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ABSTRACT  

 
The containment performance of bentonite-based barriers is known to be influenced by the semipermeable 

membrane behaviour of the bentonite, which arises from the electrical interactions between the clay particles and the 

ionic species dissolved in the pore solution. Most of the experimental research conducted to date has provided 

evidence of the clay membrane behaviour, the extent of which is typically quantified through the reflection 

coefficient, , when the permeant (electrolyte) solution contains a monovalent or divalent salt. Under such 

conditions, the osmotic counter-flow of solution is controlled to a great extent by the solute exclusion, which is also 

referred to as the chemico-osmotic effect. However, theoretical simulations of coupled solute transport and solvent 

flow suggest that, when two or more cations with different diffusivities are contained in the permeant solution, the 

electro-osmotic effect, which stems from the condition of null electric current density, can be comparable to or even 

greater than the chemico-osmotic effect. The relative importance of the aforementioned contributions to 

multi-electrolyte systems is examined herein through the interpretation of laboratory test results from the literature 

pertaining to a bentonite-amended clay soil permeated with aqueous mixtures of potassium chloride (KCl) and 

hydrochloric acid (HCl). 
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1 INTRODUCTION 

Coupled flow phenomena are relevant for a number 

of geotechnical engineering applications, and the 

mechanisms that underlie such phenomena have 

therefore been the subject of both experimental and 

theoretical research (e.g. Medved and Černý, 2013). 

Among other coupled flow phenomena, mention can be 

made of the electrokinetic remediation of polluted 

fine-grained soils, whereby contaminants are removed 

through the generation of a direct electric current, or the 

enhancement of the mechanical properties of 

low-strength active clays as a result of consolidation, 

which can be induced either via chemico-osmosis or 

electro-osmosis (Shackelford et al., 2019). 

With respect to engineered clay barriers (e.g. 

geosynthetic clay liners and soil-bentonite mixtures), 

which are widely used for chemical containment 

purposes in municipal and hazardous solid waste 

landfills, surface impoundments and deep geological 

repositories of high-level radioactive wastes, coupling 

among the hydraulic, ionic and electrical fluxes and 

non-conjugated driving forces has been shown to 

provide a more accurate simulation of the movement of 

solvent and solutes through clay membranes relative to 

that based on classical transport theories that simply 

relate the fluxes to their conjugated forces (Guarena et 

al., 2020; Manassero, 2020). In fact, as a consequence 

of the net negative electrical surface charge associated 

with smectite minerals (e.g. montmorillonite), which 

represent the primary mineralogical components of 

such clay barriers, anion migration through pores that 

are freely accessible to the water molecules is partially 

restricted. This anionic partitioning effect has been 

identified as being responsible for the semipermeable 

properties of smectitic clays and, as a result, the 

occurrence of coupled fluxes. 

A review of the literature pertaining to clay 

membrane behaviour has demonstrated that, in the 

absence of an externally applied electric potential 

difference, the non-hydraulic component of the water 

movement in porous media, as driven by a gradient in 

the ionic concentrations, is referred to as “chemical 

osmosis,” which suggests that the different resistance 

against the passage of water (H2O) molecules and 

dissolved ionic chemical species is the only cause of the 

coupled phenomenon. Accordingly, the extent to which 

clay soils exhibit membrane behaviour is quantified 

through the laboratory measurement of the so-called 

“chemico-osmotic efficiency coefficient,” represented 

by , which ranges from zero, for non-semipermeable 

membranes, to unity for ideal or perfect semipermeable 
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membranes that prevent all anions from entering the 

pores. 

In terms of uncharged porous media, the 

aforementioned rationale provides a comprehensive 

understanding of the microscale mechanisms that 

govern osmotically induced water movement, since the 

selective restriction of the solutes can be attributed only 

to steric hindrance, which arises when the molecules 

have a larger size than the physical size of the 

membrane pores. However, this interpretation does not 

explain several particular features that are observed in 

the flow behaviour when an electrically charged porous 

medium is interposed between electrolyte solutions of 

different concentrations (Fujita and Kobatake, 1968; 

Sasidhar and Ruckenstein, 1982). For instance, if the 

ratio of the diffusivity of cations to that of anions is less 

than unity, the liquid flux may take place from the more 

concentrated to the dilute solution under isobaric 

conditions, resulting in the so-called “negative 

anomalous osmosis,”  < 0 (Kemper and Quirk, 1972; 

Bresler, 1973; Elrick et al., 1976; Röttger and 

Woermann, 1993). 

