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Abstract
Smectite-based geosynthetic clay liners (GCLs) are popularly employed as hydraulic barriers due to their low permeability 
and high swelling capacity. The exposure of GCLs to aggressive inorganic permeants is inevitable in the majority of field 
applications. GCLs exhibit inferior hydraulic properties and low swelling in these scenarios due to the concomitance of 
various physico–chemical interactions. To confront such aggressive environmental conditions, bentonites are modified 
chemically to enhance their resistance against increased permeability. Several polymer-modified clays have been developed 
with improved hydraulic properties; however, the efforts made to comprehend the overview of available literature are scarce. 
Limited studies have focussed on addressing the fundamental mechanism ascribing to their enhanced hydraulic performance. 
Given this, the present review article comprehends the insights into different types of modifications on smectite-based GCLs 
from their hydraulic performance perspective. Osmotic swell enhancement and pore clogging phenomena were found to be 
the primary mechanisms responsible for the improved hydraulic performance of polymer-treated GCLs. Further, the study 
reviewed the variation of permeability of various polymer-modified GCLs with the swell index based on the data published 
in the literature till date and proposed a relationship correlating them considering the wide range of permeants. The regres-
sion analysis results evidenced the suitability of the swell index as one of the index properties for ascertaining its hydraulic 
performance. Also, the study advocated the use of the dielectric constant of permeant for correlating the hydraulic behaviour 
of polymer-modified GCLs.

Keywords  Bentonite polymer composite · Geosynthetic clay liner · Permeability · Free swell index · Dielectric constant · 
Correlation

Introduction

Geosynthetic clay liners (GCLs) are factory-made prod-
ucts typically consisting of either powdered or granular 
sodium bentonite (Na-bentonite) sandwiched between 
the cover and carrier geotextiles. The bonding method 
and the type of geosynthetic material used give rise to a 
variety of GCL products. GCLs gained popularity owing 
to several advantages such as ease of construction, cost-
effectiveness, rapid installation, flexibility concerning 
the differential settlement, low permeability (k value), 

and high self-healing capacity [1]. GCLs are extensively 
used in liner applications such as dams, canals, reservoirs, 
waste containment facilities, heap leach pads, wastewater 
ponds, tailings impoundment, fly ash lagoons, and other 
geotechnical and geoenvironmental engineering practices 
[2–5]. Subsequently, GCLs are expected to be exposed to 
aggressive chemical solutions and extreme pH conditions, 
at which the Na-bentonite failed to perform its intended 
barrier function. The studies on the chemical compatibil-
ity of GCL using various chemical permeants indicated 
the inability of Na-bentonite in resisting the change in 
k value and swelling capacity [6–8]. The magnitude of 
increased k value depends on the purity and amount of 
smectite mineral, aggregate size, bentonite mass per unit 
area, type of GCL, nature of the permeant, thickness of the 
adsorbed water layer, composition of bound cation, and 
confining stress [6, 9, 10]. Several laboratory studies have 
evidenced the reduction in the hydraulic performance of 
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GCL upon permeation with high ionic strength solutions 
[1, 11–13]. When GCL interacts with multivalent ions, 
cation exchange reactions replace the monovalent sodium 
ions from the exchange complex. Cation exchanged ben-
tonite does not undergo adequate swelling even upon 
re-hydration and results in a large k value. The adverse 
conditions that promote severe cation exchange viz., per-
meants having high ionic strength, extreme pH conditions; 
environmental distress including the variation of temper-
ature and moisture content, wet-dry cycles, freeze–thaw 
effects; and low overburden pressure together exacerbates 
the problem associated with GCL [14]. Various field inves-
tigations revealed cation exchange along with desiccation 
as the cause for inferior hydraulic performance [15–19]. 
The studies demonstrated the inability of virgin Na-ben-
tonite to contain aggressive contaminants and emphasized 
the need for an innovative barrier material to protect the 
geoenvironment from plausible contamination. This led to 
the invention of modified bentonites in which additives or 
polymers are added for improving their chemical compat-
ibility and hydraulic performance. Several modified clays 
were developed, namely organoclays, multi-swellable 
bentonite (MSB), HYPER clay (HC), dense-prehydrated 
(DPH) clay, contaminant resistant clay (CRC), and benton-
ite polymer nanocomposite (BPN). It is apparent from the 
previous studies that the bentonite treated with polymer 
was propitious in improving its hydraulic performance. 
However, the phenomenon of clay–polymer interac-
tion and the fundamental mechanism attributing to their 
improvement was not completely understood. The critical 
review of the literature suggests that the efforts made to 
comprehend the different types of polymer-modified ben-
tonites are limited.

With this in view, the present review article aims to pro-
vide a comprehensive overview of the preparation of various 
polymer-modified bentonites. The mechanisms ascribed to 
the improved hydraulic properties of amended bentonites are 
discussed in detail. The enhanced hydraulic performance of 
treated bentonites over a wide range of chemical environ-
ments is reviewed. Further, the study attempted to correlate 

the swell index and permeability of polymer-modified 
bentonite-based GCLs using the data previously reported 
in the literature. In addition, the variation of k value with 
the dielectric constant (ε) of the permeant is investigated.

Modified Bentonites

The swelling of clays generally involves the following 
two phases: crystalline and osmotic swelling. During the 
crystalline swelling, the internal and external clay surface 
is hydrated along with the cations present in the exchange 
complex. This results in the step-wise formation of water 
layers in the interlayer surrounding the exchangeable cat-
ion. Crystalline swelling occurs in all types of clay minerals 
despite the type of cation satisfying the net negative charge 
and takes place prior to osmotic swelling. On the other 
hand, osmotic swelling can occur only when the exchange 
sites contain monovalent cations. The difference in solute 
concentration between the interlayer and the interparticle 
pore fluid produces an osmotic gradient. This difference in 
chemical potential drives the additional water molecules 
into the clay interlayer resulting in the osmotic swelling [1]. 
Figure 1 depicts the schematic of crystalline and osmotic 
swelling in a 2:1 clay mineral. In the crystalline phase, 
hydration of clay occurs from a completely dry state and 
the interlayer expands until it encompasses four layers of 
water molecules. As a result, the basal spacing of clay (d001) 
typically increases from 0.9 to 2.2 nm, whereas the osmotic 
swelling can accommodate several layers of water molecules 
and results in a large increase in the basal spacing of clay, 
i.e., d001 > 2.2 nm [20]. The low k value exhibited by GCLs 
is generally associated with the osmotic swelling of Na-
bentonite because it contributes to a significant fraction of 
adsorbed water molecules compared to the crystalline phase.

GCLs deployed in most of the applications are exposed 
to permeants of not only water but also other inorganic liq-
uids comprising a wide range of concentrations from an 
aqueous dilute to a more aggressive, highly concentrated 
solution. When GCLs are exposed to aggressive inorganic 

Fig. 1   Schematic of crystalline and osmotic swelling in 2:1 clay minerals
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solutions, osmotic swelling does not occur due to the cation 
exchange reactions. As a result, the thickness of the diffused 
double layer (DDL) is compressed, and the clay structure 
becomes more flocculated. These microstructural changes 
increase the pore space for the flow of permeant and result 
in a high k value [21, 22]. To overcome this, Na-bentonite 
present in the GCLs is modified using polymers which in 
turn helps in absorbing numerous water molecules and retain 
the osmotic swelling. In general, for improving the k value 
of Na-bentonite, a variety of polymers are used in practice 
depending on the application. However, the scope of the 
present study is limited to the polymer-modified bentonites 
belonging to GCL applications. In this regard, the following 
section provides a concise review of previous investigations 
on various polymer-modified bentonites concerning their 
genesis, method of preparation, the mechanism responsible 
for their enhanced barrier properties, hydraulic performance 
to several permeants, and the pitfalls associated with their 
long-term performance.

