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Review article 

Pore-scale mechanisms underlying the behavior of enhanced bentonites 
exposed to aggressive inorganic solutions 

Nicolò Guarena *, Andrea Dominijanni , Mario Manassero 
Department of Structural, Geotechnical and Building Engineering, Polytechnic University of Turin, corso Duca degli Abruzzi 24, 10129 Turin, Italy   

A R T I C L E  I N F O   
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A B S T R A C T   

Understanding the mechanisms that control the hydraulic and semipermeable membrane behavior of enhanced 
bentonites (EBs), which comprise natural montmorillonite amended with polymers or organic compounds, is 
important for assessing the long-term performance of engineered barriers manufactured from these materials. 
Accordingly, the available experimental evidence for the hydraulic and semipermeable membrane behavior of 
EBs was critically interpreted through a theoretical framework, which allows the macroscopic transport and 
swelling properties of chemically active clays to be related to a limited number of intrinsic, state, and fabric 
parameters. Four commonly evaluated EBs were interpreted, namely, Multiswellable Bentonites (MSBs), Dense 
Prehydrated GCLs (DPH-GCLs), HYPER Clays (HCs), and Bentonite Polymer Composites (BPCs). Osmotic 
swelling, which is the primary mechanism for significant swelling and low hydraulic conductivity of unenhanced 
(natural) sodium bentonite, is not significantly influenced by polymer amendment. The primary mechanism 
controlling the conductive porosity and the flow path tortuosity upon permeation of BPCs with concentrated 
electrolyte solutions is intergranular pore clogging by sodium polyacrylate, whereas the mechanism for the same 
behavior of DPH-GCLs and, probably to a lesser extent, of HCs is preservation of a dispersed clay fabric via 
intercalation of sodium carboxymethyl cellulose between the montmorillonite unit layers. Similar to BPCs, direct 
exposure of MSBs to liquids with aggressive chemistries induces the fabric to flocculate to a greater extent than 
that of prehydrated natural bentonites. However, unlike BPCs, the decrease in the conductive porosity of MSBs is 
due to a greater compressibility of the solid skeleton rather than to a pore-clogging mechanism.   

1. Introduction 

Engineered bentonite-based barriers are increasingly being accepted 
as replacements for traditional pollutant containment systems over a 
wide range of geoenvironmental applications, such as in landfill bottom 
liners and cover systems that include geosynthetic clay liners (GCLs) or 
bentonite-amended soil liners (Rowe, 1998, 2014; Manassero et al., 
2000; Bouazza, 2002), cement-bentonite or soil-bentonite vertical cutoff 
walls for remediation of contaminated sites (Brandl, 1994; Manassero 
et al., 1995; Soga et al., 2013), and compacted bentonite buffers used to 
isolate canisters containing high level radioactive waste for deep 
geological disposal (Komine and Ogata, 1999; Bourg et al., 2003; Gens 
et al., 2009; Villar et al., 2020). The primary reasons justifying the use of 
natural bentonites (NBs) in place of alternative materials for these bar-
riers are a low hydraulic conductivity, k (typically ≤10− 11 m⋅s− 1), upon 
permeation with low ionic strength aqueous solutions (e.g. Puma et al., 
2015), the ability to accommodate large differential settlements without 

cracking, a self-healing capacity when subjected to punctures during 
handling and installation, and the ability to exhibit semipermeable 
membrane behavior (Manassero and Dominijanni, 2003; Shackelford, 
2013; Guarena et al., 2022). 

The unique physico-chemical properties of bentonite clays have been 
shown to be beneficial for long-term containment performance of 
bentonite-based barriers, provided the chemistry of the containment 
solution is sufficiently mild (e.g. low ionic strength, neutral pH) and the 
bentonite exchange complex is dominated by monovalent cations (e.g. 
Na+ or K+). However, substitution of multivalent cations (e.g. Ca2+ or 
Mg2+) for monovalent cations, which can occur after prolonged expo-
sure to containment liquids that have a low monovalent-to-multivalent 
cation ratio, suppresses the osmotic swelling potential and can lead to an 
increase in hydraulic conductivity ranging from one to several orders of 
magnitude (Mesri and Olson, 1971; Gleason et al., 1997; Jo et al., 2001, 
2004, 2005; Kolstad et al., 2004a; Katsumi et al., 2007; Bouazza and 
Gates, 2014). The adverse effect on hydraulic conductivity caused by the 
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interaction with liquids with aggressive chemistries, such as hypersaline 
solutions in brine evaporation ponds (AbdelRazek and Rowe, 2019), 
acidic leachates in mine tailing impoundments (Shackelford et al., 2010; 
Mazzieri et al., 2013; Liu et al., 2019), and alkaline leachates resulting 
from aluminum refining operations (Benson et al., 2010), is commonly 
referred to as chemical or hydraulic incompatibility. This evidence has 
stimulated research on the development of chemically modified ben-
tonites, referred to herein as enhanced bentonites (EBs), that comprise 
NBs amended with organic compounds or polymers for increased 
resistance to chemical incompatibility upon exposure to aggressive 
liquids. 

The commonly evaluated EBs considered for these applications can 
be subdivided into two broad categories on the basis of the type of 
chemical enhancement. The first category includes EBs that are obtained 
by polymerizing an organic monomer dissolved in a bentonite slurry or 
by directly mixing air-dried bentonite with a polymeric solution, leading 
to a variety of commercial products such as Bentonite Polymer Alloys 
(BPAs) (Trauger and Darlington, 2000), Bentonite Polymer Composites 
(BPCs) (Scalia, 2012), Dense Prehydrated GCLs (DPH-GCLs) (Flynn and 
Carter, 1998), and HYPER Clays (HCs) (Di Emidio, 2010). While all of 
these polymer-amended bentonites are blended with anionic (negatively 
charged) polymers, cationic (positively charged) polymers also have 
been considered as chemical additives. However, despite the benefits in 
terms of protection of the bentonite from adverse interactions via cation 
exchange, EBs amended with cationic polymers have been observed to 
be more susceptible to aggregation than untreated bentonites, such that 
the potential use of these EBs as chemical containment barriers has been 
limited (Di Emidio et al., 2017). The second category of EBs includes 
those that are treated with organic solvents which have large dielectric 
constants and dipole moments, such as Multiswellable Bentonites 
(MSBs) that are enhanced with propylene carbonate (Kondo, 1996; 
Onikata et al., 1996), glycerol carbonate (Fehervari et al., 2016a), or 
other cyclic organic carbonates (Gates et al., 2016). 

The literature abounds with the results of experimental studies 
devoted to assessing the hydraulic compatibility of EBs upon exposure to 
single-salt aqueous solutions (Kolstad et al., 2004b; Katsumi et al., 2008; 
Malusis and McKeehan, 2013; Scalia et al., 2014; Di Emidio et al., 2015; 
Mazzieri and Di Emidio, 2015; Fehervari et al., 2016a; Scalia and Ben-
son, 2017; Prongmanee et al., 2018; Tian et al., 2019; Chai and Prong-
manee, 2020; Du et al., 2021; Fu et al., 2022; Norris et al., 2022, 2023), 
natural seawater (Mazzieri and Di Emidio, 2015; Mazzieri et al., 2017), 
and synthetic leachates (Mazzieri et al., 2013; Chen et al., 2019; Li et al., 
2021, 2024; Zainab et al., 2021; Mazzieri and Bernardo, 2024). Exper-
imental studies on EBs also have been conducted to measure the effec-
tive diffusion coefficient of ionic chemical species and the membrane or 
chemico-osmotic efficiency coefficient (Mazzieri et al., 2010; Bohnhoff 
and Shackelford, 2013, 2015; Bohnhoff et al., 2014; Di Emidio et al., 
2015; Malusis and Daniyarov, 2016; Tong et al., 2021; Fu et al., 2021; Ni 
et al., 2022; Tong and Sample-Lord, 2022). However, elucidation of the 
pore-scale mechanisms responsible for the improved chemical compat-
ibility of EBs relative to unenhanced NBs is still required in order to 
understand the long-term performance of chemical containment barriers 
comprising EBs. 

On the basis of a comprehensive review on the available experi-
mental evidence pertaining to the hydraulic, diffusive, and membrane 
behavior of EBs, Scalia et al. (2018) and Norris et al. (2023) grouped the 
mechanisms believed to underlie the increased chemical compatibility 
of EBs into three categories, namely (1) prevention of cation exchange, 
(2) enhanced osmotic swelling, and (3) intergranular pore clogging. 
While the protection of chemically modified bentonites from 
multivalent-for-monovalent cation exchange, which was hypothesized 
by Flynn and Carter (1998) and Trauger and Darlington (2000) among 
others, is not supported by the existing evidence (Scalia et al., 2014), 
enhanced osmotic swelling has been postulated by most researchers to 
occur in the case of MSBs. In fact, intercalation of the organic molecules 
(e.g. propylene carbonate) between the finest fabric units of bentonites 

has been shown to induce an increase in the basal spacing of the clay 
minerals (Onikata et al., 1999; Fehervari et al., 2016b; Gates et al., 
2016) which, in turn, is regarded as the reason for the improved resis-
tance of MSBs to chemical incompatibility. Although Kolstad et al. 
(2004b) and Di Emidio et al. (2015) postulated that DPH-GCLs and HCs 
similarly benefit from the enhancement of osmotic swelling, Scalia et al. 
(2018) argued that the poor correlation between swell index (SI) and k 
observed for BPCs and HCs suggests that the flow paths become nar-
rower and more tortuous independent of swelling, which is likely due to 
partial clogging of the conductive pores by water soluble polymers, 
whereas the physical preconditioning of DPH-GCLs (i.e. prehydration 
and densification) may be the reason for the poor correlation between SI 
and k of DPH-GCLs. 

