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Abstract

The bottom liner facilities comprising of bentonites are popularly used in municipal solid
waste (MSW) landfills to impede the flow of generated leachates. Owing to various virtues
such as low saturated hydraulic conductivity (ks< 10-° m/s), and very high sorption potential
the bentonites are preferred as hydraulic barriers. Diffusion is thus, the predominant
mechanism for the leachate flow through such impermeable barriers in the absence of
advection. Several available studies reveal the degradation of the bentonite performance and
the consequent increase in the hydraulic conductivity of the compacted bentonites due to
their longer exposure to salt leachates. Under such conditions, the effective flow path for the
diffusing species through the barrier system might get altered, which in turn could influence
the mass transport parameters, viz., effective diffusion coefficient (De), and retardation factor
(Ra). The long-term influence of the aggressive salt solutions on the diffusion behaviour of
the salt-laden liner is essential for the long-term performance of the bentonite-based barrier
systems.

The self-sealing ability of the granulated bentonite barriers is another virtue owing to which
the dominant transport mechanism in geosynthetic clay liners (GCLYS) is diffusion, The
existing studies indicate that the osmotic potential of the granular bentonites decreases in the
presence of salt solutions. However, the studies related to the sealing and swelling ability of
granular bentonite under high ionic strength salt solutions are scarce. Moreover, the granular
bentonites in geosynthetic clay liners are mostly exposed to aggressive salt leachates under
the overburden waste load in the un-hydrated state. Therefore, the sealing and swelling
ability of the granular bentonite in the un-hydrated state under chemo-mechanical loading
remains to be understood.

In the present study, the diffusion characteristics of compacted powdered and granular
bentonite were studied extensively in the presence of various salt concentrations. The
influence of the sorption potential on the diffusion rates of various salt cations was also
presented. Further, the sealing and swelling potential of compacted granular bentonite in the
presence of various salt solutions and under the overburden stresses induced by the waste in
municipal solid waste landfills was presented in this work. It was shown in this present study
that the design parameters viz., effective diffusion coefficient, and retardation factor were
significantly influenced by the type of permeating fluid. In the presence of high ionic
strength salt solutions, the diffusion rates were significantly higher through both powder and
granular bentonite. Further, the present study reveals for the first time that the sealing ability
of the GB was completely lost upon permeation with high salt concentrations and under low
overburden stresses. The inter-aggregate voids present in the granular bentonite remained
intact and the condition is favourable for easy mobility of different contaminants, including
viruses and pathogens, into the environment. The applicability of the granular bentonites in
the form of geosynthetic clay liners as a bottom liner facility in a higher saline environment,
therefore, remains a serious concern.

In order to address this problem, a protective layer consisting of kaolin was proposed in this
work. The effectiveness of the kaolin-bentonite layered system in high saline conditions was
presented for the first time. The proposed barrier system was found to perform satisfactorily
even in the presence of high ionic strength salt solutions for both powdered and granular
bentonite in terms of the diffusion rates of the salts. The microstructural and the elemental
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compositional analysis revealed that the addition of kaolin allowed the underlying granular
bentonite layer to disintegrate into smaller particles and seal the inter-aggregate voids. The
study also provides a qualitative assessment of the applicability of the clay-based barrier
systems in attenuating various viral pathogens.

Keywords: Powder bentonite, granular bentonite, salt-leachate, effective diffusion
coefficient, retardation factor, sealing ability, kaolin-bentonite layer
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Chapter 1

Introduction

1.1 General

Rapid industrialization and the enormous increase in population density has contributed
immensely to the increase in domestic and industrial waste. In order to address this huge
waste disposal need of a particular city or a region, landfill becomes inevitable. Landfills are
the engineered waste containment facilities that allow the disposal of waste in a safe and
effective manner. In the earlier times, the landfills were devoid of any bottom liner facilities
to restrict the migration of the generated leachate. However, the need for the bottom
hydraulic barriers was realized to eliminate the adverse effects of the landfill leachate on the
surrounding land and groundwater (Daniel, 1993; Bouazza and Impe, 1998; Rushbrooh,
1999; Kong et al., 2017). In the municipal solid waste landfills, a single bottom liner system
is used to reduce the exposure of the generated leachate within the landfills to the
surrounding environment. A leachate collection system of porous material is placed above
the bottom liners to reduce the amount of generated leachate reaching the liners (Rushbrook
and Pugh, 1999; Blight, 1996; Bouazza and Impe, 1998; Du et al., 2009). The guidelines
provided by the environmental protection agencies of various countries advocate the use of
soils as bottom liners that has hydraulic conductivity lower than 1x10-° m/s (Manassero,
1997; CJJ113, 2007; EPA, 2015). The successful performance of the landfill is governed by
the effective design of such bottom liner systems. Compacted clay liners (CCLSs) comprising
of highly plastic clays viz., powdered bentonite were initially used to achieve the required
hydraulic conductivity and the thickness of the CCLs varies from ~0.75-1 m (Daniel, 1993;
Ahsford and Husain 1996; Al-yagout and Townsend, 2003; Safari et al., 2012; Jingjing,
2014).