Organoclays

GCLs deployed as a part of petroleum waste containment 
systems, organic liquid storage tanks, and barrier systems 
for containing pollutants from accidental spills are expected 
to attenuate organic pollutants for alleviating their transport 
into the surrounding environment. However, the Na-ben-
tonite in GCL has a limited sorption affinity towards the 
organic molecules. The insignificant adsorption capacity is 
attributed to the hydrophilic nature of the bentonite and the 
large molecular size of the organic compounds [23]. The 
retention capacity of the clay towards organic contaminants 
can be improved by increasing its interlamellar space and 
altering the clay surface to organophilic. This was achieved 
by replacing the existing interlayer cations with a suitable 
organic molecule via ion exchange reactions. This modifi-
cation resulted in organoclays with reduced hydrophilicity 
and an extremely organophilic surface. Cationic surfactants, 
such as quaternary alkylammonium compounds, are the 
most commonly used modifiers for organoclays. These 
organic compounds contain both hydrophilic and hydropho-
bic functional groups. The former binds to the negatively 
charged clay surface, and the latter enables the adsorption 
of hydrophobic organic pollutants. The resulting sorption 
aids in the improved performance of organoclay compared 
to the Na-bentonite. The surfactants absorb irreversibly onto 
the clay surface through a covalent bond, hydrogen bond, 
hydrophobic interaction, solvation, desolvation, and Cou-
lombic forces [24]. The treatment aids in improved sorption 
of organic compounds in the clay interlayer and results in 
increased interlattice spacing [25]. This in turn leads to the 
improved swelling capacity of organoclay compared to the 
untreated bentonite. The intercalation of organic molecules 

within the clay lattice contributes to its increased inter-
nal surface area. However, the extent of intercalation and 
adsorption of organic compounds depends on the carbon 
chain length, surfactant loading, and the cation exchange 
capacity of clay [26, 27]. Modifying the clay with alkylam-
monium compounds imparted high adsorption and swelling 
capacity upon interaction with organic pollutants when com-
pared to the untreated Na-bentonite [28, 29]. This resulted in 
enhanced immobilization of organic compounds and reduced 
k value, which helped in impeding the migration of organic 
contaminants [30, 31]. Several laboratory studies performed 
on organoclays have identified an enhanced swelling with 
high affinity and a low k value towards organic pollutants 
[32–36]. The sorption affinity of the modified clays was 
found to increase with the extent of organic modification 
[28]. A considerable amount of research on the adsorption 
capacity of organoclays can be found in the literature related 
to clay nanocomposites. Even though there are many organic 
additives, only selective modifiers with bentonite are shown 
to perform well in attenuating organic pollutants. One such 
commonly used organic additive is hexadecyl-trimethylam-
monium (HDTMA).

Gitipour et al. [25] investigated the hydraulic performance 
of GCL containing organoclay modified with HDTMA for 
containing the crude oil. Organoclay maintained a low k 
value of 5.2 × 10–11 m s−1, whereas the untreated clay exhib-
ited a k value as high as 1.15 × 10–8 m s−1. The improved 
hydraulic performance of the organoclay has been substan-
tiated in terms of its increased interlattice space, enhanced 
swelling, and reduced effective porosity. Further, the sorp-
tion of volatile organic compounds (VOCs) on organoclays 
was shown to increase several times compared to untreated 
bentonite [37, 38]. Lo and Yang [39] highlighted the abil-
ity of organoclay to resist weathering damages induced 
by freeze–thaw and wet–dry cycles. The bentonite modi-
fied with dicetyldimethylammonium exhibited a k value of 
magnitude two to five orders lower than that of the virgin 
clay upon permeation with gasoline. Besides, organoclay 
maintained a k value less than 1 × 10–10 m s−1 even after 
three wet–dry cycles. This was attributed to the high swell-
ing capacity of the bentonite upon interaction with organic 
molecules that helped in sealing the desiccation cracks.

These findings illustrate the beneficial characteristics of 
organoclay, suggesting its usefulness as an alternative liner 
material for containing organic contaminants. However, it 
has been reported that modifying the clay with organic addi-
tives in the desire to increase the sorption capacity may lead 
to a considerable increase in its k value [3]. In the study 
by Lorenzetti et al. [40], the k value of modified GCL (a 
mixture of bentonite and HDTMA-bentonite) increased sub-
stantially when the addition of organo-bentonite exceeded 
more than 20% by weight. This could be attributed to the 
various physico–chemical reactions resulting from the 
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clay-permeant interaction. Hence the potential benefit of 
organoclay is liable to the threshold value depending on the 
extent of modification. Also, Lake and Rowe [38] showed 
a modest change in the migration of contaminants (VOCs) 
despite considerable improvement in its sorption capacity. 
Overall, the limited improvements, in addition to the high 
cost, affected the extensive usage of organoclays.

Multi‑Swellable Bentonite

Multi-swellable bentonite (MSB) was developed by Kondo 
[41], in which propylene carbonate (PC), a cyclic organic 
carbonate, was employed to treat the bentonite. MSB-
based GCLs exhibited high swell and low k value towards 
permeants containing multivalent and high ionic strength 
monovalent cations [42]. The enhanced hydraulic perfor-
mance was attributed to the activation of the osmotic swell 
induced by PC that was intercalated within the clay lattice. 
Through this phenomenon, PC attracts a large amount of 
water molecules and tends to expand the interlayer spacing 
of clay to sustain osmotic swelling even in the aggressive 
chemical environment. This increased swelling contrib-
uted by the polymer enhanced the hydraulic properties of 
MSB. PC was found to interact with bentonite by forming 
a complex with exchangeable cation. It binds to the outer 
hydration shell of the exchangeable cation via intermo-
lecular hydrogen bonding and ion–dipole interaction [43, 
44]. Unlike organoclays, MSB maintained a low k value 
of 1 × 10–11 m s−1 for deionized (DI) water owing to the 
ease of formation of the hydration shell. Also, it retained a 
k value of 6.9 × 10–11 m s−1 towards 5 mM CaCl2 solution; 
this moderate increase in k value compared to DI water was 
attributed to the sidewall leakage [45]. Na-bentonites can 
undergo osmotic swelling upon interaction with NaCl solu-
tions having an ionic strength of 300 mM or lower, beyond 
which the swelling in clays gets suppressed significantly. 
Whereas MSB exhibited a considerable osmotic swell even 
when exposed to 750 mM NaCl solution [46]. Mazzieri and 
Pasqualini [47] have reported a low k value of MSB-based 
GCLs ranging between 4.2 × 10−11 and 5.4 × 10–11 m s−1 
upon direct permeation with seawater. However, the prehy-
drated MSB-based GCLs exhibited a relatively high k value 
due to the reduced swelling capacity and microstructural 
modifications that are resulted from the compression of DDL 
thickness upon prehydration.