The objective of this paper is to further elucidate the pore-scale 
phenomena that affect the macroscopically measured hydraulic, diffu-
sive, and semipermeable properties of EBs under fully saturated condi-
tions. This objective is achieved through an original interpretation of the 
results of the hydraulic conductivity and membrane laboratory tests 
published in the literature. Such interpretation is based on a theoretical 
framework for the coupled chemo-hydro-mechanical behavior of semi-
permeable porous media (e.g. bentonites) as a function of a limited 
number of intrinsic and state parameters, accounting for the bentonite 
fabric changes that are induced by a variation in the effective confining 
stress and the composition of the chemical solutions. The bentonite 
fabric is assumed to comprise nanometer-sized and micrometer-sized 
pores, which conceptually correspond to the interlayer and intra-
granular pore spaces considered by Scalia et al. (2018), respectively, 
with only the latter micrometer-sized pores being involved in the 
transport of solvent and solutes. 

2. Bentonite fabric and physico-chemical modification of 
enhanced bentonites 

2.1. Bentonite nano- and micro-pore structures 

Bentonites are clays with a high content (e.g. > 70% by weight) of 
minerals that belong to the smectite group (Egloffstein, 2001). Typi-
cally, the main smectite constituent of bentonites is montmorillonite, a 
planar 2:1 type phyllosilicate mineral with a basic structural unit 
approximately 0.96 nm thick that comprises a single alumina octahedral 
sheet sandwiched between two silica tetrahedral sheets. Due to the 
isomorphic substitution of Al3+ for Si4+ in the tetrahedral sheet and 
Mg2+ or Fe2+ for Al3+ in the octahedral sheet, a surplus of negative 
electric charge is carried by montmorillonite, which typically ranges 
between 0.5 and 0.9 electron charges per unit cell, corresponding to a 
cation exchange capacity, CEC, in the 80 to 120 meq/100 g (cmolc/kg) 
range (Grim, 1962; Mitchell and Soga, 2005; Lagaly, 2006; Sposito, 
2008). The existence of this permanent surface charge is responsible for 
the ability of bentonites to retain inorganic and organic chemicals, 
heavy metals, and radionuclides (Glaus et al., 2007; Missana and García- 
Gutiérrez, 2007; Malusis et al., 2010) and exhibit semipermeable 
membrane behavior (Shackelford, 2013), phenomena that make ben-
tonites desirable for use as chemical containment barriers. However, the 
aforementioned phenomena are known to be affected significantly by 
the chemical composition of the permeant (electrolyte) solution in that a 
variation in the concentration and valence (charge) of the dissolved 
ionic species can induce a spatial rearrangement of the montmorillonite 
unit layers (also referred to as lamellae or platelets) that, in turn, causes 
a change in the size and distribution of the bentonite pores and in the 
amount of the bentonite exchange sites that electrostatically interact 
with the mobile ions (Verburg and Baveye, 1994; Shackelford and Lee, 
2003; Guyonnet et al., 2005; Tournassat and Appelo, 2011; Liu et al., 
2019). Thus, any assessment of the containment performance of 
bentonite-based barriers should consider the macro-scale impact of the 
soil fabric modifications, which are controlled by the permeant chem-
istry, the sequence of exposure to the permeant solutions, and the soil 
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porosity. 
The fabric of montmorillonite-rich clays is controlled by tactoids 

(also referred to as quasicrystals or particles) comprising from two to 
several thousands of montmorillonite lamellae that are stacked in a 
nearly parallel array (Aylmore and Quirk, 1971; Hueckel et al., 2002), 
thereby giving rise to nanometer-sized interlayer pores and micrometer- 
sized intertactoid pores. Because of the reduced void volume delimited 
by adjacent lamellae within the tactoids, anions are precluded from 
entering the interlayer pores, whereas cations needed to balance the 
negative structural charge of montmorillonite are bound tightly to the 
mineral surfaces including those in the interlayer pores and, hence, are 
characterized by an extremely low mobility, such that interlayer diffu-
sion results to be of practical relevance only in the case of compacted 
bentonites with bulk dry densities, ρd, >1.0 Mg⋅m− 3 (Bourg et al., 2003, 
2006; García-Gutiérrez et al., 2004; Glaus et al., 2007). In contrast, 
anions are excluded only partially from the larger intertactoid pores, 
wherein the diffuse double layers can fully develop and the transport of 
solvent and solutes can occur relatively unimpeded. 

In addition to the aforementioned differences in the transport of 
chemical species, the mechanisms that control the volume change 
behavior of the interlayer and intertactoid pores also differ. The basal 
spacing, d001, between adjacent lamellae comprising tactoids and, thus, 
the extent of the so-called crystalline swelling is dictated by the number 
of discrete monolayers of water molecules that intercalate in the inter-
layer pore space, which generally varies between 2 and 3 monolayers 
(d001 approximately equal to 15 and 17 Å, respectively) when ρd > 1.3 
Mg⋅m− 3 and 4 monolayers (d001 approximately equal to 19 Å) when ρd 
< 1.3 Mg⋅m− 3 (Kozaki et al., 1996; Muurinen et al., 2004, 2013; 
Matusewicz et al., 2013; Järvinen et al., 2016). Crystalline swelling is a 
process that occurs in the interlayer pore space and is controlled by the 
balance between an attractive potential energy, which is due to the 
negatively charged montmorillonite lamellae interacting via Coulombic 
and van der Waals forces, and a repulsive potential energy, which is 
ascribed to the hydration state of the interlayer cations. This energy 
balance is only weakly influenced by the electrolyte concentration of the 
equilibrium bulk solution (Laird, 1996; Segad et al., 2012a). Although 
crystalline swelling may play an important role under unsaturated soil 
conditions (Saiyouri et al., 2004), the volume change behavior of satu-
rated bentonites is primarily governed by the osmotic phenomenon, i.e., 
the liquid flow that is caused by a difference in the osmotic pressure 
between the external bulk solution, which is in equilibrium with the 
porous medium at its boundaries, and the intertactoid pore solution 
(Barbour and Fredlund, 1989; Dormieux et al., 1995; Laird, 2006; 
Dominijanni et al., 2018). Since the extent of osmotic swelling, which 
takes place in the intertactoid pore space, is directly related to the 
thickness of the diffuse double layers that surround each individual 
tactoid, this phenomenon is sensitive to the chemistry of the equilibrium 
bulk solution. 

The dual-porosity model for clays proposed by Manassero (2020), 
whereby the fabric of a clay comprising a parallel alignment of equally 
spaced tactoids is described by a single state parameter referred to as the 
average number of montmorillonite lamellae per tactoid, Nl,AV, is 
adopted herein as a conceptual scheme of the bentonite microstructure. 
Accordingly, the total specific surface area, Stot, is subdivided into an 
effective specific surface area, Seff, which is associated with the external 
surface of the tactoids interacting with the mobile portion of the pore 
solution, and an internal specific surface area, Sn, which is in contact 
with the immobile ions and water molecules within the interlayer pore 
space, as follows: 

Seff =
Stot

Nl,AV
(1a)  

Sn =
Nl,AV − 1

Nl,AV
Stot (1b) 

Based on this scenario of the bentonite fabric, a fraction of the 

montmorillonite lattice charge is balanced by a layer of hydrated cations 
specifically adsorbed on the mineral surface, commonly referred to as 
the Stern layer. Although the Stern layer generally is considered to 
behave as a hydrodynamically stagnant layer, as opposed to the diffuse 
part of the double layer (Lyklema et al., 1998; Delgado et al., 2007), the 
likelihood of tangential motion of the specifically adsorbed cations in 
response to gradients in the chemical and/or electrical potentials, a 
phenomenon known as surface conduction, is still debated (Shackelford 
and Moore, 2013; Leroy et al., 2015). Based on the experimental evi-
dence obtained by Oscarson (1994) for highly compacted clay speci-
mens, surface conduction might be of practical relevance only when ρd 
> 1.6 Mg⋅m− 3. Thus, the hydrated cations of the Stern layer can be 
considered as an immobile liquid phase for bentonite-based barriers of 
low-to-medium density, such as GCLs and bentonite-amended soil liners. 
The void ratio corresponding to the nonconductive nano-pores, en, 
including both the interlayer porosity and the Stern layer, then can be 
defined as follows: 

en = bnρskStot

(
Nl,AV − 1 + dd

Nl,AV

)

(2)  

where bn is the half distance between the lamellae in the tactoid (bn =

0.45 nm), ρsk is the density of the solid phase, and dd, which can be 
assumed equal to 4, is the thickness of the Stern layer divided by bn 
(Manassero, 2020). 

