermeable porous
media, and (JKCl)ss under null-volumetric-liquid-flux condi-
tions (Shackelford and Daniel 1991; Manassero and Shack-
elford 1994):

τm,d = Ld

ndD0,KCl

[
(JKCl )ss
ΔcKCl

]
q=0

(6)

where nd is the porosity and Ld is the thickness of the porous
stones, D0,KCl is the free-solution or aqueous-phase diffusion
coefficient of KCl (1.99 × 10–9 m2/s), and ΔcKCl = cavg

KCl,0 − cavg
KCl,L

is the difference between the average steady-state KCl concen-
trations at the lower, cavg

KCl,0, and upper boundary, cavg
KCl,L, which

are defined as follows (Table 3):

cavg
KCl,0 = cKCl,0 + cexit

KCl,0

2
(7a)

cavg
KCl,L = cKCl,L + cexit

KCl,L

2
(7b)

The τm,d parameter was independently estimated for the
tested porous stones by fitting the experimental data to the
linear relation given by eq. 6, wherein τm,d represents the
slope of the normalised steady-state molar flux of KCl versus
�cKCl (Fig. 7). The matrix tortuosity factor resulted to be equal

to 0.153 and 0.124 for the top and bottom porous stones, re-
spectively. Thus, τm,d = 0.139 was assumed for the theoret-
ical interpretation of the membrane test results as an aver-
age value that was representative of both the tested porous
stones, since the differences in the measured diffusive prop-
erties were within the experimental uncertainty associated
with the testing methods.

The estimated value of τm,d pertains to the “used” state,
in which the diffusive resistance of the porous stones is af-
fected by the bentonite particles that infiltrated during mem-
brane testing, thus leading to changes in the geometry of
the diffusive pathways. As such, τm,d progressively changed
while testing the bentonite specimen for its semipermeable
properties and it was therefore not constant over time, stricto
sensu. However, on the basis of the experimental evidence ob-
tained by Glaus et al. (2008), most of the clogging was ex-
pected to have occurred within the first 33 days of contact
between the specimen and the porous stones, during which
the squeezed sodium bentonite was consolidated and then
equilibrated with DW, thus allowing τm,d to be regarded as
a constant parameter throughout the 98-day-long period of
membrane testing.

Interpretation of multi-stage membrane test
results

The laboratory apparatus used in the present study can be
classified as a “closed hydraulic control system” (Shackelford
2013; Dominijanni et al. 2018, 2019a), whereby the magni-
tude of the hydraulic head difference that is measured across
the semipermeable porous medium is such as to counter-
act the tendency of the osmotic liquid flux, which in turn
is induced by an imposed osmotic pressure difference. Under
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these testing conditions, the global value of the reflection co-
efficient at steady state, ωg, is given by:

ωg =
[

γw(Δh)ss
Δ�

]
q=0;I=0

(8)

where γ w is the water unit weight (9.81 kN/m3), �� is the dif-
ference in osmotic pressure of the external bulk solution be-
tween the top and bottom boundaries of the bentonite spec-
imen, q is the volumetric liquid flux through the bentonite
specimen, and I is the electric current density.

�� can be approximated for dilute aqueous solutions by
means of the van’t Hoff (1887) expression:

Δ� = 2RT (cNa,T + cK,T − cNa,B − cK,B )(9)

where R is the universal gas constant (8.314 J/mol·K), T is the
absolute temperature (293.15 K in the present study), cNa,T

and cNa,B are the concentrations of Na+ ions in the bulk so-
lution at the top and bottom specimen boundaries, respec-
tively, cK,T and cK,B are the concentrations of K+ ions in the
bulk solution at the top and bottom specimen boundaries,
respectively.

A physical interpretation of the reflection coefficient of
clays in aqueous mixed electrolyte solutions was proposed by
Guarena et al. (2022), who resorted to the uniform-potential
approach to derive closed-form analytical solutions to the
nonlinear differential system that describes the steady-state
transport of charged solutes by diffusion and electromi-
gration. Two different mechanisms contribute to determin-
ing the macroscopically measured ωg under null-volumetric-
liquid-flux (q = 0) and null-electric-current-density (I = 0) con-
ditions:

ωg = �c + �e(10)

where �c is the chemico-osmotic contribution, which is only
related to the ionic partition effect in the pore solution, and
�e is the electro-osmotic contribution, which is controlled by
the diffusion potential and, thus, is referred to as diffusion
induced electro-osmosis.