Katsumi et al. [43] measured the k value of MSB-based 
GCLs using both monovalent and divalent permeants, con-
sidering a wide range of concentrations. MSB exhibited 
superior hydraulic performance (< 2 × 10–11 m s−1) relative 
to the untreated bentonite when permeated with NaCl solu-
tions having concentrations of 500 mM or lesser. However, 
an abrupt change in k value by two orders of magnitude 
was reported when the permeant concentration exceeded 

1000 mM. On the contrary, MSB showed a low k value 
(~ 1 × 10–11 m s−1) towards divalent permeants regardless 
of their concentration which was attributed to the precipita-
tion of carbonates within the pore structure. Overall, the 
treatment of bentonite with PC was found to be effective 
for containing the divalent and low concentrated monova-
lent contaminants. In the study by Fehervari et al. [48], the 
bentonite was modified using glycerol carbonate (GC). The 
GC-modified bentonite exhibited a low swell upon hydration 
with water when compared to MSB and untreated bentonite. 
The reduction in the swelling capacity can be attributed to 
the partial or complete removal of hydrated water surround-
ing the cation from the clay structure. The removal of inter-
lattice water was fuelled by the interaction of GC with the 
exchangeable cation either directly or through the hydration 
shell. Despite low swelling and less adsorbed water in the 
clay interlattice, GC-treated clays outperformed MSBs by 
exhibiting a low k value in the order of 1 × 10–11 m s−1 for 
both NaCl and CaCl2 solutions having concentrations higher 
than 1500 mM.

The above insights into the hydraulic properties of MSB 
raise questions regarding its long-term performance since 
propylene carbonate can downgrade to propylene glycol 
[49]. Also, it has been reported that the prolonged permea-
tion of prehydrated MSB resulted in the elution of propylene 
carbonate [50].

HYPER Clay

HYPER clay (HC) was developed by amending the bentonite 
with an anionic polymer viz., sodium carboxymethyl cel-
lulose (CMC). It is prepared by mixing the bentonite with 
the polymer solution consisting of CMC using a mechani-
cal stirrer for 30 min to increase the surface area of clay for 
polymer adsorption. The mixture is then oven-dried at tem-
peratures higher than 60 °C to favour irreversible adsorption 
of polymer onto the clay surface [51, 52]. Many researchers 
have investigated the interaction of the anionic polymer and 
the negatively charged clay platelets. Adsorption of the ani-
onic polymer onto the clay surface has been found to occur 
through the ion exchange process [51], hydrogen bonding 
[53], cation bridging [54], or coordination bond via ligands 
[55]. It can also interact with the positively charged edge sur-
face of clay through the electrostatic force of attraction [56]. 
The results of the Fourier transform infrared spectroscopy 
(FTIR) analysis performed by Qiu and Yu [57] showed a 
strong interaction of the ether bond and Si–O bond between 
the polymer and clay, which was found to be the driving 
force for the intercalation of the polymer between the clay 
lamellae. Polymer intercalation was found to be responsible 
for the improved performance of HC even under the influ-
ence of high ionic strength solutions, which caused the basal 
spacing to increase and propped open upon exposure to such 
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solutions. The extent of basal spacing increase depends on 
the polymer dosage, which thereby governs the performance 
of HC [52].

Bentonite modified with 2% CMC was found to experi-
ence higher swelling by ~ 42% than its untreated counter-
part in DI water; however, the swell index decreased as the 
electrolyte concentration increased. Moreover, the effect of 
polymer content on the swell index was appreciable when 
the interacting fluid happened to be dilute aqueous solu-
tions such as CaCl2 having concentrations less than 100 mM. 
The k value of HC treated with 8% CMC and 2% CMC 
was reported as 7.03 × 10–12 m s−1 and 1.37 × 10–11 m s−1, 
respectively, when tested with 5 mM CaCl2 solution as the 
permeant. Further, when HC was permeated with seawater, 
it exhibited a k value of magnitude one order lower than 
that of the untreated bentonite despite having a low swell 
in seawater. This could be attributed to polymer intercala-
tion that induced a tortuous flow path during seawater per-
meation [58]. Compared to MSB and DPH clay, HC showed 
improved chemico-osmotic efficiency and was found to be 
suitable for its application in marine environments [59].

In general, the long-term performance of the barriers 
is compromised owing to the detrimental effect of chemi-
cal compatibility, which may be further exacerbated if 
cation exchange gets combined with desiccation cracking. 
De Camillis et al. [60] examined the influence of wet–dry 
cycles using seawater on the hydraulic performance of HC 
that was treated with 2% and 8% polymer content. HYPER 
clay with a high polymer loading performed better than its 
counterpart, which was consistent with the earlier discus-
sions. At the end of four cycles, the k value of unmodified 
clay increased to 2.93 × 10–7 m s−1, owing to the non-closure 
of desiccation cracks that were formed during drying. In 
contrast, the k value of HC with 2% CMC remained as low 
as 3.5 × 10–10 m s−1 and HC with 8% CMC had a k value of 
9.11 × 10–11 m s−1. HC showed a low k value and improved 
healing capacity compared to the untreated bentonite. The 
study conducted by De Camillis et al. [61] evaluated the 
performance of sodium-activated bentonite and HC with 
8% CMC after subjecting to wet–dry cycles with seawa-
ter. The drying cycles were performed at 110 °C although 
it is unrealistic concerning the anticipated field conditions. 
After four cycles, the k value of sodium-activated benton-
ite and HC with 8% CMC was reported as ~ 1 × 10–7 m s−1 
and 1 × 10–10 m s−1, respectively. The results revealed that 
the polymer treatment helped in retaining a thick DDL by 
imbibing more water molecules and also aided in maintain-
ing a dispersed clay structure which was attributed to the 
enhanced swelling and healing capacity of HC with conse-
quent wet–dry cycles.

Though HC showed beneficial properties, the major prob-
lem associated with the usage of HC is the biodegradation 
of carboxymethyl cellulose [58]. Therefore, further research 

is warranted for assessing the long-term performance of HC 
under various biochemical conditions.

Dense‑Prehydrated Clay

Dense-prehydrated (DPH) clay-based GCL is a patented 
product that is produced via a two-step process, namely 
prehydration and densification. A British company named 
Rawell Environmental Limited, Hoylake, UK, introduced 
DPH GCLs in the 1990s. The patent licensed to Flynn and 
Carter [62] describes the manufacturing procedure of DPH 
clays. In this, the bentonite is first mixed with a polymer 
solution in a high shear mixer. It was followed by densifica-
tion, where the bentonite hydrated with polymer is extruded 
under vacuum into a thin sheet of 5 mm thickness, and it has 
an average void ratio of 1.5. The extruded bentonite sheet 
is then sandwiched between the geotextiles, and the GCL 
rolls are formed. The calendering process results in form-
ing a dense network of uniform pores within the bentonite 
and orients the clay particles predominantly in an edge-to-
edge direction. The polymeric solution used for prehydration 
consists of sodium carboxymethyl cellulose (CMC), sodium 
polyacrylate, and methanol, which confers workability and 
antifungicidal preservation. However, the exact composition 
of the polymer additive is proprietary. The DPH bentonite 
exhibited an excellent performance towards aggressive per-
meants due to both physical and chemical processes associ-
ated with its manufacturing. Overall, the DPH clay-based 
GCLs showed a superior membrane behaviour compared 
to the conventional GCLs when tested with KCl solution 
of concentrations 8.7–160 mM [63]. Kolstad et al. [64] 
investigated the swell and k value of DPH clay-based GCLs 
using 1000 mM CaCl2, 1000 mM NaCl, HCl (pH = 1.2), 
and NaOH (pH = 13.1). The swelling capacity was found 
to be comparable in both treated and untreated bentonite 
except in the alkaline environment, where the DPH clay 
swelled by more than 90%. The conventional GCL expe-
rienced severe damage upon permeation with strong elec-
trolyte solutions, which can be attributed to the suppression 
of DDL thickness. In contrast, DPH clay retained a low k 
value in all the aqueous solutions irrespective of valence and 
ionic strength. It retained a k value of magnitude four to five 
orders lower than that of the untreated clay. The improved 
performance of DPH clay was because of the intercalation of 
polymer that helped in preventing the collapse of the inter-
layer of the clay lattice. The DPH clay maintained a k value 
of ~ 1 × 10–12 m s−1 for CaCl2 solution having concentrations 
up to 1000 mM and exhibited a maximum difference of five 
orders of magnitude compared to the untreated clay when 
tested with 2000 mM CaCl2 [43, 65]. In addition, the DPH 
clay-based GCLs exhibited an improved performance even 
under the synergy of low confining stress and exposure to 
high ionic strength permeants [66, 67]. Thus, the inhibition 
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of interlayer swelling can be controlled by retaining the basal 
spacing of clay through polymer intercalation, which can 
help in ascertaining a low k value.