The void ratio corresponding to the conductive micro-pores, em, 
including the intertactoid porosity with the exclusion of the Stern layer, 
can be calculated as the difference between the total void ratio, e, and 
the nano-void ratio (em = e – en). The half distance between the tactoids, 
bm, which also is defined as the half width of the conductive micro- 
channels that have a slit-like geometry, is related to the micro-void 
ratio according to the following relation: 

bm =
em

ρskSeff
(3) 

Some of the pore-scale mechanisms underlying the bentonite floc-
culation/dispersion phenomena can be framed qualitatively in the 
context of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory for 
colloidal particles (Derjaguin and Landau, 1941; Verwey and Overbeek, 
1948). On the basis of the low values of the thickness-to-length ratio (<
0.01) for the montmorillonite lamellae, these can be assimilated to 
infinitely extended plates, such that the interaction between two adja-
cent lamellae mostly occurs at the crystal planes (i.e. face-to-face asso-
ciation), with the effect of the edge-to-edge and edge-to-face 
associations being negligible (Güven, 1992; Santamarina et al., 2002; 
Segad et al., 2012b). The total potential energy for two parallelly ori-
ented lamellae, which can be expressed as the sum of the diffuse double 
layer (repulsive) potential and the van der Waals - London (attractive) 
potential, is a function of the concentration and electrochemical charge 
of the ions dissolved in the equilibrium bulk solution and the separation 
distance between the montmorillonite lamellae, which in turn is related 
to the micro-void ratio according to Eq. (3). A given set of boundary 
conditions then can be judged as either favorable or unfavorable to-
wards bentonite flocculation, under the assumption that the formation 
of tactoids occurs when the montmorillonite lamellae get close enough 
to pass over the energy barrier, resulting in the drop of the total potential 
energy in the deep primary minimum (van Olphen, 1977; Overbeek, 
1982; Novich and Ring, 1984; Luckham and Rossi, 1999; Lagaly, 2006). 

Whenever the ionic concentration and/or electrochemical charge are 
increased under constant micro-void ratio conditions, the height of the 
energy barrier decreases as a result of the reduction in the repulsive 
potential energy. Under such conditions, bentonite flocculation can 
occur because of the greater likelihood of the tactoids approaching each 
other until their mutual attractive forces become dominant, according to 
a mechanism that is referred to as “Brownian motion coagulation” 
(Spielman, 1970; Higashitani et al., 1978). This flocculation mechanism, 
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which is induced by a change in the chemical composition of the equi-
librium bulk solution, is expected to be favored by high values of the 
micro-void ratio, due to the weaker constraint to the random thermal 
(Brownian) motion of the clay particles. Nevertheless, compaction at a 
high bulk dry density (i.e. low micro-void ratio) also favors aggregation 
of the tactoids, which are forced to be sufficiently close to eventually 
yield to the mutual attractive forces, regardless of the magnitude of the 
electrostatic repulsive forces, with the chemical composition of the 
equilibrium bulk solution playing a subordinate role compared to 
compaction. Therefore, the aggregation state of bentonites can be 
interpreted as controlled by these two flocculation mechanisms, the 
former of which is driven by a chemical action and prevails at low-to- 
medium densities versus the latter which is driven by a mechanical ac-
tion and prevails at higher densities. 

Although the DLVO theory represents a suitable framework for a 
qualitative understanding of the aforementioned processes, the devel-
opment of a mechanistic model that is able to quantify Nl,AV as a function 
of the chemical and mechanical boundary conditions, even for the 
simplest case of a homogeneous and monomineral clay saturated with 
an aqueous solution of a single electrolyte, has never been attempted. 
Despite the lack of a physically sound model, the following phenome-
nological equation can be used to simulate the effect of the bentonite 
flocculation/dispersion phenomena, as proposed by Manassero et al. 
(2018) and Manassero (2020) in the form of the Fabric Boundary Sur-
face (FBS): 

Nl,AV = Nl,AV0 +
α
em

(
cs

c0
+ 1
)

+ βem

[

1 − exp
(

−
cs

c0

)]

(4)  

where cs is the equivalent concentration of the electrolyte, which is 
hypothesized to be completely dissociated into the constituent ions, c0 is 
the reference equivalent concentration (1 eq⋅L− 1), and Nl,AV0 (≥ 1), α (≥
0), and β (≥ 0) are dimensionless parameters, which allow the micro-
structural arrangement of a given bentonite to be assessed while varying 
the electrolyte concentration of the equilibrium bulk solution and the 
total void ratio. 

Calibration of the FBS parameters was first attempted by Manassero 
(2020), on the basis of the experimental results provided by Petrov and 
Rowe (1997), who conducted a series of hydraulic conductivity tests on 
conventional needle-punched GCL specimens hydrated with distilled 
water either prior to or after confinement and subsequently permeated 
with sodium chloride (NaCl) solutions with concentrations in the 0.01 to 
2.0 M range. Interpretation of the Petrov and Rowe (1997) test results 
yielded a set of cs, em, and Nl,AV data that were fitted according to Eq. (4), 
thereby allowing the FBS parameters of the prehydrated needle-punched 
GCL to be obtained as Nl,AV0 = 1.56, α = 8.82, and β = 10.01. 

2.2. Chemical amendments and manufacturing processes of enhanced 
bentonites 

Any interpretation of the results of laboratory tests conducted on EBs 
requires knowledge of the specific properties of the chemical amend-
ments, as well as the conditions under which natural bentonites are 
mixed with the amendments. Because of this requirement, four types of 
EBs have been selected for interpretation in this study due to the 
availability of information concerning the chemical amendments and 
the manufacturing processes, namely, MSB (containing propylene car-
bonate as amendment), DPH-GCL, HC, and BPC. Commercially available 
EBs that are collectively known as Contaminant Resistant Clays were not 
considered because of the proprietary nature of the materials and 
methods by the manufacturers. 

2.2.1. Multiswellable Bentonites 
MSBs are produced by directly mixing air-dried sodium bentonite 

with 15–45% (by weight) liquid propylene carbonate (PC), an aprotic 
polar organic solvent with a dielectric constant of 66.6 at 20 ◦C 

(Chernyak, 2006). Because of this relatively high dielectric constant 
compared to those for non-polar and polar organic solvents, PC mole-
cules can coordinate with the interlayer cations of montmorillonite, 
preferably with cations of high polarizing power (e.g. Na+ and Mg2+), 
forming a cloud that surrounds the primary hydration shell of water 
(H2O) molecules. After thorough mixing in a mortar, the mixture is dried 
and finally ground to meet the specified granule-size distribution. 

Based on Fourier transform infrared absorption spectra, Onikata 
et al. (1999) confirmed this interaction mechanism, and X-ray diffrac-
tion (XRD) patterns recorded on powdered PC-montmorillonite com-
plexes showed that an increase in the PC content correlated with an 
increase in the basal spacing of montmorillonite (up to 21 Å). A similar 
trend in d001 versus PC content was reported by Mazzieri et al. (2010) 
and Fehervari et al. (2016b), thus corroborating the hypothesized 
intercalation of PC within the interlayer space and the effectiveness of 
this intercalation in promoting crystalline swelling. Onikata et al. (1999) 
also performed XRD measurements on MSB specimens containing 45% 
PC that had been previously mixed with NaCl solutions of variable 
concentration in the 0.1 to 2 M range, and observed an abrupt increase 
in the estimated d001 value from 23 to 45 Å at a NaCl concentration equal 
to 0.75 M. Further increase in the d001 value (up to 68 Å) upon dilution 
of the equilibrium NaCl solution was ascribed to the transformation of 
crystalline swelling, which takes place in the interlayer porosity, into 
osmotic swelling as a result of the weakening of the bonding forces 
acting between the montmorillonite lamellae at high spacings (> 40 Å). 

Although the activation mechanism of osmotic swelling outlined by 
Onikata et al. (1999) also had been proposed in previous studies (e.g. 
Norrish and Quirk, 1954), this interpretation accounts for the presence 
of a single type of porosity, which corresponds to the interlayer pore 
space and, therefore, neglects the hierarchical nature of the bentonite 
pore structures and the sensitivity of the bentonite fabric to the chemical 
composition of the equilibrium bulk solution. If the bentonite specimen 
is equilibrated with a salt solution containing either divalent cations or 
high concentrations of monovalent cations, flocculation causes the 
fraction of the interlayer pore space relative to the total pore volume to 
increase, which is reflected as a sharp peak in the XRD pattern whereby 
d001 can be calculated reliably through Bragg’s (1913) law (Moore and 
Reynolds, 1997). However, following tactoid exfoliation upon exposure 
to dilute solutions, broader diffraction peaks commonly are observed 
due to the decrease in the fraction of the interlayer pore space relative to 
the total pore volume. Under such conditions, the assessment of the 
angle of diffraction, at which the diffracted intensity is maximized, is 
affected by greater uncertainty, so that the basal spacing should be 
estimated by fitting the experimental data to a model diffraction pattern 
rather than through Bragg’s (1913) law (Holmboe et al., 2012; Segad 
et al., 2012a). 