The soil science and geotechnical engineering 

literature provides experimental evidence of such 

anomalous osmotic phenomena in active clays. Kemper 

and Quirk (1972) measured the  parameter for 

bentonite, illite and kaolinite clays permeated with 

aqueous solutions of a single salt, adopting a test 

configuration that is referred to as an “open hydraulic 

control system” (Shackelford, 2013; Dominijanni et al., 

2019a). In addition to the osmotic liquid flux, their 

testing apparatus allowed the electromotive force 

(EMF) of the system to be measured through a pair of 

silver-coated electrodes reversible to Cl- ions (i.e. 

Ag/AgCl electrodes), while the known chloride 

concentration difference allowed the portion of the total 

EMF due to the electric potential difference established 

across the specimen, or streaming potential, to be 

estimated. After an initial period in which positive  

values were obtained, a reversal of the osmotic flow 

direction occurred at higher salt concentrations, with 

lower negative  values generally being detected in the 

presence of salts that had dissociated into low-mobility 

multivalent cation species (CaCl2 and LaCl3). 

Interestingly, this reversal occurred approximately at 

the same salt concentration at which the membrane 

potential changed sign. 

Elrick et al. (1976) measured  for a sodium (Na) 

homo-ionic bentonite after having permeated the 

specimen with NaCl solutions, and adopting a test 

configuration that can be classified as a “closed 

hydraulic control system,” since the net liquid flux was 

forced to be null (Malusis et al., 2013; Shackelford, 

2013; Musso et al., 2017; Dominijanni et al., 2018; 

Dominijanni et al., 2019a). The testing procedure 

consisted of a first stage, in which the EMF was 

measured through a pair of Ag/AgCl electrodes under 

non short-circuited conditions, and a second stage, 

wherein the specimen boundaries were electrically 

connected by short-circuiting the reversible electrodes 

and providing a preferential pathway for the passage of 

electrons, in a similar way to what happens within a 

galvanic cell. Although “normal” osmotic behaviour 

was observed during the first stage, with the osmotic 

component of the liquid flux being directed towards the 

more concentrated side, the short-circuiting annulled 

the EMF and, accordingly, a change in sign of the 

membrane potential, which in turn caused the 

occurrence of a strong negative osmosis. 

The results of the aforementioned studies indicate 

that anomalous osmotic phenomena may be related to 

an electro-osmotic effect. In fact, because of the 

presence of non-equivalent concentrations of cations 

and anions within the pore solution, the generation of 

an electric potential difference across the specimen 

leads to a net momentum transfer to the water 

molecules and a resulting liquid flux (Groenevelt and 

Bolt, 1969). When a short-circuiting of the clay 

boundaries is not present, as is the case of most 

geoenvironmental containment scenarios, the 

membrane potential builds up in response to the 

different diffusivities and electrochemical valences of 

the ionic species, and the magnitude is such that the 

condition of a null electric current density is satisfied. 

Considering this, the measured  parameter includes 

both a chemico-osmotic and an electro-osmotic 

component, and the terms “membrane efficiency 

coefficient” and “reflection coefficient” may therefore 

be regarded as being more appropriate when referring 

to the aforementioned phenomenological parameter. 

An alternative interpretation of the Kemper and 

Quirk (1972) and Elrick et al. (1976) experimental 

results was proposed by Olsen et al. (1990), who 

postulated that “diffusion-osmosis,” or the viscous drag 

exerted on the molecular water (H2O) by solutes 

diffusing in response to a chemical potential gradient, 

was the additional mechanism responsible for the 

movement of pore water in the direction of decreasing 

solute concentration. Despite the straightforward 

explanation for negative osmosis, this interpretation 

appears to be inconsistent with the dependence of the 

reflection coefficient on the average salt concentration 

of the bulk solution that was observed by Kemper and 

Quirk (1972), as  values asymptotically approaching 

zero were measured at the highest salt concentrations. 