However, some studies reported equivalent or less 
improvement compared to that of the untreated bentonite. 
For example, Mazzieri et al. [68] reported the k value of 
DPH clay-based GCL to distilled water as 3.7 × 10–12 m s−1, 
which is only one order magnitude lesser than that of the 
conventional GCL (1.5 × 10–11 m s−1). The ability of DPH 
clay-based GCLs to attenuate metal ions was studied by 
Mazzieri et al. [68]. The GCLs were first prehydrated with 
distilled water and then permeated with a 25-mM acidic 
solution containing metal ions such as Pb, Zn, and Cu. The 
retention capacity of DPH clay-based GCLs was found to be 
better than that of the traditional GCLs, owing to the fixation 
of metal cations through ion exchange reactions. However, 
the k value of DPH clay (3.3 × 10–11 m s−1) was close to that 
of the untreated bentonite (1.6 × 10–10 m s−1). Few attempts 
have been made to investigate the effect of wet–dry cycles 
on the hydraulic performance of DPH clay-based GCLs. 
Mazzieri [69] used distilled water and 12.5 mM CaCl2 
solution for assessing the combined effect of desiccation 
and ion exchange reactions. When water was used as the 
permeant, no appealing changes were observed concerning 
the k value during successive cycles. In other words, desic-
cation has an insignificant effect on the k value of DPH clay 
if the permeant happens to be water, whereas the k value 
for 12.5 mM CaCl2 solution increased from 6.8 × 10−9 to 
5.5 × 10–5 m s−1 after the second wet–dry cycle. It was owing 
to the formation of unsealable desiccation cracks that have 
resulted from the severe drying. It was also found that the 
DPH clay can maintain self-healing ability and regain its 
hydraulic performance if the extent of drying is limited to 
the threshold water content of 45%. Mazzieri and Pasqua-
lini [70] conducted wet–dry cycling on DPH clay–based 
GCLs using 12.5 mM CaCl2. After the second cycle, the 
k value increased substantially to 5.5 × 10–7 m s−1, which 
is three orders of magnitude higher than that reported by 
Mazzieri [69]. The increase in k value can be attributed to 
the exchange of sodium ions from the exchange complex, as 
witnessed from the swell index test, which gave a value simi-
lar to calcium bentonite. It can be inferred that this method 
of modification is incapable of preventing cation exchange 
reactions. Mazzieri et al. [71] conducted wet–dry cycles on 
DPH clay–based GCLs using seawater. After five cycles, the 
increased k value was found to be in the range of 2 × 10−10 to 
1 × 10−9 m s−1. Moreover, the wet–dry cycles compromised 
the amendment technique that was used for treating benton-
ite. The successive cycles resulted in the removal of addi-
tives, as witnessed by Mazzieri [69], Mazzieri et al. [71], and 
Mazzieri and Pasqualini [70]. As mentioned earlier in HC, 
DPH clay also encounters the problem of biodegradation of 
sodium carboxymethyl cellulose. Thus, the performance of 

DPH clay-based GCLs may be impaired in the long-term 
because of the polymer’s instability. Systematic investiga-
tions in similar lines are required to ascertain their long-term 
performance.

Contaminant Resistant Clay

To reduce the impact of aggressive permeants on the per-
formance of conventional GCL, Na-bentonite is treated with 
an additive to develop contaminant-resistant clays (CRCs). 
The information regarding the chemical composition of 
additives is proprietary. Many types of CRCs are available 
commercially with the undisclosed chemical formulation. 
CRCs are shown to have excellent performance compared 
to Na-bentonite on exposure to high ionic strength solu-
tions and extreme pH conditions [72]. McKelvey [73] used 
CRC for containing calcium sulfate sludge generated from 
the treatment of acid mine drainage in the lime neutrali-
zation method. The sludge contained concentrated solutes 
with high pH. The conventional Na-bentonite-based GCLs 
were anticipated to undergo severe ion exchange in such 
aggressive conditions. But the proposed CRC was likely to 
confront the calcium-rich leachate. The swell index and k 
value of CRC were comparable with that of the unmodified 
bentonite tested with the DI water. However, CRC exhib-
ited a low k value of less than ~ 1 × 10–10 m s−1 to leachate 
rich in calcium. Benson et al. [74] measured the k value of 
GCL that contained a chemically modified bentonite using 
a mixture of 1.3 mM CsCl and 1000 mM NaOH solution 
representing the aluminum refining leachate. Permeation of 
GCL with a hyperalkaline solution resulted in a higher con-
centration of aluminum ions in the effluent, indicating the 
dissolution of clay minerals. Though the swelling was sup-
pressed, it retained a low k value because of the precipitation 
of hydrous silicate phases that helped in occluding the pores. 
This indicates that the low swelling of treated clays does 
not imply a high permeability. Athanassopoulos et al. [75] 
reported superior hydraulic performance (1 × 10–11 m s−1) 
of polymer-modified GCLs when permeated with hyperal-
kaline solutions viz., trona ash leachate (pH = 11 and ionic 
strength = 1050 mM) and bauxite residue liquor (pH = 13 
and ionic strength = 2350  mM). The k value of treated 
GCLs was three orders of magnitude lower than that of the 
untreated GCL upon permeation with bauxite residue liq-
uor. Similarly, permeation with trona ash leachate showed a 
difference of more than five orders of magnitude in k value 
relative to the untreated Na-bentonite. Also, CRC exhibited 
a low k value of ~ 1 × 10–11 m s−1 for leachates produced 
by coal combustion products (CCP) having ionic strength 
less than 1000 mM [76]. Further, the k value towards low-
level radioactive waste leachate was found to be as low 
as ~ 1 × 10–10 m s−1 [77]. Based on the above findings, it 
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can be inferred that the chemical modification of clays has 
resulted in enhanced hydraulic performance.

In contradiction to the above discussion, few studies have 
reported the inferior performance of CRC-based GCLs. Ash-
mawy et al. [78] investigated the hydraulic performance of 
CRC-based GCLs for three leachates derived from incinera-
tor ash landfills. In this study, both treated and untreated 
bentonite exhibited a large k value ranging from 1 × 10−5 
to 1 × 10–9 m s−1. Also, permeation with synthetic leachate 
simulating the chemical composition of acid drainage gener-
ated from copper and zinc ores caused the k value of CRC-
based GCL to increase by a factor of 200 to 7600 relative 
to the k value towards groundwater [79]. Despite the lim-
ited improvement, prehydration was found to enhance the 
hydraulic resistance of CRC-based GCLs. It has also been 
reported in a recent study by Chen et al. [80] that the pre-
hydration caused the k value to decrease from 5.0 × 10−7 to 
4.3 × 10–11 m s−1 when permeated with trona leachate. Pore 
clogging was found to be the primary mechanism for render-
ing a low k value in CRC-based GCLs.