Katsumi et al. (2008) reported results of SI tests performed with MSB 
specimens in equilibrium with salt solutions with ionic strengths as high 
as 1 M that did not indicate any overall significant improvement in os-
motic swelling relative to NBs. Furthermore, Mazzieri et al. (2010) 
noticed the formation of unremolded, large flocs after settling of the air- 
dried powdered MSB at the base of the 100 mL graduated cylinder filled 
with a 5 mM calcium chloride (CaCl2) solution. Finally, Fehervari et al. 
(2016a) concluded that addition of PC at extreme salt concentrations (i. 
e. 2 M and 5 M of NaCl, and 7.5 M of CaCl2) can be detrimental to the 
swelling potential of MSB, as the measured SI values for MSB were lower 
than those for NB. 

Thus, although mixing with PC does promote crystalline swelling, 
the existing experimental evidence does not support additional osmotic 
swelling as the enhancement mechanism of MSBs. This latter conclusion, 
despite being in conflict with the viewpoint originally advanced by 
Onikata et al. (1999), is consistent with the expected decrease in the 
ability of MSB to exhibit osmotic swelling, due to the lower dielectric 
constant of PC relative to that of pure water and, therefore, the reduced 
effectiveness of the pore solution in screening the negative electric 
charge of montmorillonite (Shang et al., 1994). 
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2.2.2. Dense Prehydrated GCLs 
DPH-GCLs are manufactured by vigorously mixing dry sodium 

bentonite with an aqueous solution containing, among other chemical 
additives, the water-soluble polymer sodium carboxymethyl cellulose 
(Na-CMC), which is able to bind to the clay mineral surface and to 
intercalate within the interlayer pore space (Kolstad et al., 2004b; Qiu 
and Yu, 2008). In addition to the benefits arising from prehydration with 
the solution containing the polymer amendment, DPH-GCLs are sub-
jected to extrusion under vacuum until a bentonite sheet of reduced 
thickness (~ 5 mm) and elevated bulk dry density (~ 1 Mg⋅m− 3) is 
attained. 

The exact mechanisms by which anionic polymers such as Na-CMC 
are adsorbed on the surface of montmorillonite crystals, including for-
mation of hydrogen bonds and complexation via cation bridging, are 
still the subject of ongoing debate (Norris, 2021). However, evidence of 
intercalation of Na-CMC between the montmorillonite lamellae was 
obtained by Mazzieri and Di Emidio (2015) and Mazzieri and Bernardo 
(2024), who observed an increase in d001 through interpretation of the 
XRD patterns recorded on air-dried powdered clays extracted from both 
a conventional needle-punched GCL (d001 = 12.5 Å) and a DPH-GCL 
(d001 = 14.0 ÷ 15.4 Å). 

Similar XRD tests were carried out by Qiu and Yu (2008) on a 
powdered sodium montmorillonite modified through addition of 200% 
(by weight) Na-CMC. Even though this weight ratio of Na-CMC to 
montmorillonite may not be representative of commercially available 
DPH-GCLs, which are manufactured with a polymer dosage of only 10% 
(by weight) as reported by Flynn and Carter (1998), Qiu and Yu (2008) 
noticed a broadening of the diffraction peak after blending with the 
anionic polymer, suggesting a more dispersed fabric and a lower number 
of montmorillonite lamellae per tactoid relative to the unamended clay. 
This conclusion is consistent with the evidence arising from the scanning 
electron micrographs (SEMs) by Mazzieri and Bernardo (2024), which 
confirms the effectiveness of the treatment procedure developed for 
DPH-GCLs in generating a highly oriented and densely packed structure 
of dispersed montmorillonite lamellae that is preserved after permeation 
with aggressive leachates. 

2.2.3. HYPER Clays 
HCs are bentonites modified through addition of from 2 to 16% (by 

weight) Na-CMC. However, instead of being vacuum-extruded like DPH- 
GCLs, the slurry of bentonite, polymer, and water is oven-dried at 
105 ◦C. Di Emidio (2010) reported that dehydration at high temperature 
causes the polymer to irreversibly adsorb on the clay surface, thereby 
improving the long-term containment performance against aggressive 
permeant solutions due to the reduced tendency for elution of Na-CMC. 

The effectiveness of such treatment procedure in intercalating Na- 
CMC within the interlayer pores was investigated by Di Emidio et al. 
(2015), who performed XRD tests on oven-dried HC specimens while 
varying the Na-CMC content. An increase in the polymer dosage only 
correlated with a slight increase in the basal spacing, from 12.35 Å for 
the untreated clay up to 12.41 Å for the clay treated with 16% Na-CMC. 
Also, the diffraction peak broadened after blending with the anionic 
polymer probably due to enhanced dispersion of the bentonite fabric in a 
manner similar to that for the modified montmorillonite tested by Qiu 
and Yu (2008). 

2.2.4. Bentonite Polymer Composites 
BPCs are obtained by vigorously mixing dry sodium bentonite with 

an aqueous solution containing the monomer acrylic acid, sodium hy-
droxide for pH neutralization, and sodium persulfate as a thermal 
initiator. Once the temperature of the bentonite-monomer slurry is 
raised above the decomposition temperature of the initiator, 

polymerization occurs leading to the formation of sodium polyacrylate 
(Na-PAA), a cross-linked, hydrophilic polymer hydrogel with a three- 
dimensional structure that is able to absorb large amounts of water 
(Scalia, 2012). When polymerization is complete, the slurry is oven- 
dried at 105 ◦C and finally ground to meet the specified granule-size 
distribution. The polymer content of the BPC tested by Scalia et al. 
(2014) was determined to be equal to 28.5% (by weight) following loss 
on ignition at 550 ◦C. 

On the basis of the absence of any appreciable change in the basal 
spacing between powdered NB and BPC, Scalia et al. (2014) and Scalia 
and Benson (2017) concluded that the long-chain macromolecules of 
Na-PAA do not intercalate between the montmorillonite lamellae, and 
they hypothesized that the low k of BPCs against concentrated solutions 
of multivalent cations should be ascribed to the partial occlusion of the 
conductive (intertactoid) pores. This conclusion was corroborated by 
the pore-scale images of EB-GCL specimens containing anionic poly-
acrylamide (Tian et al., 2016, 2019), wherein the polymer hydrogel is 
shown to form a separate phase that fills the intertactoid pore volume. 

3. Modelling the coupled transport of solvent and solutes 
through bentonites 

The thermodynamics of irreversible processes represents a suitable 
framework to formulate the constitutive equations that govern the 
macroscopic-scale transport phenomena through electrically charged 
porous media (e.g. bentonites), which are able to restrict the migration 
of anionic species while permitting relatively unimpeded transport of 
solvent water (H2O) molecules. Such selective restriction of anions, also 
referred to as anion exclusion or negative adsorption, is responsible for 
the semipermeable membrane behavior exhibited by bentonite clays, 
which gives rise to a number of peculiar phenomena such as hyper-
filtration, chemico-osmotic counter advection, and restricted diffusion 
(Shackelford, 2013; Musso et al., 2017; Shackelford et al., 2019). 

Given that the differences in the thermodynamic potentials across 
bentonite-based barriers cannot be considered small for most environ-
mental lining applications (Yeung and Mitchell, 1993; Malusis et al., 
2012), the continuous version of irreversible thermodynamics is adop-
ted herein under the assumption that the clay membrane is homoge-
neous at the representative elementary volume scale and separates 
dilute solutions of a single salt, which is completely dissociated into the 
constituent ions. Accordingly, the linear relationship between the fluxes 
and the driving thermodynamic forces is imposed at the scale of a sub- 
membrane (Yaroshchuk, 1995) having infinitesimal thickness, dx, 
along the x direction, which corresponds to the macroscopic transport 
direction, yielding the following system of differential equations 
(Dominijanni and Manassero, 2012a; Malusis et al., 2021): 

q = − k
(

dh
dx

−
ω
γw

dΠ
dx

)

(5a)  

Js = (1 − ω)qcs − nD*
ω

dcs

dx
(5b)  

where q is the volumetric liquid flux, k is the hydraulic conductivity at 
zero electric current density, h is the hydraulic head, ω is the reflection 
coefficient (also known as membrane or chemico-osmotic efficiency 
coefficient), γw is the water unit weight (9.81 kN⋅m− 3), Π = (νc +

νa)RTcs is the osmotic pressure, νc and νa are the stoichiometric co-
efficients of the cation and the anion, respectively, R is the universal gas 
constant (8.314 J⋅mol− 1⋅K− 1), T is the absolute temperature, cs is the 
concentration of the salt, Js is the salt molar flux, n is the total porosity, 
and D*

ω is the osmotic effective diffusion coefficient. 
Introduction of the restrictive tortuosity factor, τr, which accounts for 
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the contribution of anion exclusion to the restriction of the diffusive salt 
flux through the porous medium, allows D*

ω to be expressed as follows 
(Shackelford and Daniel, 1991; Malusis and Shackelford, 2002; Shack-
elford and Moore, 2013): 

D*
ω = τrD*

s (6)  

where τr is a function of the reflection coefficient, the effective salt 
diffusion coefficient, D*

s , and the macroscopic salt diffusion coefficient, 
Ds, which encompasses both molecular diffusion and the dispersive ef-
fects that are caused by the microscale fluctuations of the electric po-
tential and the velocity field (Dominijanni et al., 2013): 

τr = (1 − ω) Ds

D*
s

(7) 

On the basis of the uniform-potential approach originally developed 
by Schmid (1950) and Schlögl (1955), Dominijanni and Manassero 
(2012b) derived a physical identification of the phenomenological co-
efficients ω and Ds. Such identification is obtained by coupling the 
Donnan equations with the macroscopic (i.e. upscaled through a 
volume-averaging technique) Navier-Stokes and Nernst-Planck equa-
tions, neglecting the microscale fluctuations of the state variables from 
their average values as follows: 

ω = 1 −
νcDa,0 + νaDc,0

νcΓaDa,0 + νaΓcDc,0
ΓcΓa (8a)  

Ds = D*
s = τmDs,0 = τm

(νc + νa)Dc,0Da,0

νcDa,0 + νaDc,0
(8b)  

where Dc,0 and Da,0 are the free-solution or aqueous-phase diffusion 
coefficients of the cation and the anion, respectively, Ds,0 is the free- 
solution or aqueous-phase diffusion coefficient of the salt, Γc and Γa 
are the partition coefficients of the cation and the anion, respectively, 
and τm is the matrix tortuosity factor, which accounts for the tortuous 
nature of the conductive pores that are accessible to the transport of 
solvent and solutes. 