The thick CCLs allowed minimal leachate flux to the surrounding land and water table.
However, since the last two decades, geosynthetic clay liners (GCLs) have gained more
popularity. The GCLs comprise of a thin layer of granulated bentonite (~5-7 mm)
sandwiched between two geotextile layers. The various virtues, viz., ease of handling and

installation, easy availability, lesser thickness, and resistance to environmental degradation
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makes the GCLs a suitable alternative over the conventional compacted clay liners (Mazzieri
and Pasqualini, 2000; Bouazza, 2002; Bradshaw and Benson, 2014; Darde et al., 2020; Yan
et al., 2020). Although the GCLs have emerged as the most preferable barrier material due
to the aforementioned virtues, the attenuation of the leachate flux, in the long run, is minimal
in comparison to CCLs. Thus the CCLs are still one of the desired hydraulic barriers in
landfills in some regions (Giroud et al., 2015; Xie et al., 2015. Shu et al., 2017).

Apart from maintaining the saturated hydraulic conductivity lower than the limiting value
(ks < 10-° cm/sec), the bentonite-based barrier systems have very high retention capacity for
cations (Benson et al., 1994; Kau et al., 1998; Rowe and Lake, 2000; Katsumi et al., 2007,
Bharat, 2013; Bohnhoff and Shackelford, 2014; Chen et al., 2016). Owing to such low
hydraulic conductivity of the bentonites, the slow diffusion process augmented by high
sorption potential is the sole predominant mechanism in the landfills. The advection
transport is, therefore, absent in these leachate containment facilities as the barriers are

nearly impermeable to the migration of salts under the hydraulic gradients.

Commonly, the MSW landfills comprise of leachates of high salinity that include an array
of inorganic cations, viz., Lithium (Li*), sodium (Na*), potassium (K*), and calcium (Ca?*)
due to salt-laden solid waste from the rubber industry (Ozgunar et al., 2007; Boopathy et al.,
2013); as coal combustion waste from the coal-fired plants (Salihoglu et al., 2016; Tian et
al., 2019; Chen et al., 2019; Zainab and Chen, 2020); as construction and demolition waste
from the construction industries (Weber et al. 2002; Yeheyis et al., 2013; Turkyilmaz et al.,
2019); and as stabilized inorganic hazardous waste produced due to stabilization of the waste
from the electroplating industries (Conner and Hoefner, 1998; Wang et al., 2019). Due to
the frequent and increased disposal of waste from such industries, the bentonite-based liners
are eventually exposed to the high ionic strength salt leachates. Several available studies
reveal that the plasticity of the bentonite decreases with the salt concentrations (Sridharan
and 1986; Di Maio et al., 2004; Mishra et al., 2009; Sridharan, 2014) which consequently
increases the hydraulic conductivity (Rao and Mathews, 1995; Shan et al., 2002; Kolstad et
al., 2004; Jo et al., 2005; Bradshaw and Benson, 2013; Setz et al., 2017). Owing to such
changes in the hydraulic conductivity of the bentonite, the effective flow path for the

contaminants through the bentonite gets altered which in turn has the potential to affect the
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diffusion characteristics of the bentonite. For an efficacious design of the liner systems,
accurate estimation of the diffusion parameters, viz., effective diffusion coefficient (D), and
retardation factor (Rq) in the presence of salts, thus, becomes vital. The influence of various
salt cations and synthetic leachate on the mass transport parameters (De, Rq) of the compacted

bentonite-based barrier systems is scarce.