Some studies showed promising results of CRC-based 
GCLs for barrier application, while a few others had reported 
comparable performance as that of the untreated GCLs. This 
could be ascribed to the limited polymer content, which is 
less than the threshold limit required for providing adequate 
chemical modification. Also the difference arising from the 
proprietary types of polymer used for modifying the ben-
tonite contributes to a great extent. However, the mecha-
nism of improved performance of CRCs is not completely 
understood due to the unknown chemical composition of 
the polymer involved in the modification of clays. Further, 
the hydraulic performance of CRC-based GCLs reported 
in various studies cannot be directly compared given the 
uncertainty regarding the clay–polymer interactions that 
occur under the diverse chemical environmental conditions 
considered in these studies.

Bentonite Polymer Nanocomposite

It is evident from the above discussion that the clay treated 
with polymer has the propensity to improve bentonite’s 
hydraulic performance. However, factors such as the selec-
tion of suitable polymer, type of modification method, poly-
mer adsorption, and so on have contributed to the limited 
performance of modified bentonite. Recently, a new type 
of modified bentonite has been developed, named bentonite 
polymer nanocomposite (BPN), to retain a low k value under 
aggressive chemical conditions. Trauger and Darlington [81] 
were the first to introduce the polymer-modified clay named 
bentonite polymer alloy (BPA), produced by polymerizing 
an organic solution within the bentonite slurry. The modified 
bentonite is referred to as BPN since the treatment method 
resembled the manufacturing of polymer nanocomposite, 

where the change was expected to occur at the nanoscale. 
The geotextile impregnated with BPA showed a low k value 
(5 × 10–12 m s−1) for seawater, which is approximately four 
orders of magnitude lower than the conventional GCL 
(2 × 10–8 m s−1). The study was further extended by Scalia 
et al. [82], where the hydraulic performance of BPN was 
investigated, which was produced by in-situ polymerization 
of acrylic acid within the bentonite slurry. It is also referred 
to as bentonite polymer composite (BPC) or polymerized 
bentonite. For producing this, Na-bentonite was first mixed 
with a neutral solution of acrylic acid and sodium hydrox-
ide at about 30–50% by weight, followed by the addition 
of sodium persulfate (initiator). The mixture was agitated 
vigorously to increase the surface area for polymer adsorp-
tion. Polymerization was then commenced by elevating 
the temperature of the mixture above the decomposition 
temperature of the initiator. The free radicals generated by 
the initiator tend to attack the double bond of the acrylic 
monomer to generate further radicals for propagating the 
polymer chain. After the reaction was complete, the mixture 
was oven-dried at 105 °C, milled, and screened till its par-
ticle size distribution matches with the untreated bentonite 
present in GCLs. The polymer produced by this method is a 
superabsorbent polymer (SAP) named sodium polyacrylate, 
and it tends to form a polymer hydrogel upon hydration 
[83]. SAP possesses a high swelling capacity rendered by 
hydrophilic groups (COO−) present in the polymer chain 
and associates with bentonite through hydrogen bonding. It 
is relatively inexpensive, non-biodegradable, and similar to 
the ones used in baby diapers [84]. Na-bentonite treated with 
SAP was more resistant and less permeable to high ionic 
strength solutions [82, 85]. Irrespective of concentration, 
polymer-treated GCL maintained a low k value for CaCl2 
solutions having concentrations ranging from 50 to 500 mM 
[86]. Compared to the conventional bentonite, a difference of 
approximately four orders of magnitude was observed upon 
permeation with 50 mM CaCl2 solution. A similar difference 
in k value was observed when BPN was permeated with a 
synthetic permeant representing the ocean water [87].

BPN was also shown to exhibit superior perfor-
mance in various aggressive chemical environments. 
Tian and Benson [88] conducted permeability tests on 
GCLs containing BPC using bauxite liquor (pH = 13, 
ionic strength = 700 mM) as the permeant. The k value 
of conventional GCL increased from 3.4  ×  10−11 to 
1.5 × 10–7 m s−1 during permeation, whereas BPC main-
tained a low k value of 4.3 × 10–12 m s−1, which is five 
orders lower than the former. Scalia et al. [85] investigated 
the hydraulic behaviour of BPN permeated with hypera-
cidic (1000 mM HNO3 having pH = 0.3) and hyperalka-
line solutions (1000 mM NaOH having pH = 13.1). Na-
bentonite was found to exhibit a large k value in the range 
between ~ 3 × 10–7 and 5 × 10–7 m s−1. In contrast, BPN had 
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a k value ranging from 1 × 10−11 to 4 × 10–11 m s−1, which 
is less permeable by more than three orders of magnitude. 
Permeation of GCL containing BPC loaded with 12.7% 
polymer to CCP leachate resulted in the permeability of 
two to three times lower than the permeability of BPC 
to DI water [80]. Tian et al. [77] measured the k value 
of GCL encompassing 90% sodium bentonite and 10% 
polymerized bentonite with low-level radioactive waste 
synthetic leachate. As expected, it proved its excellence 
by retaining a low k value of ~ 5 × 10–12 to 6 × 10–12 m s−1. 
Besides, polymerized bentonite showed improved hydrau-
lic performance, superior membrane behaviour, and 
remarkable diffusion characteristics compared to natural 
bentonite [89–91].

Scalia and Benson [92] assessed the effect of the treat-
ment method by evaluating the k value of wet and dry 
blended mixtures of Na-bentonite and sodium polyacrylate 
for the permeants such as 5 mM-, 50 mM-, and 500 mM-
CaCl2 solutions. BPC produced by the wet method main-
tained high swell and low k value (1.6 × 10–10 m s−1) com-
pared to that of the dry blended composite (6.1 × 10–8 m s−1). 
This variation was primarily attributed to the changes asso-
ciated with the fabric structure induced during the process 
of mixing and it signifies the strong influence of polymer 
properties and treatment methods on clay–polymer interac-
tion [93]. BPC in DI water swelled more than two times the 
swell of the Na-bentonite. The swell index was found to 
decrease with the increasing concentration of CaCl2 solu-
tion, and the values were comparable to the swell of cal-
cium bentonite (8–10 mL 2 g−1) at concentrations greater 
than 200 mM [85]. Similar to other modified bentonites, 
polymerized bentonite exhibited a low k value to aggressive 
permeants despite their low swell, signifying that the k value 
of modified bentonites cannot be ascertained by knowing 
their swelling behaviour alone [82, 85, 87, 88, 94]. This 
indicates that the hydraulic behaviour of modified bentonite 
is not only ascertained by swelling but also by the clay–poly-
mer interaction that plays a key role in deciding the perfor-
mance of BPC. Trauger and Darlington [81] hypothesized 
that polymer intercalated in the clay interlayer tends to pre-
vent the escape of sodium cations from the exchangeable 
sites and is responsible for maintaining the high swell and 
low k value in polymer-treated bentonites. However, Scalia 
et al. [85] reported a complete exchange of sodium cations 
for calcium ions after the permeation of the CaCl2 solution. 
Also, the results of X-ray diffraction (XRD) analysis showed 
no change in the crystal lattice spacing of bentonite upon 
treatment, which indicates the inability of polyacrylate to 
intercalate owing to the large hydrated radius [95]. Later, the 
mechanism controlling the hydraulic behaviour of polym-
erized bentonite was identified as the polymer hydrogel, 
which clogged the intergranular pore space of bentonite to 
impart a lower permeability [85, 88, 94, 96]. Hence it can 

be concluded that compared to Na-bentonite, the hydraulic 
performance of BPC appears to be promising, suggesting its 
usefulness as an alternative barrier material.