Given that the partition coefficient of the i-th ionic species is defined 
as the ratio of the ionic concentration in the pore solution to that in the 
external bulk solution, which is hypothesized to be in thermodynamic 
equilibrium with the porous medium, assessment of Γc and Γa follows 
from the condition of macroscopic electroneutrality in the pore solution: 

Γ−
νa
νc

a − Γa −
c′

sk,0

νcνacse
= 0 (9a)  

Γc = Γ−
νa
νc

a (9b)  

where c′
sk,0 is the solid charge coefficient, which allows the effect of the 

bentonite surface charge density on the macroscopic constitutive pa-
rameters to be captured (Dominijanni et al., 2019). 

In contrast to the phenomenological coefficients ω and Ds, whose 
physical identification is possible from the perspective of the uniform- 
potential approach without any specification of the microstructure of 
the porous medium, modelling the hydraulic conductivity as a function 
of the bentonite physico-chemical properties and state parameters re-
quires a conceptual framework of the soil fabric to be defined. When the 
Navier-Stokes equation is integrated for the dual-porosity structural 
model proposed by Manassero (2020), comprising a bundle of narrow 
capillary fissures of constant width, 2bm (cf. Eq. (3)), the following 
modified form of the Kozeny-Carman equation is obtained: 

k = τm
γw

3μe
n

e2
m

(
ρskSeff

)2 (10)  

where μe is the electro-viscosity coefficient, which is equal to the dy-
namic viscosity of water, μw (10− 3 Pa⋅s), under the assumption that the 

electro-osmotic effect due to the build-up of the streaming potential is 
negligible. 

4. Evidence on the pore-scale interaction mechanisms in 
enhanced bentonites 

4.1. Coupled membrane and diffusion testing 

Malusis et al. (2001) and Kang and Shackelford (2009) developed 
closed-system laboratory apparatuses to measure the reflection coeffi-
cient of clays, consisting of either a rigid-wall or a flexible-wall modified 
permeameter, respectively, that allows electrolyte solutions with 
different chemical compositions to be circulated at the specimen 
boundaries under null volumetric liquid flux conditions through the 
porous medium. The difference in hydraulic head that establishes across 
the tested specimen under steady-state conditions is measured via a 
differential pressure transducer, such that a global value of the reflection 
coefficient, ωg, corresponding to the integral mean value of ω for the 
given boundary osmotic pressures is obtained as follows (Dominijanni 
et al., 2018): 

ωg =
1

ΔΠ

∫Πt

Πb

ω dΠ =

(
γwΔh
ΔΠ

)

q=0
(11)  

where Δh = ht − hb and ΔΠ = Πt − Πb are the differences in hydraulic 
head and osmotic pressure across the specimen, respectively, and the t 
and b subscripts denote the top and bottom specimen boundaries, 
respectively. 

Substitution of Eq. (8a) into Eq. (11) yields the following physical 
identification of ωg: 

ωg=1−
cs,t
(
νcΓc,t+νaΓa,t

)
− cs,b

(
νcΓc,b+νaΓa,b

)

(
cs,t − cs,b

)
(νc+νa)

+
(c’

sk,0

e

) Dc,0 − Da,0
(
cs,t − cs,b

)
(νc+νa)

(
νaDc,0+νcDa,0

)ln
(

νaDc,0Γc,t+νcDa,0Γa,t

νaDc,0Γc,b+νcDa,0Γa,b
⋅
cs,t

cs,b

)

(12) 

In addition to the measurement of the global reflection coefficient, 
the described laboratory apparatus allows the global value of the os-
motic effective diffusion coefficient, D*

ωg, corresponding to the integral 
mean value of D*

ω for the given boundary salt concentrations, to be 
determined according to the so-called steady-state or through-diffusion 
approach (Shackelford, 1991; Dominijanni et al., 2018): 

D*
ωg =

1
Δcs

∫cs,t

cs,b

D*
ω dcs =

L
n

[
(Js)ss

Δcs

]

q=0
(13)  

where L is the length of the specimen, Δcs = cs,t − cs,b is the difference in 
salt concentration across the specimen, and (Js)ss is the steady-state 
value of the salt molar flux, which is calculated on the basis of the salt 
concentrations that are measured in the circulation outflow from the 
specimen boundaries. 

The restrictive tortuosity factor, which is linearly related to ωg as 
shown by substituting Eqs. (6) and (7) into Eq. (13), is finally calculated 
from the measured value of D*

ωg: 

τr =
(
1 − ωg

)
=

D*
ωg

τmDs,0
(14) 

Mazzieri et al. (2010), Malusis and Daniyarov (2016), Di Emidio 
et al. (2015), and Bohnhoff and Shackelford (2013, 2015) conducted 
laboratory tests for the simultaneous measurement of ωg and D*

ωg on 
MSB, DPH-GCL, HC, and BPC specimens, respectively, in contact with 
deionized water at the bottom boundary and aqueous solutions of cal-
cium chloride (CaCl2) or potassium chloride (KCl) at the top boundary. 
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Closed-system testing apparatuses, similar to those described by Malusis 
et al. (2001) and Kang and Shackelford (2009), were used for all the 
considered studies, with either a rigid-wall permeameter under constant 
volume conditions or a flexible-wall permeameter under constant 
effective confining stress conditions. The membrane test results have 
been interpreted herein according to the proposed mechanistic model, 
the applicability of which has been verified via the results of several 
studies focused on simulating coupled transport processes through NBs 
and GCLs (Dominijanni and Manassero, 2012b; Dominijanni et al., 2013, 
2018, 2021; Musso et al., 2017; Manassero, 2020; Malusis et al., 2021; 
Guarena et al., 2022). The aim of the following theoretical interpretation 
is thus twofold, namely, to ascertain whether the application range of 
the proposed model can be broadened to include EBs, and to gain a 
deeper insight into the pore-scale interaction mechanisms that affect the 
macroscopic behavior of EBs. 

A value of τm has been determined for each of the tested EB speci-
mens by fitting the experimental values of τr to the theoretical rela-
tionship given by Eq. (14), as illustrated in Table 1 and Fig. 1. The free- 
solution diffusion coefficients of Ca2+, K+, and Cl− were reported by 
Shackelford and Daniel (1991) as DCa,0 = 7.92⋅10− 10 m2⋅s− 1, DK,0 =

19.6⋅10− 10 m2⋅s− 1, and DCl,0 = 20.3⋅10− 10 m2⋅s− 1, respectively. The 
value of D*

ωg has been assumed to be equal to the diffusion coefficient 
measured for chloride ions, because steady-state diffusion for cations 
was not achieved in some cases due to the continual cation exchange 
with the cationic species originally saturating the bentonite exchange 
complex. Moreover, the total porosities that are reported for the single- 
stage membrane tests performed by Malusis and Daniyarov (2016) and 
the multiple-stage membrane tests performed by Bohnhoff and Shack-
elford (2013, 2015) using the flexible-wall cell should be regarded as 
average porosity values, as the tests were conducted on separate speci-
mens in the former study and the increase in KCl concentration of the 
solution circulating at the upper side of the permeameter caused the 
specimen to consolidate during the sampling and refilling phases of the 
tests in the latter study. 

The good agreement between the experimental data from the liter-
ature and the model predictions based on Eq. (14), as shown in Fig. 1, 
represents evidence that mixing with polymers or cyclic organic car-
bonates does not appreciably alter the physical mechanism responsible 
for the restriction of salt diffusion through semipermeable clay mem-
branes, i.e., the electrostatic repulsion that partially hinders the passage 
of anions and, due to the requirement of null electric current density, the 
associated cations (Malusis et al., 2015; Dominijanni et al., 2018). In a 
similar way to unamended bentonites, the condition ωg = 1 is repre-
sentative of an ideal membrane that is able to completely exclude salt 
diffusion, whereas the classical form of Fick’s first law for uncharged 
porous media is re-established when ωg = 0. 