Under such conditions, wherein the semipermeable 

properties of clays are almost completely suppressed 

and chemico-osmosis no longer affects the measured , 

the occurrence of diffusion-osmosis would lead to 

increasingly higher absolute values of the (negative) 

reflection coefficient with increasing difference in the 

salt concentration across the clay specimen, as 

diffusion-osmosis is hypothesised to be driven only by 

the chemical potential gradient regardless of the anionic 
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partitioning effect. A consistent interpretation of the 

Kemper and Quirk (1972) results can be provided based 

on electro-osmosis, which is annulled similarly to 

chemico-osmosis when the ionic strength of the 

permeant solution is sufficiently high so as to cancel 

out the anionic partitioning effect. 

All of the available experimental evidence 

concerning clay membrane behaviour under non 

short-circuited conditions shows a relatively limited, if 

not negligible, contribution of electro-osmosis 

compared to chemico-osmosis. However, such 

membrane efficiency tests were carried out on clay 

specimens permeated with single-electrolyte solutions 

and, thus, did not account for the influence of the 

simultaneous presence of two or more different 

electrolytes in the pore solution. In order to shed some 

light on this latter condition, reference is made to the 

study by Yaroshchuk et al. (1993), who measured 

reflection coefficient values greater than unity ( > 1), 

which reflects evidence of “positive anomalous 

osmosis.” 

The laboratory test conducted by Yaroshchuk et al. 

(1993) was performed using a phenolsulfonic 

acid-formaldehyde cation exchange membrane that 

separated two reservoirs containing aqueous solutions 

of both NaCl and HCl. The concentration of NaCl, 

referred to as the background electrolyte, was 

maintained the same in both reservoirs and was 

increased stepwise from 0 to 500 mM, while a constant 

difference in HCl concentration of 15 mM was imposed 

by maintaining reservoir HCl concentrations of 5 mM 

and 20 mM. A hydraulic pressure difference was 

applied across the membrane and adjusted to suppress 

the volumetric liquid flux, so that the reflection 

coefficient could be determined according to the 

approach which is commonly adopted for closed 

hydraulic control systems. 

As shown in Fig. 1, the measured  first increased 

with increasing NaCl concentration, NaClc , up to a 

maximum value of about 2.4 at NaClc  50 mM, and 

then decreased and reached values close to unity at 

NaClc  500 mM. This observed flow behaviour clearly 

cannot be explained by chemico-osmosis alone, and not 

even by the existence of an additional diffusion-osmotic 

effect as suggested by Olsen et al. (1990), but only by 

the build-up of an electro-osmotic effect which is 

related to the different diffusion coefficients of H+ and 

Na+ ions in aqueous solution. 

In view of the similarities between such cation 

exchange membranes and smectitic clays, the objective 

of this paper is to present a theoretical framework that 

allows the osmotic phenomena in clay soils to be 

studied, for the case of a permeant (electrolyte) solution 

containing an unspecified number of ionic species. The 

ability of the proposed theory to capture the effect of 

the different mobilities of the cation species contained 

in the pore solution is verified through the 

interpretation of laboratory test results published in the 

geotechnical literature. 

 

 

Fig. 1. Theoretical interpretation (continuous line) of the  

values measured by Yaroshchuk et al. (1993) on a synthetic 

cation exchange membrane permeated with aqueous mixtures of 

NaCl and HCl (open symbols). 

2 THEORETICAL FRAMEWORK 

Almost all of the mechanistic models developed for 

the simulation of transport phenomena through charged 

porous media rely on the Navier-Stokes equation to 

determine the volumetric liquid flux, q, the 

Nernst-Planck equation to determine the molar flux of 

the i-th ionic species, Ji, and the Poisson-Boltzmann 

equation to determine the distribution of the 

electrostatic potential over the pore cross-section. Two 

different approaches may be pursued to find a solution 

to the non-linear differential system of equations. 

According to the first approach, which has come to be 

known as the space-charge model, the aforementioned 

set of equations is solved numerically, without any 

additional simplifying assumption. This approach is, at 

least potentially, applicable to a wide range of scenarios 

(Gross and Osterle, 1968; Sasidhar and Ruckenstein, 

1982). The second approach, which has come to be 

known as the uniform-potential model, dates back to 

the work of Schlögl (1955) and assumes that the 

electrostatic potential does not vary over the pore 

cross-section, thus neglecting the dispersive effect that 

is caused by the microscale fluctuation of the state 

variables. Although the assumption of a uniform 

potential profile leads to some errors for high ionic 

concentrations, this does not seriously limit the 

applicability of such an approach which, unlike the 

previous one, allows solutions to be obtained with a 

relatively little computational effort (Cwirko and 

Carbonell, 1989). 