Given this, Scalia et al. [85] observed polymer elution 
from BPC, a concern upon permeation with high ionic 
strength solutions. The amount of polymer eluted was found 
to decrease with the increasing CaCl2 concentration. How-
ever, Tian et al. [94] identified an increase in polymer elution 
with the increasing CaCl2 concentration upon permeation 
with 20–500 mM CaCl2 solution. A possible reason for these 
contradicting observations could be the use of different poly-
mers employed in GCLs in the above studies, which contrib-
ute to different interactions with the clay surface in a given 
chemical environment. These findings strongly indicate the 
influence of permeant chemistry on polymer conformation 
and its interaction with bentonite [84]. Besides having all the 
above discussion, it is believed that the persistent attention 
paid to studies on polymerized bentonite is envisaged to spur 
development for future advancements. In view of witnessing 
this, different formulations of chemical solutions have been 
developed recently in producing polymerized bentonites, and 
they have evidenced promising results for barrier applica-
tions [97–100].

Relationship Between the Swell Index 
and Permeability of Modified GCLs

The free swell index is one of the widely used index prop-
erties of GCL as they reflect the chemical compatibility 
between the Na-bentonite present in the GCL and the per-
meants of interest. The swell index of bentonite is deter-
mined as per the ASTM D5890 codal provisions [101]. For 
testing, 2 g of oven-dried mass of bentonite that is ground 
to pass 100% through a 150-µm sieve with a minimum of 
65% passing a 75-µm sieve is used. The bentonite is added 
in increments of 0.1 g at 10-min intervals into a 100 mL 
measuring cylinder that was initially filled with 90 mL of the 
test solution. After the last addition, the sides of the cylinder 
are rinsed and filled up to 100 mL using the same test solu-
tion. After 24 h, the volume in mL corresponding to the top 
surface of the settled clay mineral is measured. This value of 
swollen clay volume in mL for the given 2 g is reported as 
the free swell index and its unit is noted as mL 2g−1.

As the time required for conducting permeability tests is 
longer, the swell index is used as an indicator for ascertain-
ing the hydraulic behaviour of GCLs, indirectly. Also, the 
swell index can be used as an indicator for the quick assess-
ment of permeability testing. However, the true hydraulic 
behaviour cannot be ensured until performing the perme-
ability tests because the swell index alone may not be an 
appropriate parameter for predicting its hydraulic behaviour. 
The Na-bentonites with high swelling capacity are generally 
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associated with a low k value since the k value is a function 
of the thickness of DDL and the interlattice spacing [1, 43]. 
Given this, Katsumi et al. [7] and Katsumi et al. [43] have 
correlated the swell index of bentonite and the permeabil-
ity of non-prehydrated GCLs for the permeation of a wide 
range of polar inorganic solutions tested at lower confining 
stresses (20–30 kPa), as shown in Eqs. 1 and 2, respectively, 
as follows:

where k value is the permeability of GCL (m s−1) and SI is 
the swell index of bentonite (mL 2 g−1) obtained by employ-
ing the corresponding test solution used for permeability. It 
can be inferred from the above relationships that the higher 
the swell index the lower the k value. Incidentally, Liu et al. 
[102] have demonstrated the applicability of the relation-
ship developed by Katsumi et al. [43], Eq. 2, for the prehy-
drated GCLs tested over a wide range of effective stresses 
(35–200 kPa). These relationships predict the hydraulic 
performance of GCLs for a wide range of polar inorganic 
permeants, the mineralogical composition of the bentonite, 
and gradation of bentonite used for manufacturing GCLs. In 
general, for polymer-modified bentonites, no such definite 
relationships were reported in the literature. However, few 
studies have reported the variation of k value with the swell 
index for BPN, but no correlation was advocated. Scalia 
et al. [82], Scalia et al. [85], Scalia and Benson [87] have 
reported that the BPN maintained a low k value even at a low 
swell index. The k value was found to be consistently less 
regardless of the magnitude of the swell index. This implies 
that a lower swell index does not always correspond to a 
larger permeability. Further, Wireko et al. [103] attempted to 
develop a relationship between the swell index and k value of 
CRC-based GCLs using a power law, as illustrated in Eq. 3.

where k value is the permeability (m  s−1) and SI is the 
swell index of bentonite (mL 2 g−1) obtained by employing 
the corresponding test solution used for permeability. Till 

(1)log
(

k value

3.09 × 10−11

)

= exp [−0.31 × (SI − 8.69)],

(2)log
(

k value

1.13 × 10−11

)

= exp [−0.14 × (SI − 14.95)],

(3)k value = 0.014 SI−5.85,

date, no attempts have been made to develop a correlation 
between the swell index and the permeability of polymer-
treated GCLs by considering the diverse permeants, type 
of bentonite, type of polymer used, polymer content, and 
effective stress. In view of the above discussion, the present 
study attempted to comprehend the variation of the k value 
of different polymer-amended bentonite-based GCLs with 
their corresponding swell index. For this purpose, the pub-
lished data in the literature are collected for each polymer-
modified bentonite and for the sake of completeness, the 
same is presented in Online Resource 1. Further, non-linear 
regression analysis was performed on the collected data to 
obtain the relationship, as shown in Eq. 4 [7]. The efficacy 
of the developed relationship (Eq. 4) was assessed in terms 
of its goodness of fit and the summary of the results is illus-
trated in Table 1. 

 
where k value is the permeability (m s−1) of GCL, SI is 

the swell index of bentonite (mL 2 g−1) obtained by employ-
ing the corresponding test solution used for permeability, 
k value* is the constant k value corresponding to the large 
values of SI. A, B and k values* are the fitting parameters. 
These parameters which describe the shape of the fit curve 
illustrate the variation of SI with k value. The steepness of 
the initial portion of the curve is governed by the parameter 
A. The parameter B is defined such that the k value always 
corresponds to the positive value of the swell index, i.e., 
SI > 0 and the parameter, k value* describes the asymptotic 
nature of the curve. In Eqs. 1–4, the k value and SI were 
measured using the same permeant. The results of untreated 
Na-bentonite-based GCLs were not used for fitting; however, 
these values were superimposed while presenting the vari-
ation of permeability of modified GCLs with swell index. 
This exercise was performed to demonstrate the superior 
hydraulic performance of modified bentonites compared to 
the untreated Na-bentonite. The above described relation-
ship between the permeability and swell index can be used 
as a precursor for the quick assessment of the hydraulic 
behaviour and a surrogate for the selection of the modified 
bentonites required for a specific application. Besides, the 
swell index can be used to check if the clay is susceptible to 

(4)log
(

k value

k value∗

)

= exp[A × (SI − B)],

Table 1   Parameters of 
developed relationship 
correlating the permeability 
and swell index of polymer-
modified GCLs for Eq. 4

Type of polymer-modified bentonite Parameters R2 Adj. R2

A B k value*

Organoclays − 0.628 8.52 2.34 × 10–11 0.94 0.92
Multi-swellable bentonite − 0.242 11.06 1.0 × 10–11 0.91 0.91
Contaminant resistant clay − 0.94 4.9 1.32 × 10–11 0.91 0.91
Bentonite polymer nanocomposite − 0.22 13.27 1.48 × 10–11 0.84 0.82
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likely increase in the k value or not when it is exposed to the 
permeant of interest.