The values of τm determined for EB specimens were compared with 
the corresponding values that were calibrated for NB and conventional 
GCL specimens by Musso et al. (2017), Dominijanni et al. (2018), and 
Manassero (2020). Irrespective of the type of testing apparatus and 
concentration of the salt dissolved in the permeant solution, the values 
of τm versus the total porosity closely follow a unique non-linear trend 
without any significant influence of the chemical amendment (Fig. 2), 
suggesting that the degree of interconnectivity of the conductive pores 
in EBs does not differ from that of unamended bentonite clays, provided 
the total porosity is the same. However, the τm values determined for the 
BPC tested by Bohnhoff and Shackelford (2013, 2015) are consistently 
lower than the overall trend for all the other bentonite specimens in the 
investigated porosity range. This latter observation further supports the 
hypothesis that the enhancement mechanism for BPCs can be ascribed to 
partial clogging of the conductive pores and, therefore, to more 
meandering channels that control solute diffusion. 

According to the exponential function proposed by Olsen and Kem-
per (1968) to model the changes in matrix tortuosity for both saturated 
and unsaturated porous media, the following empirically-based rela-
tionship between τm and n can be established for saturated bentonite 
clays (Fig. 2): 

τm =
χ
n
exp(λn) (15)  

where the first set of model parameters (χ = 6.088•10− 4; λ = 6.7049) 
pertains to both NBs and EBs with the exclusion of BPCs, whereas the 
second set of model parameters (χ = 2.473•10− 4; λ = 6.8859) pertains 
only to BPCs, where the polymer amendment (i.e. Na-PAA) forms a 
three-dimensional network structure within the conductive channels, 
forcing the flow of water and chemicals through the remnant pores that 
are not occluded by the hydrogel. 

Interpretation of the measured values of ωg via calibration of c′
sk,0 (cf. 

Eq. (12)) allows for the magnitude and persistence of chemico-osmosis 
in EBs to be assessed, as illustrated in Table 1 and Fig. 3a, b, and c for 
DPH-GCLs, HCs, and BPCs, respectively. Such interpretation is based on 
the assumption that c′

sk,0, which is sensitive to the bentonite micro-
structure, is constant over the entire testing duration (Manassero, 2020), 
which is consistent with the negligible soil fabric changes associated 
with the narrow range of salt concentration that was investigated by 
Malusis and Daniyarov (2016), Di Emidio et al. (2015), and Bohnhoff 
and Shackelford (2013, 2015). The results of the single-stage membrane 
test conducted by Mazzieri et al. (2010) have been excluded from the 
theoretical interpretation, since a single value of ωg measured at steady 
state (ωg ≃ 0) is not sufficient to reliably calibrate c′

sk,0 for the tested 
MSB. 

Table 1 
Matrix tortuosity factor, τm, restrictive tortuosity factor, τr, and solid charge coefficient, c′

sk,0, values calculated for the EB specimens subjected to coupled membrane 
and diffusion tests. n, total porosity; cs,t, salt concentration of the solution circulating at the top specimen boundary; ωg, global reflection coefficient.   

Apparatus type Salt n cs,t ωg τm τr c′
sk,0    

(− ) (mM) (− ) (− ) (− ) (mM) 

Mazzieri et al. (2010) 
MSB 

Rigid-wall cell CaCl2 0.717 5 0 0.134 1  

Malusis and Daniyarov (2016) 
DPH-GCL 

Rigid-wall cell KCl 0.608 8.7 0.73 0.051 0.384 60 
160 0.15 0.906 

Di Emidio et al. (2015) 
HYPER Clay 2% 

Rigid-wall cell CaCl2 0.718 1 0.65 0.137 0.241 70 
5 0.13 0.914 

Bohnhoff and Shackelford (2013, 2015) 
BPC 

Rigid-wall cell KCl 0.92 4.7 0.84 0.154 0.325 330 
54 0.21 0.715 

KCl 0.8 4.7 0.88 0.072 0.257 140 
54 0.25 0.694 

Flexible-wall cell KCl 0.948 4.7 0.63 0.174 0.49 200 
54 0.07 0.835 

KCl 0.823 4.7 0.45 0.092 0.396 70 
54 0.15 0.868  
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The adopted theoretical model quantitatively predicts the depen-
dence of ωg on the salt concentration of the equilibrium bulk solution for 
all the considered cases. Therefore, in a similar way to restricted 

diffusion, chemico-osmosis in polymer-amended bentonites is related to 
the same ionic partition effect that causes NBs to behave as selectively 
permeable membranes, without any appreciable influence of the 

Fig. 1. Restrictive tortuosity factor values, τr, versus measured global reflection coefficient, ωg, and theoretical interpretation based on Eq. (14) (continuous line). e, 
total void ratio. 

Fig. 2. Matrix tortuosity factor values, τm, as a function of the total porosity, n, for natural bentonite (closed symbols) and polymer-amended bentonite (open 
symbols) specimens. The continuous lines represent the interpolation curves given by Eq. (15) for NBs, MSBs, DPH-GCLs, and HCs (χ = 6.088•10− 4; λ = 6.7049) and 
for BPCs (χ = 2.473•10− 4; λ = 6.8859). 
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chemical amendment either on the formation of diffuse double layers or 
the substitution of monovalent cations originally saturating the 
bentonite exchange complex with multivalent cations potentially pre-
sent in the pore solution. In contrast to the polymer-amended benton-
ites, the complete destruction of the semipermeable membrane behavior 
of MSB in equilibrium with the 5 mM CaCl2 solution reported by Maz-
zieri et al. (2010) can be explained in terms of the decrease in the 
thickness of the diffuse double layers, which is caused by the low 
dielectric constant of PC relative to that for pure water. 

As discussed from a theoretical viewpoint by Dominijanni and 
Manassero (2012b) and verified experimentally by Dominijanni et al. 
(2018), the usefulness of laboratory measured reflection coefficient is 
not limited to characterization of coupled transport processes, since the 
measured reflection coefficient also provides information on the ability 
of the tested clay to exhibit osmotic swelling. The close relationship 
between the transport properties and the mechanical behavior of active 
clays was stressed by Dominijanni et al. (2018) through the introduction 
of the swell coefficient, ϖ, that quantifies how efficient a change in the 
salt concentration of the equilibrium bulk solution is in producing a 
variation in the chemico-osmotic swelling pressure, usw, which in turn is 
defined as the hydraulic pressure difference that develops between the 
pore and external bulk solutions in response to the ionic partition effect: 

ϖ = −
dusw

dΠ
(16) 

On the basis of the same modelling assumptions underlying the 

physical identification of ω and Ds, ϖ is given by the following 
expression: 

ϖ = 1 −
νc + νa

νcΓa + νaΓc
ΓcΓa (17)  

which is identical to Eq. (8a) when cations and anions diffuse at the 
same rate in water (i.e. Dc,0 = Da,0), thus demonstrating that chemical 
osmosis and osmotic swelling are related to the same electrical in-
teractions occurring between the solid skeleton and the liquid compo-
nents of the pore solution. 

When the external bulk solution contains a single 1:1 electrolyte (e.g. 
NaCl or KCl), integration of Eq. (16) allows the ratio of usw to the 
theoretical maximum value in equilibrium with an infinitely dilute so-
lution, (usw)Π→0, to be expressed as follows (Dominijanni et al., 2018): 

usw

(usw)Π→0
= ηs

( ̅̅̅̅̅̅̅̅̅̅̅̅̅
1
η2

s
+ 1

√

− 1

)

(18)  

where: 

(usw)Π→0 =
RT c′

sk,0

e
(19a)  

ηs =
2ecs

c′
sk,0

(19b) 

In terms of the relative magnitude of osmotic swelling in EBs and NBs, 

Fig. 3. Global reflection coefficient values, ωg, as a function of the salt concentration of the solution circulating at the top specimen boundary, cs,t, and theoretical 
interpretation based on Eq. (12) (continuous line) for: (a) the DPH-GCL tested by Malusis and Daniyarov (2016); (b) the HC tested by Di Emidio et al. (2015); (c) the 
BPC tested by Bohnhoff and Shackelford (2013, 2015). e, total void ratio. 
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the ratio of the maximum chemico-osmotic swelling pressure of the 
considered EB, (usw)

EB
Π→0, to that of the reference NB at the same total 

void ratio, (usw)
NB
Π→0, can be shown to be equal to the ratio between the 

corresponding values of the solid charge coefficient, c′EB
sk,0 and c′NB

sk,0 (cf. 
Eq. (19a)). In terms of the relative persistence of osmotic swelling in EBs 
and NBs, the ratio of the salt concentration of the considered EB, cEB

s , to 
that of the reference NB at the same total void ratio, cNB

s , that causes the 
same percent decrease in the chemico-osmotic swelling pressure relative 
to the theoretical maximum value can be obtained from the condition of 
equality between the corresponding dimensionless state parameters ηs. 
Based on this condition and the definition of ηs (cf. Eq. (19b)), the ratio 
of cEB

s to cNB
s is again equal to the ratio of c′EB

sk,0 to c′NB
sk,0. 