2.1 Physical interpretation of the reflection 

coefficient of clays 

The reformulation of the uniform-potential model 
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proposed by Dominijanni and Manassero (2012), who 

treated the porous medium as an assembly of 

conductive capillaries with a slit-like geometry, 

enclosed between parallel-aligned solid particles or 

tactoids, is used hereafter to provide a theoretical 

interpretation of the reflection coefficient of clays with 

high specific surface (e.g. bentonites). If the 

aforementioned phenomenological parameter is 

determined via a testing apparatus that allows the 

hydraulic pressure difference, u, or conjugated force, 

across the clay specimen to be measured in the presence 

of an applied osmotic pressure difference, , or 

non-conjugated force, while the volumetric liquid flux 

(direct flux) is hindered, the following physically-based 

expression is obtained under steady-state and fully 

saturated conditions (Dominijanni et al., 2019a): 
 

    
0; 0

1
= =

    
 = = − −  

     
sk

q I

u
F c    (1) 

 

where u is the hydraulic pressure within the external 

bulk solution,  is the osmotic pressure within the 

external bulk solution ( 1= = n
iiRT c ),   is the 

osmotic pressure within the pore solution 

( 1= = n
iiRT c ), I is the electric current density 

( 1== n
ii i

I F z J ), F is Faraday’s constant (9.6485·104 

C·mol-1), skc  are the moles of the solid skeleton 

electric charge per unit volume of the conductive pores 

(Dominijanni et al., 2019b),   is the electric potential 

within the pore solution, R is the universal gas constant 

(8.314 J·mol-1·K-1), T is the absolute temperature, 

which is assumed equal to 293.15 K for all of the 

subsequent analyses, ic  is the concentration of the i-th 

ionic species within the pore solution, ci is the 

concentration of the i-th ionic species within the 

external bulk solution and zi is the electrochemical 

valence of the i-th ionic species. 

As a consequence of the negative electric charge of 

the solid phase, a discontinuity is established in the 

concentration of the i-th ionic species between the pore 

and bulk solutions: 
 

          ( )exp
 

= −  −  
 

i i i
F

c c z
RT

         (2) 

 

where  is the electric potential within the external bulk 

solution. The −  difference, which is known as the 

Donnan potential, can be determined by coupling Eq. 2 

with the statement of macroscopic electroneutrality in 

the pore ( 1== n
sk i iic z c ). 

Eq. 1 allows the different physical mechanisms that 

contribute to determining the measured reflection 

coefficient to be appreciated, which is interpreted as the 

superposition of a chemico-osmotic component 

1
 
 = − 

 
c  and an electro-osmotic component 

 
 = − 

 
e skF c . 

The membrane potential,  , stems from the 

condition of null electric current density, and can be 

expressed as follows: 
 

       
0,

210
0,

1

=

=


 = − 




L n i i i
n

i
j j j

j

z D cRT
dx

F x
z c D

       (3) 

 

where L is the length of the clay specimen and 0,iD  is 

the free-solution or aqueous-phase diffusion coefficient 

of the i-th ionic species. 

According to Revil (1999), the membrane potential 

can, in turn, be decomposed into a “liquid junction 

potential,” which compensates for the separation of the 

charge due to the different mobilities of cations and 

anions in aqueous solution and, therefore, generates 

regardless of the membrane behaviour of the porous 

medium, and an “exclusion potential” which, as the 

term suggests, arises from the exclusion of anions and 

the excess of cations within the pore solution due to the 

development of the diffuse double layers. However, 

electro-osmosis should be regarded as a distinctive 

feature of semipermeable clay soils, i.e., since an 

imbalance in the ionic concentrations within the 

membrane phase (i.e. 0skc ) is a necessary condition 

for electro-osmosis to occur. 