Figure 2 shows the variation of k value of organoclay-based 
GCLs with the swell index for a wide range of permeants hav-
ing varied dielectric constants. The R2 value close to one indi-
cates a strong correlation between the swell index and the k 
value (Table 1), which in turn suggests the adequacy of using 
the swell index of organoclay as an index property for ascer-
taining the permeability of organoclay-based GCLs. However, 
its applicability on the lower range of the swell index is lim-
ited. The following three regions of k value were observed: 
low, intermediate and high. In the lower region, the k value was 
less than 1 × 10–9 m s−1 for which the swell index was greater 
than 7 mL 2 g−1. The data points falling in this region belong 
to the permeants such as gasoline, crude oil, jet fuel, diesel, 
dioctyl phthalate, etc. In the intermediate region, the k value 
varied between 1 × 10−4 and 1 × 10–9 m s−1 and the permeants 
that fall in this category are relatively polar alcohols such as 
ethanol, methanol and phenol. In the higher region, the k value 
was found to be very large (> 1 × 10–4 m s−1) for which the 
permeant tested was water. Incidentally, the dielectric constant 
(ε) of the permeant varied as ε < 5, 10 to 40, and ≥ 80 in the 
lower, intermediate and higher k value regions, respectively. 
In general, ε is one of the major influencing factors of the 
permeating fluid in determining the k value. Given this, the 
present study attempted to develop a relationship between ε of 
permeant and the k value of polymer-amended bentonite-based 
GCLs as shown in Eqs. 5 and 6.

(5)k value = C × �
D,

where C, D, E and F are the fitting parameters.
From Figs. 2 and 3, it is observed that as ε of the per-

meant declined, the k value was decreased with the increase 
in the swell index in the case of organoclay-based GCLs, 
whereas in the case of untreated Na-bentonite, a reverse 
trend was noticed, as reported by Goodarzi et al. [104] and 
Mortezaei and Karimpour-Fard [105]. The observed varia-
tion in the organoclays can be attributed to the surface altera-
tion upon treatment with organic modifiers, which favoured 
organic adsorption onto the clay surface and transformed 
them into more hydrophobic. On the contrary, the permea-
tion of water resulted in a large k value of organoclay owing 
to the poor interaction between the highly polar permeant 
and the hydrophobic clay surface. When the permeant was 
changed from highly polar water to relatively non-polar alco-
hols, the k value of organoclay was reduced by two to three 
orders of magnitude. A significant decrease in the k value 
was noticed when ε became two, which represents the non-
polar liquids. The k value of organoclay is related to ε of the 
permeant as per Eq. 5, and it was found to exhibit a good 
correlation, as illustrated in Table 2. 

Similar attempts were made to develop correlations con-
cerning the hydraulic performance of MSB-based GCLs. 
As illustrated in Fig. 4, the k value of MSB showed a strong 
correlation with the swell index evidencing a high R2 value 
(Table 1). When the permeant happens to be water, the k 
value was less than 1 × 10–10 m s−1. As the molar concen-
tration of the permeant, as well as the valency of ions pre-
sent in it, is increased, an increasing trend in the k value 
with the reducing swell index was observed. This behaviour 

(6)k value = E × exp [F × �],

Fig. 2   Permeability of 
organoclay as a function of the 
free swell index, along with 
the points corresponding to 
untreated Na-bentonite shown 
as numbered circles for the 
respective permeants (Data col-
lected from [25, 31, 34, 39])
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is similar to that of untreated Na-bentonite and hence the 
hydraulic behaviour of MSB-based GCLs can be corrobo-
rated using DDL theory. The k value varies exponentially 
with the swell index for values less than 20 mL 2 g−1 and is 
in agreement with the results reported by Liu et al. [102]. 
The effect of increased concentration and valency of the per-
meating solution was reflected in the dielectric properties 
of the permeant. The dielectric constant of the permeant is 
decreased when the concentration and valency of the cation 
are increased. Hence the increased k value is visualized in 
terms of reduced ε of the permeant, as shown in Fig. 5. The 
k value of MSB for NaCl solution exhibited a good relation-
ship with ε of the permeant as per Eq. 5 (Table 2) for the 
concentration ranging from 100 to 2000 mM and its corre-
sponding ε varied from 55 to 77. As the dielectric constant 
of the permeant reduces, the repulsive force acting between 
the clay particles decreases. This leads to the formation of 

a flocculated clay structure and a thin DDL resulting in a 
high k value [21, 22]. A similar correlation as that of NaCl 
solution with a greater R2 value (Table 2) was observed for 
CaCl2 solution; however, it is limited for concentrations less 
than 500 mM and for ε of 68 to 77 owing to the dominant 
influence of both increased concentration and valence over 
dielectric effect, which is reflected in the slope of the fitted 
curve. It is to be noted that the obtained trend is based on the 
limited data available for the CaCl2 solution. 

The k value of DPH clay and HYPER clay is shown in 
Fig. 6 as a function of the swell index. The data of both 
DPH clay and HC were not fitted as there were only lim-
ited data points pertaining to the types of permeants and 
the range of concentrations reported. The data plotted for 
HC corresponds to the results of the tests conducted with 
solutions of only DI water, 5 mM CaCl2 and seawater. The 
k value of HC increased marginally with the decrease in 

Fig. 3   Relationship between 
the permeability of organoclay 
and the dielectric constant of 
permeant (Data collected from 
[25, 34, 39])

Table 2   Parameters of developed relationship correlating the permeability of polymer-modified GCLs and the dielectric constant of the per-
meant for Eqs. 5 and 6

Type of polymer-modified bentonite Parameters R2 Adj. R2

C D

Organoclays 5.14 × 10–13 4.858 0.99 0.99
Multi-swellable bentonite
 For NaCl solution 3.47 × 1023 − 18.39 0.93 0.93
 For CaCl2 solution 5.89 × 1046 − 30.54 0.97 0.94

Dense-prehydrated clay and HYPER clay 1.19 × 10–9 − 1.298 0.94 0.93

E F

Bentonite polymer nanocomposite 3.02 × 1041 − 1.525 0.88 0.87
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the swell index. However, the k value was found to be less 
than 1 × 10–10 m s−1 for all the values of the swell index. 
In the case of DPH clays, a low k value (< 1 × 10–11 m s−1) 
was observed even though the swell index was less than 
10 mL 2 g−1. Regardless of the type and concentration 
of permeant, DPH clay witnessed a k value less than 
1 × 10–10 m s−1. Even though the regression analysis was 
not performed for the entire range of swell index, the data 
points of both HC and DPH clay appear to fall on the lower 
end of the potential fit based on Eq. 4. Therefore, it can be 
concluded that to capture the true dependence of the swell 

index for the above clays, more tests need to be conducted 
using permeants of different types and over a wide range 
of concentrations. Given this, the anticipated k value for 
the low swell index may fall in the shaded region of the 
curve. With the existing data, the swell index appears to be 
insensitive in capturing the potential hydraulic behaviour 
of HC and DPH clays, whereas from Fig. 7, it is interest-
ing to note that the k value of both HC and DPH clay is 
strongly correlated to ε of the permeant based on Eq. 5 
and the fitted parameters are shown in Table 2. The above 
inference is made based on the fit curve containing limited 

Fig. 4   Permeability of multi-
swellable bentonite as a 
function of the free swell index 
along with the points corre-
sponding to untreated Na-ben-
tonite shown as open markers 
(Data collected from [43, 47, 
48, 50, 106])

Fig. 5   Relationship between 
the permeability of multi-
swellable bentonite and the 
dielectric constant for NaCl and 
CaCl2 permeants having varied 
concentrations. The encircled 
cross marks denote the points of 
CaCl2 solution having concen-
tration ≥ 500 mM, which is not 
used for fitting (Data collected 
from [43, 47, 48, 50, 106, 107])
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data points. However, the value of ε considered in this 
relation comprises a wide range (5–80) and envelops vari-
ous permeants. 