The chemico-osmotic contribution to the measured reflec-
tion coefficient can be assessed as follows:

�c = 1 − Δ�

Δ�
(11)

where Δ� is the difference in osmotic pressure of the pore
solution between the top and bottom boundaries of the ben-
tonite specimen.

In a similar way to eq. 9, Δ� can be approximated by the
van’t Hoff (1887) expression:

Δ� = RT (c̄Na,T + c̄K,T + c̄Cl,T − c̄Na,B − c̄K,B − c̄Cl,B )(12)

where c̄Na,T and c̄Na,B are the concentrations of Na+ ions in the
pore solution at the top and bottom specimen boundaries,
respectively, c̄K,T and c̄K,B are the concentrations of K+ ions
in the pore solution at the top and bottom specimen bound-
aries, respectively, c̄Cl,T and c̄Cl,B are the concentrations of Cl−

ions in the pore solution at the top and bottom specimen
boundaries, respectively.

The partition coefficients of Cl− ions at the top, �Cl,T, and
bottom, �Cl,B, boundaries of the bentonite specimen are ob-

tained from the statement of macroscopic electroneutrality
in the pore solution:

�Cl,T = − c̄′
sk,0

2eb (cNa,T + cK,T )
+

√[ c̄′
sk,0

2eb (cNa,T + cK,T )

]2

+ 1(13a)

�Cl,B = − c̄′
sk,0

2eb (cNa,B + cK,B )
+

√[ c̄′
sk,0

2eb (cNa,B + cK,B )

]2

+ 1(13b)

so that the ionic concentrations in the pore solution at the
top and bottom specimen boundaries are given by:

c̄Cl,T = �Cl,T · (cNa,T + cK,T )(14a)

c̄Na,T = (�Cl,T )−1 · cNa,T(14b)

c̄K,T = c̄′
sk,0

eb
+ c̄Cl,T − c̄Na,T(14c)

c̄Cl,B = �Cl,B · (cNa,B + cK,B )(14d)

c̄Na,B = (�Cl,B )−1 · cNa,B(14e)

c̄K,B = c̄′
sk,0

eb
+ c̄Cl,B − c̄Na,B(14f)

where c̄′
sk,0 is the solid charge coefficient, which depends on

both the bentonite fabric and the cation exchange capacity
(Dominijanni et al. 2018, 2019b).

The electro-osmotic contribution to the measured reflec-
tion coefficient can be assessed as follows:

�e = −F
c̄′

sk,0

eb

Δϕ̄b

Δ�
(15)

where F is Faraday’s constant (9.6485 × 104 C/mol) and Δϕ̄b

is the difference in electric potential of the pore solution be-
tween the top and bottom boundaries of the bentonite speci-
men, which corresponds to the diffusion potential and arises
to enforce the condition of null electric current density when
the ionic species diffuse at different rates in the pore solution.

An approximate analytical solution to the problem of cal-
culating Δϕ̄b can be obtained on the basis of the constant-
field assumption, i.e., on the assumption that the electric po-
tential of the pore solution varies linearly over the length
of the porous medium (Goldman 1943). For the considered
multi-stage membrane test, which was carried out using so-
lutions of two 1:1 type electrolytes with a common anion, the
constant-field assumption leads to the following explicit so-
lution for Δϕ̄b:

Δϕ̄b = RT
F

· ln
(

D0,Nac̄Na,B + D0,Kc̄K,B + D0,Clc̄Cl,T

D0,Nac̄Na,T + D0,Kc̄K,T + D0,Clc̄Cl,B

)
(16)

where the free-solution or aqueous-phase diffusion coeffi-
cients of sodium, D0,Na, potassium, D0,K, and chloride, D0,Cl,
ions at the testing temperature are equal to 1.33 × 10–9,
1.96 × 10–9, and 2.03 × 10–9 m2/s, respectively (Shackelford
and Daniel 1991).