2.2 Calculation of the membrane potential 

Although an antiderivative of the integrand that 

appears in Eq. 3 is easily found in the case of 

single-electrolyte solutions (Dominijanni et al., 2019a), 

such a calculation is not straightforward for 

multi-electrolyte systems which, in general, require a 

numerical procedure to solve. Nevertheless, 

approximate analytical solutions to the latter case can 

be obtained through the introduction of simplifying 

assumptions. 

As a first working hypothesis, the membrane 

potential can be evaluated for the condition in which 

anions are completely excluded from the pore solution, 

and only two different cation species are dissolved in 

the permeant solution (Yaroshchuk et al., 1993): 
 

( )

1 0,1 2 0,2

2 2
1 0,1 1 2 0,2 2 0,2 1 2 0,1

2 2
1 0,1 1, 2 0,2 2,

2 2
1 0,1 1,0 2 0,2 2,0

ln 4

 
  = − + 
 − − 

 +
 
 + 

L L

z D z DRT

F z D z z D z D z z D

z D c z D c

z D c z D c

 

where the subscripts 1 and 2 represent the first and 

second cation species, respectively. 
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As a second working hypothesis, the Nernst-Plank 

equation can be linearised with respect to the electric 

potential gradient, thus assuming that   varies 

linearly over the length of the membrane. Such an 

approach, commonly known as the “constant field 

assumption,” was first proposed by Goldman (1943) 

with the aim of studying the electrical properties of cell 

membranes and biological tissues, and allows the 

Nernst-Planck equation to be integrated with the 

method of the separation of variables. Substitution of 

the steady-state molar flux of the i-th ionic species into 

the condition of vanishing electric current density then 

yields the following implicit solution for the membrane 

potential: 
 

      
, ,0

2
0,

1

exp

0

exp 1=

 
 − 

 
=

 
 − 

 

i
i L in

i i
i i

z F
c c

RT
z D

z F

RT

      (5) 

 

The accuracy of these approximate solutions can be 

checked by referring to the testing conditions 

considered by Yaroshchuk et al. (1993). Under such 

experimental conditions, an exact analytical solution 

can be derived as follows: 
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where cB is the concentration of NaCl, which represents 

the background electrolyte within the external bulk 

solution, and the subscripts 1, 2 and 3 stand for the H+ 

cation, the Na+ cation and the common Cl- anion, 

respectively ( 0,HD = 9.31·10-9 m2/s; 0,NaD = 1.33·10-9 

m2/s; 0,ClD = 2.03·10-9 m2/s). 

As shown in Fig. 1, a best-fitting value of the fixed 

charge concentration, skc , equal to 95 mM has firstly 

been determined in such a way that the predicted peak 

value of the reflection coefficient compares well with 

the measured one. Despite a shift between the 

Yaroshchuk et al. (1993) experimental data and the 

simulated trend relative to the background electrolyte 

concentration, which is probably due to the inability of 

the proposed theory to properly account for the 

microstructural properties that are typical of the tested 

synthetic cation exchange membrane, electro-osmosis 

appears to be confirmed as the additional mechanism 

which causes the anomalous osmotic behaviour to 

occur. 

On the basis of the previously calibrated skc  value, 

the electric potential difference calculated according to 

the anion exclusion and constant field assumptions has 

been compared against the exact analytical solution 

(Fig. 2). In addition to the ability to model the 

membrane potential in the presence of aqueous 

solutions consisting of an unspecified number of ions, 

the constant field assumption results in a theoretical 

prediction that is close to the exact one, while the 

hypothesis of a porous medium that is perfectly 

impermeable to anions, albeit acceptable for very low 

electrolyte concentrations, is evidently erroneous for 

medium to high concentrations. 

 

 

Fig. 2. Comparison between the exact solution, calculated for the 

testing conditions described in Yaroshchuk et al. (1993), and the 

approximate solutions of the membrane potential. 

3 INTERPRETATION OF THE TANG ET AL. 

(2014, 2015) EXPERIMENTAL DATA 

Tang et al. (2014) performed a multi-stage 

membrane test on a specimen that was obtained by 

mixing a locally available natural clay with 5% 

powdered sodium bentonite (by dry weight). The 

bentonite-amended clay was tested by circulating 

deionised water (DW) at the bottom of the specimen, 

while injecting aqueous solutions with KCl 

concentrations of 0.5, 1, 5, 10 and 50 mM at the top of 

the specimen under a null volumetric liquid flux 

condition. The measured steady-state  values, plotted 

in Fig. 3 as a function of the average KCl concentration 

at the top boundary, KClc , have been interpreted, via 

the theoretical model described in the previous section, 

for a value of the fixed charge concentration, skc , 

equal to 5 mM. This value of skc  compares well with 

the one obtained by Dominijanni et al. (2018) for an 

unmixed pure sodium bentonite ( skc  30 mM), and 

allows for the expected decrease in the reflection 

coefficient with increasing KCl concentration. 