The self-sealing ability is another important virtue that makes the bentonite-based barriers
(GCLs in particular) preferable for the waste containment facilities. The granular bentonite
(GB) in the GCLs contains large inter-granular voids and these voids are sealed upon
hydration with water. The self-sealing ability of the GB is due to its unique swelling property
when hydrated with water (Babu et al., 2001; Parastar et al., 2017; Salemi et al., 2018; Li
and Rowe, 2020). In the hydrated state, the granules of the bentonite disintegrate and swell
into the inter-granular space to maintain a very low hydraulic conductivity. Further, the
deployed GCLs in the field are subjected to serious damages including puncture and loss of
bentonite during the placement (Mazzieri and Pasqualini, 2000; Rowe and Li, 2020; Rowe
and Abdelrazek, 2020). Such technological gaps are also sealed by the hydrating GB in the
GCL. The GCLs, therefore, can perform satisfactorily in terms of their sealing and swelling
ability only upon complete hydration with water. However, GCLs consisting of the GB in
the landfills are usually in the air-dry condition and might not get fully hydrated from the
sub-surface moisture. The GCLs thus are directly exposed to different landfill salt leachates
in the un-hydrated state (Jo et al., 2001; Scalia and Benson, 2010; Williams, 2018).

Some laboratory studies showed a reduction in the osmotic potential of the GB in the
presence of different salts (Lee and Shackelford, 2005; Setz et al., 2017). However, the
sealing and swelling ability of GB under high ionic strength salt solutions are not studied.
Moreover, GBs are exposed to inorganic salts in the un-hydrated state under different
overburden stresses due to waste load. These overburden stresses vary from low (initial
phase of waste disposal) to high (when the landfill is full) during the service life of the
landfill (Peirce et al., 1986; Lake and Rowe, 2000, Wang et al., 2019). The overall
mechanical stability of the landfill is influenced by the volume change behaviour of the liner
during the leachate migration and under overburden stresses. Therefore, an elaborate study

on the sealing and swelling ability of the air-dry granular bentonites under the salt
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environment and different mechanical stress conditions is vital for evaluating the
applicability of such materials for attenuating various contaminants in the landfills. Further,
such a study is also important as the MSW landfills comprise of biomedical waste (BMW)
that are possibly contaminated with various pathogens due to the current practice of BMW
disposal in the existing landfills (WHO, 2014; CPCB, 2020; Haque et al., 2020; IGES, 2020)
apart from the salt-laden solid waste. The effectiveness of the GCLs in attenuating the
contagious viruses and pathogens depends on the GB behaviour in the salt leachate
environment. But the applicability of compacted GB in attenuating the viral pathogens is not

available yet.

Further, in order to address the problems associated with the degradation of the performance
of the bentonite-based liner facilities upon permeation with various pore-fluids, an alternate
liner system for the long-term satisfactory performance is vital. Some of the recently
available studies reveal that kaolin soil behaves in a strikingly opposite manner in
comparison to the bentonites. Due to the presence of unique termination sites in kaolin
(Polomino and Santamarina 2005; Wang and Siu, 2006), the plasticity of kaolin increases,
and the hydraulic conductivity of kaolin is also found to decrease in the pore-fluid
environment (Sridharan et al., 1986; Sridharan, 2014; Li et al., 2013). The volume change
behaviour of kaolin is also found to be opposite in comparison to bentonite upon permeation
with various pore-fluids (Choudhury and Bharat, 2018). Moreover, kaolin exhibits very high
sorption potential for various chemical species and viral pathogens (Clark et al., 1998; Choy
et al., 2007; Vascencelos et al., 2007; Park et al., 2014; Li et al., 2015; Doi et al., 2020).
Therefore, the addition of kaolin as a protective layer above the bentonite-based barrier
facilities is expected to allow the bentonite layer to retain its virtues even upon longer
exposure to different pore-fluids. However, such a study of the kaolin-bentonite layered

system is not available.

1.2 Objective of the research work

Based on the aforementioned discussion few objectives for the present work are listed as

follows:
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 To study the ionic characteristics of inorganic salt solutions on the diffusion

characteristics of the compacted powder and granulated bentonite.

» To study the effect of various synthetic leachates on the diffusion characteristics of

compacted bentonite.

* To study the volume change behaviour and sealing ability of compacted granular
bentonites in the presence of salt solution and under the possible stresses induced by the

landfill-waste.

» To assess the effectiveness of the compacted clay-based barriers in attenuating the viral
pathogens that are present in the MSW landfills from the virus-contaminated bio-medical

wastes.