The ionic concentrations in the bulk solution at the top
and bottom specimen boundaries are not known a priori and,
hence, their values need to be determined from the condition
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of continuity in the molar fluxes of Na+ and K+ ions at steady
state. For the adopted testing apparatus, where the bentonite
specimen was interposed between two porous stones that ex-
hibited non-negligible resistance to ionic diffusion (Fig. 3),
the continuity condition results in the following nonlinear al-
gebraic system of four equations in four unknowns (i.e., cNa,T,
cK,T, cNa,B, and cK,B):

(JNa,b)ss = (JNa,dT )ss(17a)

(JK,b)ss = (JK,dT )ss(17b)

(JNa,b)ss = (JNa,dB )ss(17c)

(JK,b)ss = (JK,dB )ss(17d)

where (JNa,b)ss, (JNa,dT)ss, and (JNa,dB)ss are the steady-state mo-
lar fluxes of Na+ ions through the bentonite specimen, the
top porous stone, and the bottom porous stone, respectively,
(JK,b)ss, (JK,dT)ss, and (JK,dB)ss are the steady-state molar fluxes
of K+ ions through the bentonite specimen, the top porous
stone, and the bottom porous stone, respectively.

In the frame of the constant-field theory, the steady-state
molar fluxes of Na+ and K+ ions through the bentonite spec-
imen can be calculated as follows:

(JNa,b)ss = −nbτm,bD0,Na

Lb

F
RT

Δϕ̄b
c̄Na,T exp

( F
RT Δϕ̄b

) − c̄Na,B

exp
( F

RT Δϕ̄b
) − 1

(18a)

(JK,b)ss = −nbτm,bD0,K

Lb

F
RT

Δϕ̄b
c̄K,T exp

( F
RT Δϕ̄b

) − c̄K,B

exp
( F

RT Δϕ̄b
) − 1

(18b)

where nb is the porosity and τm,b is the matrix tortuosity fac-
tor of the bentonite specimen.

The top and bottom porous stones do not exhibit semiper-
meable properties, therefore the corresponding steady-state
molar fluxes of Na+ and K+ ions can be calculated as follows:

(JNa,dT )ss = −ndτm,dD0,Na

Ld

F
RT

ΔϕdT
cNa,L exp

( F
RT ΔϕdT

) − cNa,T

exp
( F

RT ΔϕdT
) − 1

(19a)

(JK,dT )ss = −ndτm,dD0,K

Ld

F
RT

ΔϕdT
cK,L exp

( F
RT ΔϕdT

) − cK,T

exp
( F

RT ΔϕdT
) − 1

(19b)

(JNa,dB )ss = −ndτm,dD0,Na

Ld

F
RT

ΔϕdB
cNa,B exp

( F
RT ΔϕdB

) − cNa,0

exp
( F

RT ΔϕdB
) − 1

(19c)

(JK,dB )ss = −ndτm,dD0,K

Ld

F
RT

ΔϕdB
cK,B exp

( F
RT ΔϕdB

) − cK,0

exp
( F

RT ΔϕdB
) − 1

(19d)

where �ϕdT and �ϕdB are the liquid junction potentials across
the top and bottom porous stones, respectively (Revil 1999):

ΔϕdT = RT
F

· ln
[

D0,NacNa,T + D0,KcK,T + D0,Cl (cNa,L + cK,L )
D0,NacNa,L + D0,KcK,L + D0,Cl (cNa,T + cK,T )

]
(20a)

ΔϕdB = RT
F

· ln
[

D0,NacNa,0 + D0,KcK,0 + D0,Cl (cNa,B + cK,B )
D0,NacNa,B + D0,KcK,B + D0,Cl (cNa,0 + cK,0 )

]
(20b)

Equations 19 and 20 hold true for perfectly flushing bound-
ary conditions, i.e., when the imposed circulation rate is suf-
ficiently fast for the average steady-state ionic concentrations
at the upper and lower boundaries of the osmotic cell to be

Fig. 8. Steady-state hydraulic head difference across the ben-
tonite specimen, (�h)ss, as measured during the multi-stage
membrane test (open symbols), and theoretical interpreta-
tion based on c̄′

sk,0 = 180 mM and τm,b = 0.22 (continuous
line). The chemico-osmotic and electro-osmotic contributions
to the measured (�h)ss are highlighted with short-dashed and
long-dashed lines, respectively.