Furthermore, the osmotic behaviour in the presence of a 

single electrolyte that dissociates into monovalent ionic 

species with similar diffusivity ( 0,KD = 1.96·10-9 m2/s) 

is dominated by chemico-osmosis, as the 

electro-osmotic effect is negligible for the investigated 

salt concentrations. 
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Fig. 3. Theoretical interpretation (continuous line) of the  

values measured by Tang et al. (2014) on a bentonite-amended 

clay permeated with KCl aqueous solutions (open grey symbols). 

Tang et al. (2015) repeated the above membrane test 

adding HCl to the aqueous solution circulating at the 

top of the specimen in order to maintain a pH of 4, 

while leaving all of the other testing conditions 

unchanged. The measured  values, shown in Fig. 4, 

reveal that the addition of HCl did not cause any 

appreciable variation in the osmotic behaviour for the 

lowest ( KClc  1 mM) and highest ( KClc  40 mM) salt 

concentrations, while a decrease in , i.e. with respect 

to the neutral conditions, occurred for the intermediate 

salt concentrations. Tang et al. (2015) explained such a 

detrimental effect on the membrane behaviour as being 

due to a partial dissolution of the bentonite crystalline 

structure in acidic conditions, which in turn resulted in 

larger void spaces and a reduced influence of the 

diffuse double layers. Although the aforementioned 

process cannot be excluded, calculations based on the 

evidence presented by Amram and Ganor (2005) 

demonstrate that, even assuming a uniform pH profile 

equal to 4 across the specimen, the bentonite mass loss 

resulting from this pH probably was only about 0.1% 

relative to the initial mass of bentonite, thus producing 

a negligible impact on the macroscopic semipermeable 

properties. Hence, the dissolution mechanism does not 

explain the concentration dependent decrease in . This 

conclusion is consistent with that of Shackelford 

(1994), who reported on the basis of the literature that 

clay dissolution is not likely until the pH decreases 

below a value of about 2. 

An alternative interpretation of the observed 

phenomenon is proposed in Fig. 4, where the 

membrane potential is calculated according to Eq. 5 for 

the same value of the fixed charge concentration that 

has been calibrated with respect to the neutral 

conditions ( skc = 5 mM). Such an interpretation 

suggests that electro-osmosis, which arises from the 

different mobilities of the H+ and K+ ions in aqueous 

solution, should be regarded as being responsible for 

the measured decrease in the reflection coefficient. 

 

Fig. 4. Theoretical interpretation (continuous line) of the  

values measured by Tang et al. (2015) on a bentonite-amended 

clay permeated with aqueous mixtures of KCl and HCl (open 

black symbols), together with the  values measured by Tang et 

al. (2014) for KCl aqueous solutions (open grey symbols). 

4 CONCLUSIONS  

In view of the advantages that may be obtained in 

engineering practice from the ability to model clay 

membrane behaviour, a theoretical framework has been 

proposed to simulate the osmotic phenomena in active 

clays. On the basis of such a physically-based model, 

which explicitly takes into account the electrical 

interactions that occur at the microscale, membrane 

behaviour has been shown to be dominated by 

chemico-osmosis whenever the permeant (electrolyte) 

solution contains a single electrolyte. However, the 

presence of two or more cation species with different 

mobilities can lead to a significant increase in the 

electro-osmotic contribution, as suggested from the 

interpretation of the Tang et al. (2015) experimental 

data, which refer to a bentonite-amended clay 

permeated with an aqueous mixture of KCl and HCl. 

Further research, aimed at studying the magnitude of 

electro-osmosis in smectitic clays, is necessary, with 

particular reference to the conditions under which 

anomalous osmotic phenomena (i.e.  values outside 

the 0 to 1 range) are predicted. 
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