The reference NB, selected herein for assessing whether the physico- 
chemical modifications of EBs correlate with an improved ability to 
exhibit osmotic swelling, is the powdered sodium bentonite tested by 
Dominijanni et al. (2018) that is used for the industrial production of a 
conventional needle-punched GCL. Interpretation of the laboratory 
tests, which were conducted by Dominijanni et al. (2018) through a 
modified strain-controlled oedometer cell that allows ω and ϖ to be 
simultaneously measured on the same clay specimen, resulted in a solid 

charge coefficient, c′NB
sk,0, equal to 110 mM. According to Dominijanni 

et al. (2021), the variations in c′NB
sk,0 are expected to be limited for the 

powdered sodium bentonites that are used within chemical containment 

barriers, thus supporting the generality of the conclusions drawn for c′NB
sk,0 

= 110 mM. The values of the solid charge coefficient, c′EB
sk,0, calibrated for 

the DPH-GCL tested by Malusis and Daniyarov (2016), the HC tested by 
Di Emidio et al. (2015), and the BPC tested by Bohnhoff and Shackelford 
(2013, 2015), are reported in Table 1. 

In the case of polymer-amended bentonites, the evidence that 
emerges from Fig. 4, wherein the ratios (usw)

EB
Π→0/(usw)

NB
Π→0 and cEB

s /cNB
s 

are shown versus the total void ratio, does not support enhanced 
magnitude and persistence of osmotic swelling as a mechanism that 
contributes to overcoming the limitations of NBs and conventional GCLs 
when liquids with aggressive chemistries are to be contained. Despite 
not being quantitatively assessed, the detrimental effect of the 5 mM 

CaCl2 solution on the semipermeable membrane behavior of the MSB 
tested by Mazzieri et al. (2010) further suggests that liquid PC acts as 
inhibitor of osmotic swelling, due to a reduced ability to screen the 
negative electric charge of montmorillonite compared to pure water. 

4.2. Hydraulic conductivity testing 

Among various indirect methods to evaluate the pore structure of 
fully-saturated bentonites, interpretation of hydraulic conductivity test 
results has been recognized as suitable to investigate flocculation/ 
dispersion phenomena over a wide range of soil porosities and salt 
concentrations of the permeant solution, since the hydraulic conduc-
tivity can vary over several orders of magnitude as a result of a variation 
in the bentonite fabric (Guarena et al., 2020; Manassero, 2020). Such 
interpretation relies on the use of Eq. (10), which provides a value of Nl, 

AV for each measured value of k once a limited number of intrinsic and 
state parameters (Stot, ρsk, and e) of the tested bentonite are known and 
τm is assessed via Eq. (15). 

The long-term hydraulic conductivity tests with single-salt permeant 
solutions performed by Katsumi et al. (2008) for MSB and DPH-GCL 
specimens, Kolstad et al. (2004b) and Malusis and Daniyarov (2016) 
for DPH-GCL specimens, Di Emidio et al. (2015) for an HC specimen, and 
Scalia et al. (2014) for BPC specimens, have all been interpreted herein 
to gain insight into the microstructural arrangement of these EBs, and 
the resulting values of Nl,AV are summarized in Table 2. Note that the 
DPH-GCL specimens tested by Malusis and Daniyarov (2016) and the HC 
specimen tested by Di Emidio et al. (2015) were subjected to simulta-
neous measurements of the semipermeable and diffusion properties and, 
hence, the corresponding values of τm that were used in Eq. (10) have 
been assumed to be equal to the values calibrated from the interpreta-
tion of the measured ωg and D*

ωg (Table 1). 
In addition to the aforementioned studies, the hydraulic conductivity 

values that were measured by Norris et al. (2022) on specimens of an EB- 
GCL, modified through wet mixing with Na-CMC of low viscosity 
(CMCLV) and high viscosity (CMCHV), have been considered, in an 
attempt to cover the current paucity of data on HCs. Considering the 
analogies in the treatment procedures of the HC specimen tested by Di 

Fig. 4. Relative magnitude, (usw)
EB
Π→0/(usw)

NB
Π→0, and persistence, cEB

s /cNB
s , of osmotic swelling in EBs and NBs, as a function of the total void ratio, e. (usw)

EB
Π→0 and 

(usw)
NB
Π→0, maximum chemico-osmotic swelling pressures of the considered EB and the reference NB, respectively. cEB

s and cNB
s , salt concentrations of the considered EB 

and the reference NB, respectively, which cause the same percent decrease in the chemico-osmotic swelling pressure relative to the maximum value. 
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Emidio et al. (2015) and the CMC amended EB-GCL specimens tested by 
Norris et al. (2022), both of these EBs are expected to show a similar type 
of behavior, even though the aforementioned treatment procedures 
were not exactly identical, with differences in terms of the polymer 
dosage (2% vs 5% by dry weight), the mixing time of the slurry of 
bentonite, polymer, and water (30 min vs 10 min), and the grain-size 
distribution after oven-drying, grinding, and sieving. 

In Fig. 5, the Nl,AV values resulting from the interpretation of the k 
measurements on EBs are shown versus the micro-void ratio, and also 
compared with the corresponding isoconcentration curves of the FBS for 
prehydrated, conventional GCLs. The purpose of this comparison is to 
evaluate the differences that exist between the aggregation states of NBs 
hydrated with distilled water, the behavior of which is assumed to be 
comparable with that of the GCL tested by Petrov and Rowe (1997), 
versus the considered EBs, in equilibrium with both the dilute and 
concentrated electrolyte solutions used to simulate aggressive leachates. 
Thus, an assessment of the impact of the chemical amendment on the 
sensitivity of the bentonite fabric to the salt concentration of the per-
meant solution and to the bentonite porosity is possible. 

As shown in Fig. 5a and aside from the data for permeation with 
deionized water, all the calculated values of Nl,AV for the non- 
prehydrated MSB specimens tested by Katsumi et al. (2008) are 
consistently greater than the model predictions for prehydrated NBs. 
The observed increase in Nl,AV under the same chemical composition of 
the permeant solution can be ascribed, in part, to the absence of expo-
sure to deionized water prior to permeation with the testing solutions 
(Shackelford et al., 2000). However, the decrease in the measured k for 
the MSB specimens subjected to intermediate NaCl concentrations (200 
≤ cs ≤ 1000 meq⋅L− 1), relative to the results of comparative perme-
ability tests carried out by Katsumi et al. (2008) on unamended (non- 
prehydrated) bentonite specimens, should be interpreted in view of the 
modification of the bentonite swelling behavior, which is due to mixing 
with liquid PC. Although the effectiveness of PC in promoting crystalline 
swelling has been corroborated by an extensive experimental evidence, 
the results of the SI tests conducted to date have not indicated any sig-
nificant difference between MSBs and NBs in terms of exhibiting osmotic 
swell (see Subsection 2.2.1). Also, in some cases, evidence of a greater 
compressibility of the solid skeleton, which must result at the expense of 
a reduction in the intertactoid porosity, was obtained for MSBs. Such 
evidence is further confirmed by the greater volumetric compressive 
strain that was experienced by the MSB specimens tested by Katsumi 

et al. (2008), which were consolidated up to an average total void ratio 
of 0.963 for the NaCl concentrations in the 200 to 1000 meq⋅L− 1 range. 
Upon completion of consolidation, the MSB specimens were character-
ized by an appreciably lower total void ratio than the values (1.971 ≤ e 
≤ 3.046) associated with the unamended bentonite specimens subjected 
to comparative permeability tests, under the same effective confining 
stress and the same chemical composition of the permeant solution. 
According to Eq. (10), the greater compressibility of the solid skeleton, 
which is reflected by the low values of the micro-void ratio shown in 
Fig. 5a, can be regarded as the reason for the observed decrease in k. 

Unlike MSBs, the ability of DPH-GCLs to maintain a dispersed 
bentonite fabric and, hence, an extremely low hydraulic conductivity (k 
~ 10− 12 m⋅s− 1) upon permeation with concentrated CaCl2 solutions is 
reflected by the values of Nl,AV that lie close to the isoconcentration 
curve for deionized water (Fig. 5b). This behavior can be attributed to 
the aforementioned treatment procedure developed for DPH-GCLs, 
which involves prehydration of the dry sodium bentonite with the 
polymeric solution, followed by preconsolidation (densification) 
through vacuum extrusion. After intercalation between the montmoril-
lonite lamellae during manufacturing, the adsorbed anionic polymer 
prevents the mineral surfaces from coming together and yielding to their 
mutual attractive forces, according to a mechanism that is referred to as 
“steric stabilization” (Overbeek, 1982; Luckham and Rossi, 1999), and 
thus inhibits the flocculation mechanism related to the increase in the 
ionic strength of the pore solution. The observed agreement between the 
calculated values of Nl,AV and the isoconcentration curve based on 
deionized water at the lowest em also indicates that the same treatment 
procedure is not effective in hindering aggregation when DPH-GCLs are 
consolidated under a high effective confining stress, since the floccula-
tion mechanism related to compaction is not affected by the polymer 
intercalation between the montmorillonite lamellae. 