approximately equal to the values of the solutions used to re-
plenish the flow-pump actuators. Such condition was judged
to be satisfied for the multi-stage membrane test conducted
in this study, since migration of ions through the bentonite
specimen only caused a limited variation in the ionic concen-
trations of the solutions injected into and withdrawn from
both boundaries of the osmotic cell (Table 2):

cNa,L = cNaCl,L(21a)

cK,L = cKCl,L(21b)

cNa,0 = cNaCl,0(21c)

cK,0 = cKCl,0(21d)

As a result of the hypothesis of perfectly flushing bound-
ary conditions, any potential source of error that affected the
measured ionic concentrations in the circulation outflows,
as pointed out for the last testing stage, did not influence the
calibration of the c̄′

sk,0 and τm,b parameters and, ultimately,
the assessment of the global reflection coefficient. c̄′

sk,0 and
τm,b were determined by fitting the experimental (�h)ss val-
ues, which are listed in Table 2, to the theoretically predicted
(�h)ss, using the mechanistic model developed by Guarena et
al. (2022) and the calculation scheme outlined above to ac-
count for the effect of diffusion through the porous stones.

A high value of the coefficient of determination (R2 = 0.960)
was observed in correspondence to c̄′

sk,0 = 180 mM and
τm,b = 0.22, which allowed the membrane test results to be
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Fig. 9. Ionic concentration profiles in the pore solution calculated for the third stage of the membrane test: (a) sodium (Na+)
ions; (b) potassium (K+) ions; (c) chloride (Cl−) ions.

accurately interpreted. The obtained τm,b was consistent with
the values that had been estimated by Dominijanni et al.
(2018) (matrix tortuosity factor ranging from 0.187 to 0.203)
for the same Indian sodium bentonite, as expected consider-
ing the similar porosities of the tested specimens (Guarena
et al. 2024), whereas Dominijanni et al. (2018) reported a c̄′

sk,0
value of 110 mM, which was considerably lower than the one
obtained in the present study. This latter evidence suggests
that working the bentonite with a spatula at a water con-
tent close to the liquid limit, prior to consolidation of the
specimen and initiation of the membrane test, was effective
in promoting dispersion of the soil fabric, which in turn re-
sulted in a greater influence of the surface electrical charge
on the coupled transport of water and ions.

The theoretical model developed by Guarena et al. (2022)
is suitable for appreciating the different mechanisms that
contributed to the build-up of the measured hydraulic head
difference under null-volumetric-liquid-flux conditions. As il-
lustrated in Fig. 8, the presence of a single salt (i.e., KCl),
which dissociated into cations and anions with similar dif-
fusivities, was associated with the predominant contribution

of chemico-osmosis during the first testing stage, as the dif-
fusion potential that was necessary to enforce the electric
current density to be null was negligible. However, the pres-
ence of NaCl in the solution circulating through the lower
boundary caused Na+ ions to diffuse upwards from the bot-
tom to the top porous stone during the subsequent testing
stages, i.e., in the opposite direction to that of K+ ions, with
the system approaching a condition of pure counterdiffusion
due to the low permeability of the bentonite specimen to
Cl− ions (Shackelford and Daniel 1991). This counterdiffusion
of the cationic species in the absence of any significant dif-
fusive flux of the anionic species is further enlightened in
Fig. 9, which reports the concentration profiles of Na+, K+,
and Cl− ions in the pore solution calculated via the constant-
field theory for the third testing stage (cNaCl,0 = 8 mM). If
any other driving force had not been superimposed onto the
ionic concentration gradients, a surplus of positive and neg-
ative electric charge would have accumulated at the lower
and upper boundaries, respectively, as a result of purely dif-
fusive transport. A negative diffusion potential, with the cath-
ode corresponding to the top specimen boundary and the
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Table 6. Results of the calculation of the reflection coefficient, ωg, and diffusion potential, Δϕ̄b, for the multi-stage membrane
test conducted on the natural sodium bentonite.