Figure 8 shows the variation of k value of CRC-based 
GCLs with the swell index indicating a strong correlation 
witnessing a high R2 value of 0.91 (Table 1). It can be seen 
that the data are scattered on the higher and lower ends of 
the fitting curve regardless of the type of permeant. This 
can be attributed to the difference in the polymer con-
tent used for modifying the bentonite. On the higher end, 
large k values are observed owing to the less polymer dose 

(≤ 5%) used in CRC-based GCLs, whereas on the lower 
side, low k values (< 1 × 10–10 m s−1) are detected even for 
the swell index < 9 mL 2 g−1 and it is mainly ascribed to 
the high polymer content (≥ 6%) used for manufacturing 
CRCs. Overall, the k value of CRC varied exponentially 
with the swell index for values less than 10 mL 2 g−1 irre-
spective of the type of permeant, bentonite and polymer. 
As ε of the permeant used for testing the k value of CRC 
is unknown, no correlation was developed; however, the 
variation of k value with ε is shown in Fig. 9 for water and 
300 mM Na+ solution with different anion ratios. Further 

Fig. 6   Permeability of dense-
prehydrated clay and HYPER 
clay as a function of the 
free swell index along with 
the points corresponding to 
untreated Na-bentonite shown 
as open markers (Data collected 
from [58, 59, 64])

Fig. 7   Relationship between 
permeability and the dielectric 
constant of permeant for both 
dense-prehydrated clay and 
HYPER clay (Data collected 
from [58, 59, 64, 107])
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research is still needed to establish the relationship for 
CRC-based GCLs based on ε of the permeant. 

The dependency of the k value on the swell index of BPN 
is illustrated in Fig. 10. A similar trend as that of other modi-
fied bentonites was observed. There was a strong relation-
ship between the swell index and k value of BPN regardless 
of the type of permeant, type of polymer and type of ben-
tonite used for manufacturing GCLs (Table 1). Figure 11 
shows the relationship between the k value of BPN and ε of 

CaCl2 solution correlated by Eq. 6, where the concentration 
of CaCl2 solution ranges from 5 to 600 mM. Compared to 
other polymer-modified bentonites, BPN had a relatively low 
R2 value (Table 2). As ε is not known for other permeants 
used for testing the k value of BPN and also owing to lim-
ited data, they were not included for the present analysis. 
The relationship is valid only for concentrations less than 
500 mM where ε varied from 70 to 80, beyond which the 
combined effect of concentration and valency of permeant 

Fig. 8   Permeability of contami-
nant resistant clay as a function 
of the free swell index along 
with the points corresponding to 
untreated Na-bentonite shown 
as open markers (Data collected 
from [74, 77, 80, 108, 109])

Fig. 9   Variation of permeability 
of contaminant resistant clay 
with the dielectric constant of 
the permeant (Data collected 
from [74, 77, 80, 107–109])
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plays a significant role in affecting the k value. Hence, it can 
be inferred that ε can be a suitable indicator for assessing 
the k value for ionic solutions having low valency cations 
and concentrations.  

Summary and Conclusions

Polymer-modified GCLs have been developed in the past 
few decades to overcome the drawbacks of conventional 
Na-bentonite and to meet the growing demand for geoen-
vironmental applications. The evolution of modified clays 
has spurred considerable momentum of research in the 
arena of barrier applications and has invoked the potential 
of new aged GCLs for future applications. Given this, a 

Fig. 10   Relationship between 
permeability and free swell 
index of bentonite polymer 
nanocomposite along with 
the points corresponding to 
untreated Na-bentonite shown 
as open markers (Data collected 
from [77, 80, 82, 85, 87, 88, 94, 
99, 100])

Fig. 11   Variation of permeabil-
ity of bentonite polymer nano-
composite with the dielectric 
constant of CaCl2 solution hav-
ing varied concentrations. The 
encircled cross marks denote 
the points of CaCl2 solution 
having concentration ≥ 500 mM, 
which is not used for fitting 
(Data collected from [82, 85, 
94, 100, 107])
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comprehensive review of various polymer-modified GCLs 
was discussed concerning their hydraulic performance. The 
mechanism contributing to their improved hydraulic proper-
ties was described. Further, the limitations associated with 
their usage were addressed with an emphasis on a need for 
future development. In addition, the relationship between the 
permeability and swell index of various polymer-modified 
bentonites was investigated and correlations based on the 
dielectric constant of the permeant were proposed. Based on 
the critical review of the literature and the interpretation of 
results of the proposed relationships, the following conclu-
sions can be drawn:

•	 The modification of smectite-based clays using polymers 
has resulted in superior hydraulic performance in terms 
of swelling and permeability. The degree of enhance-
ment varied depending on the polymer content, polymer 
composition, and clay–polymer–permeant interaction.

•	 The mechanism responsible for the enhanced hydrau-
lic performance of polymer-treated GCLs is primarily 
ascribed to the activation of osmotic swell by polymer 
intercalation and pore clogging phenomenon by polymer 
hydrogel. However, the consequent changes in terms of 
macro-engineering properties of polymer-treated GCLs 
are not completely addressed.

•	 Given this uncertainty, an empirical relationship was 
developed between the swell index and the k value of var-
ious polymer-treated GCLs by considering a wide range 
of permeants. The swell index is inferred to be a suitable 
index property for studying the effect of permeants on 
the k value only when it is > 20 mL 2g−1. However, it 
should be used with caution for assessing the chemical 
compatibility of polymer modified GCLs owing to the 
ambiguities associated with the k value at a lower swell 
index (< 20 mL 2g−1).

•	 Considering this, the study advocated the use of the 
dielectric constant of the permeant for evaluating the k 
value of treated GCLs through the formulated empiri-
cal relationships. A strong correlation suggested that the 
dielectric constant can be an alternative indicator for the 
indirect assessment of the k value.

•	 Nevertheless, these correlations are applicable for mono-
valent permeants (NaCl) having concentrations ranging 
from 100 to 2000 mM and for divalent permeants (CaCl2) 
having concentrations less than 500 mM, which corre-
sponds to the values of dielectric constant comprising a 
narrow range of 55 to 77 and 68 to 77, respectively. Their 
limited range of use can be attributed to the increased 
significance of concentration and valence effect over the 
dielectric properties.

•	 The proposed correlations presented in this study can be 
considered as a surrogate for the initial guidance of selec-
tion of the modified bentonite. However, the true hydrau-

lic behaviour of polymer-modified bentonites needs to be 
evaluated by performing permeability testing.

•	 As there were only limited data available in the literature 
concerning the dielectric constant of permeants and the 
surface chemistry of the permeating media, systematic 
investigations are required for validating the proposed 
relationships. Further, the reviewed literature suggests 
that the hydraulic performance of treated GCLs may be 
impaired in the long run owing to the endurance char-
acteristics of the polymer. Therefore, the durability of 
polymer-modified GCLs needs to be established by con-
templating the long-term chemical compatibility testing 
protocols.

Overall, the polymer-modified GCLs are all still at the 
research level, and hence intense testing based on the site-
specific requirements is recommended. More experimental 
investigations are required for deepening the understanding 
of the performance of innovative barriers that can assist in 
engineering a suitable material for a specific application.
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