Low k values also were evident for the HC specimen, which are 
consistent with the low calculated values of Nl,AV (Fig. 5c). However, the 
salt solutions used by Di Emidio et al. (2015) for HC were not sufficiently 
concentrated to allow for an assessment of the influence of Na-CMC on 
the aggregation state of the modified bentonite upon exposure to harsh 
chemical environments. Although the preparation of HC involves a 
similar polymeric solution to that used for DPH-GCLs, the slurry of 
bentonite, polymer, and water is oven-dried at 105 ◦C instead of being 
vacuum-extruded and, as such, the potential contribution of densifica-
tion to the long-term barrier performance is excluded. The results of the 

Table 2 
Range of intrinsic, state, and fabric parameters of the EB specimens subjected to hydraulic conductivity tests. ρsk, solid phase density; e, total void ratio; cs, equivalent 
salt concentration of the permeant solution; k, hydraulic conductivity; Nl,AV, average number of montmorillonite lamellae per tactoid.   

Specimen type Salt CEC (a) ρsk e cs k Nl,AV    

(meq/100 g) (Mg⋅m− 3) (− ) (meq⋅L− 1) (m⋅s− 1) (− ) 

Katsumi et al. (2008) MSB NaCl 82.0 2.478 0.905 0 7.0‧10− 12 8.87 
CaCl2 2.407 2000 2.6‧10− 9 236.7 

DPH-GCL CaCl2 104.0 2.73 2.249 500 1.2‧10− 12 5.11 
2.782 2000 3.6‧10− 12 9.49 

Kolstad et al. (2004b) DPH-GCL NaCl 84.1 (b) 2.5 1.2 0 3.7‧10− 12 36.92 
CaCl2 2000 4.2‧10− 12 38.94 

Malusis and Daniyarov (2016) DPH-GCL KCl 52 2.69 1.128 0 7.0‧10− 13 4.26 
1.778 160 2.0‧10− 12 11.67 

Di Emidio et al. (2015) HYPER Clay 2% CaCl2 47.29 2.53 2.546 0 5.3‧10− 12 2.62 
10 6.5‧10− 12 2.83 

Norris et al. (2022) CMCLV EB-GCL NaCl 78.0 2.76 2.429 334 6.7‧10− 11 15.05 
CaCl2 2.843 500 4.1‧10− 10 49.35 

CMCHV EB-GCL NaCl 78.0 2.76 2.926 334 2.3‧10− 11 7.19 
CaCl2 3.257 500 3.8‧10− 10 32.25 

Scalia et al. (2014) BPC CaCl2 85.5 2.71 1.6 0 1.8‧10− 11 1.15 
13.5 400 8.1‧10− 11 90.12 

(a) As discussed by Shang et al. (1994), the cation exchange capacity, CEC, can be related to the total specific surface area, Stot, according to the CEC = σ Stot/F relation, 
where σ is the surface charge density of montmorillonite (0.114C⋅m− 2) and F is Faraday’s constant (9.6485•10− 4C⋅mol− 1). 
(b) The CEC value of the DPH-GCL specimens tested by Kolstad et al. (2004b) has been estimated from the smectite content (89%), which was determined by means of 
XRD. 
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permeability tests performed by Norris et al. (2022) on non-prehydrated 
CMC amended EB-GCL specimens have been interpreted with the aim of 
addressing this latter issue, and the corresponding Nl,AV values are re-
ported in gray in Fig. 5c. These results suggest that the polymer viscosity 
plays a relevant role in determining the bentonite fabric, with the high 
viscosity Na-CMC being more effective in favoring a dispersed and 
highly porous microstructure than the low viscosity Na-CMC. Further-
more, the possibility of maintaining a dispersed fabric upon permeation 
with high ionic strength aqueous solutions depends to a great extent on 
the electrochemical charge of the cationic species that result from the 
salt dissociation. In the case of a prevalence of monovalent cations (e.g. 
Na+), blending with Na-CMC may be associated with values of Nl,AV that 
are lower than or comparable with the model predictions for prehy-
drated NBs, whereas the presence of divalent cations is detrimental to 
the ability of Na-CMC to prevent the bentonite from flocculating at high 
salt concentrations. On the basis of such evidence, the contribution of 
densification to the long-term barrier performance may be a primary 
consideration, particularly when low viscosity Na-CMC is used and 
multivalent cations are contained in the permeant solution. However, 

further study is needed on HC, prepared according to the treatment 
procedure described by Di Emidio et al. (2015), to verify this conclusion. 

The relatively high values of Nl,AV observed for the non-prehydrated 
BPC specimens tested at the highest CaCl2 concentrations (Fig. 5d) can 
be attributed, as for the MSB specimens, to direct permeation with the 
chemical solutions, i.e., without prehydration. Given that Na-PAA does 
not prevent aggregation of the bentonite microstructure upon contact 
with concentrated electrolyte solutions, the reduction in hydraulic 
conductivity noted by Scalia et al. (2014) relative to the results of 
comparative hydraulic conductivity tests conducted with unamended 
(non-prehydrated) bentonite specimens can be correlated with the low 
values of τm that result from Eq. (15) and the low values of em observed in 
Fig. 5d. However, unlike MSBs, the decrease in the pore space accessible 
to the solvent and solute transport with increasing CaCl2 concentration 
is caused by the polymer hydrogel that partially occludes the bentonite 
pores, with this latter mechanism being corroborated in a number of 
published studies (see Subsection 2.2.4). For the sake of comparison, no 
evidence of polymer strands or web binding to the tactoids is apparent in 
the SEMs reported by Mazzieri and Bernardo (2024), thus reinforcing 

Fig. 5. Comparison between the isoconcentration curves of the FBS (continuous lines), calibrated on the hydraulic conductivity test results of Petrov and Rowe 
(1997), and the values of the average number of montmorillonite lamellae per tactoid, Nl,AV, obtained from interpretation of the measured hydraulic conductivity of: 
(a) the MSB tested by Katsumi et al. (2008); (b) the DPH-GCL tested by Katsumi et al. (2008), Kolstad et al. (2004b), and Malusis and Daniyarov (2016); (c) the HC 
tested by Di Emidio et al. (2015) and the CMC amended EB-GCL tested by Norris et al. (2022); (d) the BPC tested by Scalia et al. (2014). cs, equivalent salt con-
centration of the permeant solution. 
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the hypothesis that the mechanism governing the hydraulic and chem-
ical transport behavior of BPCs (i.e. partial clogging of the conductive 
pores) is substantially different from that of DPH-GCLs (i.e. enhanced 
dispersion of the bentonite fabric, due to intercalation of Na-CMC be-
tween the montmorillonite lamellae and densification through vacuum 
extrusion). 

5. Conclusions 

The available literature pertaining to the laboratory assessment of 
the semipermeable, diffusive, and hydraulic properties of enhanced 
bentonites (EBs) was interpreted via a theoretical model that allows the 
measured macroscopic transport parameters (i.e. the reflection coeffi-
cient, ω, the osmotic effective diffusion coefficient, D*

ω, and the hy-
draulic conductivity, k) to be related to a limited number of intrinsic and 
state parameters, which include the average number of montmorillonite 
lamellae per tactoid, Nl,AV, that accounts for the bentonite fabric and the 
matrix tortuosity factor, τm, that accounts for the degree of inter-
connectivity of the conductive pores. The study focused on four EBs, 
namely, Multiswellable Bentonites (MSBs), Dense Prehydrated GCLs 
(DPH-GCLs), HYPER Clays (HCs), and Bentonite Polymer Composites 
(BPCs), with the objective of further elucidating the interaction mech-
anisms between the solid bentonite phase and the chemical additives. 

On the basis of the available membrane test results, enhanced os-
motic swelling, which was suggested by Scalia et al. (2018) as one of the 
three possible mechanisms believed to influence the behavior of EBs, has 
herein been discounted as a factor that contributes to improving the 
sealing ability of all the considered EBs. In the case of MSBs, this 
conclusion has been further corroborated by a greater compressibility 
relative to unamended bentonites subjected to comparative hydraulic 
conductivity tests, thus suggesting that propylene carbonate acts as in-
hibitor of osmotic swelling. The greater volumetric compressive strain 
experienced by MSBs must occur at the expense of a reduction in the 
intertactoid porosity, which in turn is responsible for the observed 
decrease in measured k. 

Intergranular pore clogging has been confirmed as the primary 
mechanism that controls the k of BPCs upon permeation with aqueous 
solutions with high ionic strength. However, as a difference from MSBs, 
partial occlusion of the pore space by the polymer hydrogel not only 
leads to a reduction in the conductive porosity, but also causes the 
remnant conductive pores to be more tortuous and meandering in the 
case of BPCs, as demonstrated by low values of τm. 

DPH-GCLs are characterized by a low k upon exposure to concen-
trated electrolyte solutions as a result of an enhanced dispersion of the 
bentonite fabric, which is an additional mechanism relative to those 
described by Scalia et al. (2018), and is attributed to the combined effect 
of prehydration with the polymeric solution and preconsolidation 
through vacuum extrusion. However, this same ability to maintain a 
dispersed fabric was not observed for MSBs and BPCs, which undergo 
more extensive flocculation (i.e. higher Nl,AV) than prehydrated natural 
bentonites when the specimens are directly permeated with the 
concentrated electrolyte solutions. Although a similar polymeric solu-
tion to that of DPH-GCLs is used in the preparation of HCs, additional 
study is recommended to verify whether HC can benefit from the 
aforementioned mechanism, i.e., preservation of a dispersed bentonite 
fabric, even in the absence of the preconsolidation effect. 
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