Δϕ̄b(mV)

�L − �0(kPa) �T − �B(kPa) ωg(−) Approximate solution Exact solution Error on Δϕ̄b (%)

43.87 24.49 0.694 0.021377 0.021381 0.0194

19.50 11.20 0.982 − 0.263890 − 0.263913 0.0088

4.87 4.81 1.040 − 0.396956 − 0.396964 0.0021

− 14.62 − 2.43 − 1.234 − 0.554123 − 0.554126 0.0005

− 53.62 − 14.19 0.141 − 0.826486 − 0.826748 0.0317

− 151.11 − 37.31 0.134 − 1.325133 − 1.328561 0.2580

Note: �L − �0, osmotic pressure difference between the boundaries of the osmotic cell; �T − �B, osmotic pressure difference between the boundaries of the bentonite
specimen.

Fig. 10. Global reflection coefficient, ωg, obtained from the
multi-stage membrane test (open symbols), and theoretical
interpretation based on c̄′

sk,0 = 180 mM and τm,b = 0.22 (con-
tinuous line). The chemico-osmotic, �c, and electro-osmotic
contributions, �e, to ωg are highlighted with short-dashed
and long-dashed lines, respectively.

anode to the bottom specimen boundary, was thus generated
to “speed up” the slower Na+ ions and “slow down” the faster
K+ ions, so that a charge imbalance was prevented from oc-
curring. Such electrically driven migration of cations towards
the cathode was responsible for a net momentum transfer
to the water molecules in the direction of more negative po-
tential and, given the q = 0 condition, for the build-up of an
electro-osmotic contribution to the measured hydraulic head
difference, the magnitude of which was observed to increase
upon an increase in cNaCl,0. Unlike the chemico-osmotic con-
tribution, which changed sign from positive to negative in
correspondence to a null osmotic pressure difference across
the specimen (�� = 0 at cNaCl,0 = 10.58 mM), the electro-
osmotic contribution was always positive in sign and caused
water movement in the same direction as that of chemico-
osmosis during the second and third testing stages, i.e., when
the solution circulating at the lower boundary corresponded

to the hypotonic solution, and in the opposite direction to
that of chemico-osmosis during the fourth, fifth, and sixth
testing stages, i.e., when the solution circulating at the lower
boundary corresponded to the hypertonic solution.

The imposed osmotic pressure difference between the
boundaries of the osmotic cell, �L——�0, and the calculated
osmotic pressure difference of the bulk solution between the
boundaries of the bentonite specimen, �T——�B, the latter
of which is simply denoted as �� in the present study, are
reported in Table 6 to stress the importance of accounting
for diffusion through the porous stones when interpreting
membrane test results. Indeed, diffusion through the porous
stones caused a drop in �T——�B that ranged from less than 5%
to more than 80% of �L——�0, thereby showing that ignoring
the actual configuration of the three-layered system would
have resulted in an incorrect assessment of the ionic concen-
trations at the specimen boundaries.

Once c̄′
sk,0 and τm,b had been determined for the tested ben-

tonite and �� had been calculated for all the testing stages,
the global reflection coefficient was obtained from the mea-
sured (�h)ss according to eq. 8 (Table 6). The physical interpre-
tation of the experimental values of ωg, as illustrated in Fig.
10, shows that the occurrence of diffusion induced electro-
osmosis during the second and third testing stages caused
the global reflection coefficient to increase, relative to the
(hypothetical) case of pure chemico-osmosis, which would
have been observed if all the ionic species had diffused at the
same rate in the pore solution. In particular, the extent of
the electro-osmotic contribution at cNaCl,0 = 8 mM was such
that ωg resulted to be greater than unity (ωg = 1.040), which
is the first and, at the time of writing, the only experimen-
tal evidence of positive anomalous osmosis in clay soils. On
the other hand, the occurrence of diffusion induced electro-
osmosis during the fourth, fifth, and sixth testing stages
caused the global reflection coefficient to decrease, relative
to the case of pure chemico-osmosis, and resulted in a value
of ωg at cNaCl,0 = 12 mM that was far lower than zero (ωg =
−1.234), which is a manifestation of negative anomalous os-
mosis.

The calculation of the diffusion potential, which allowed
the membrane test results to be theoretically interpreted,
was based on the constant-field assumption. Although this
approach accounts for the effect of nonlinearity in the
ionic concentration profiles, an error was introduced by the
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Fig. 11. Steady-state ionic molar fluxes, (Ji)ss, as measured during the multi-stage membrane test (open symbols), and theoretical
interpretation based on c̄′

sk,0 = 180 mM and τm,b = 0.22 (continuous line): (a) Na+ molar flux; (b) K+ molar flux. cNaCl,0, NaCl
concentration of the solution injected into the lower boundary.

hypothesis of linearity in the electric potential profile, and
this led to an approximate evaluation of Δϕ̄b. With a view to
assessing the magnitude of such error for the boundary con-
ditions of the performed membrane test, the closed-form an-
alytical solution derived by Guarena et al. (2022) was used to
obtain an exact evaluation of Δϕ̄b, which is reported in Table
6. Because of the high nonlinearity of the solving equations,
the exact solution of Δϕ̄b derived by Guarena et al. (2022)
could not be readily implemented within an automatic cal-
culation algorithm to satisfy the condition of continuity in
the ionic molar fluxes through the three-layered system, and
therefore it was only used for the ionic concentrations that
had previously been calculated at the specimen boundaries
according to the constant-field theory. Albeit not rigorous, as
the boundary ionic concentrations depend on the diffusion
potential, the error on Δϕ̄b associated with the use of eq. 16
instead of the exact solution proposed by Guarena et al. (2022)
could be quantified and was shown to always be lower than
3�, thus suggesting that the constant-field theory closely ap-
proximates the actual distribution of the electric potential
for the testing conditions considered herein.

Finally, the steady-state molar fluxes of Na+ and K+ ions,
as measured for each testing stage and reported in Table 4,
were compared with the theoretical predictions based on the
values of c̄′

sk,0 and τm,b previously calibrated with a view to
interpreting the measured hydraulic head difference. Apart
from the data pertaining to the early stages of the membrane
test, which were affected by the presence of residual soluble
NaCl in the bentonite pores, the fairly good agreement that
can be observed in Fig. 11 further supports the conclusions
that have been drawn about the role of diffusion induced
electro-osmosis as the mechanism that is responsible for the
observed osmotic anomalies.

Conclusions
A multi-stage membrane test was carried out on a natural

sodium bentonite, which is used for the industrial produc-
tion of a needle-punched geosynthetic clay liner, to measure
its global reflection coefficient, ωg, in equilibrium with aque-
ous solutions of mixed electrolytes. The concentrations of
potassium chloride (KCl) of the solutions circulating through
the upper and lower boundaries of the osmotic cell were kept
constant and equal to 10 and 1 mM, respectively, while the
concentration of sodium chloride (NaCl) of the solution cir-
culating through the lower boundary was varied stepwise in
the 0 to 40 mM range. The theoretical interpretation of the
obtained test results demonstrated that the dominant con-
tribution to the measured ωg was the chemico-osmotic one
when the testing solutions only comprised KCl, whereas the
addition of NaCl to the solution circulating through the lower
boundary was correlated with the enhanced influence of an
electro-osmotic contribution, which was referred to as diffu-
sion induced electro-osmosis and was caused by the different
diffusivities of Na+ and K+ ions. Thus, the build-up of dif-
fusion induced electro-osmosis was recognised as being the
mechanism responsible for the occurrence of positive anoma-
lous osmosis driving water in the direction of increasing os-
motic pressure, with ωg values as high as 1.040, and negative
anomalous osmosis driving water in the direction of decreas-
ing osmotic pressure, with ωg values as low as –1.234.

As real contaminated liquids rarely consist of aqueous so-
lutions of a single electrolyte, the occurrence of these os-
motic anomalies in engineered bentonite-based barriers may
be the norm rather than the exception for most chemical
containment applications. In terms of the advective compo-
nent of contaminant transport, positive anomalous osmosis
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reflects a better containment performance than perfect or
ideal semipermeable porous media (ωg = 1), whereas nega-
tive anomalous osmosis reflects a worse containment perfor-
mance than non-semipermeable porous media (ωg = 0), so
that, in the latter case, the classical (uncoupled) advective-
diffusive transport theory does not necessarily yield a conser-
vative assessment of the contaminant transport rate through
such barriers.
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