» To study the applicability of an alternate barrier system comprising of the kaolin-
bentonite layer for the satisfactory performance of such systems in the presence of high

ionic strength salt solutions.

» To study the chemo-mechanical and diffusion behaviour of the kaolin-bentonite layered

system in the presence of the expected salt solutions in the MSW landfills.

1.3 Organisation of the thesis

Having identified the objectives, the thesis is divided into nine chapters including five
contributing chapters. Chapter 1 presents the introduction to the problem, the motivation
behind the research work, and the objectives of the present work. A detailed review of the
available literature relating to the effect of pore fluid on various engineering properties of
the powder and granulated bentonite was presented in Chapter 2. The critical appraisal of
the available related work leading to the objective of the present study was also presented in
this chapter. Chapter 3 provides information on the various soil and salt solutions used in
the study. The laboratory experimental methodology for estimating the mass transport
parameters of the studied soils from the transient through diffusion test was presented in this
chapter. The adopted procedure for estimating the sealing potential of granular bentonite
under the influence of various salt concentrations was discussed in this chapter. The pore-

fraction, micro-structural and elemental compositional analysis for the studied bentonite
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samples after equilibration with various salt solutions was also presented in this chapter.
Results and discussion from the study are presented in chapters 4 - 8. Chapter 4 presents
the effect of the size, valence, and concentration of the salt cations on the diffusion behavior
of both compacted powder and granulated bentonite. The application of a Java-based inverse
analysis suit in estimating the model parameters from the experimental data for analyzing
diffusion behaviour was presented. Chapter 5 presents the influence of various synthetic
salt leachates on the diffusion characteristics of powder bentonite under different compaction
densities. A detailed discussion on the elemental adsorption by the compacted bentonite post
equilibration with different salt solutions was presented and supported with EDX results.
The long-term diffusion behavior of the compacted powdered bentonite was presented in
this chapter. The change in the accessible porosity during the salt migration through the
compacted bentonite augmented by pore-fraction analysis was also presented in this chapter.
Chapter 6 presents the volume change behaviour and sealing ability of the compacted
granular bentonite under the influence of various salt solutions. The effect of loading
condition and the concentration of the permeating fluid on the sealing behaviour of the
granulated bentonite was also presented. The sealing potential and the volume change
behaviour of an alternate barrier system (kaolin-bentonite layered system) was then
discussed in Chapter 7. The influence of various salt type and salt concentrations on the
diffusion behaviour of the kaolin-bentonite layered system was also discussed in this chapter.
Chapter 8 provides the qualitative assessment of the clay-based barrier systems in
attenuating the virus-contaminated bio-medical waste from the available limited sorption
data. The effectiveness of the kaolin-bentonite layered system in attenuating the viral
pathogens was also discussed in this chapter. Important conclusions and scope for future
work were discussed in Chapter 9 based on the detailed investigation of the results and gaps

in the present work.
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Chapter 2

Background and Literature Review

2.1 General

Landfills are the unparalleled engineered containment facilities for addressing the ever-
growing waste disposable problems. Before the modern-day landfills, very few engineering
control measures were adopted and the generated daily waste was mostly disposed of in open
dumpsites or incinerated. However, post the 1950s, significant attention was given to get rid
of the negative environmental impact of open dumping and incineration resulting in the
development of landfills (Bagchi, 1990; Daniel, 1993, Worrell and Vessilend, 2012). The
landfill construction is carried out in numerous phases to accommodate the daily waste of a
particular locality in various cells (Fig.2.1). The generated leachate from the disposed waste
in the cells is encapsulated by bentonite-based liners to reduce its exposure to the
surrounding environment. A leachate collection system of porous material is placed above
the bottom liners to reduce the amount of generated leachate reaching the liners (Rushbrook
and Pugh, 1999; Blight, 1996; Bouazza and Impe, 1998; Du et al., 2009).

Porous sail

Clay liner

Figure 2.1: lllustration of a landfill with bottom liner facility (after, Rushbrook and Pugh, 1999)
The successful performance of a landfill is dependent on the efficacious design of the bottom
liner systems. A low permeable soil having hydraulic conductivity less than 1x10-° m/s is
deemed suitable for use as a liner material. Traditionally, thick compacted clay liners (CCLS)
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of fine bentonite powder or bentonite amended soil were used to achieve the limiting value
of hydraulic conductivity. The powdered bentonite in the CCLs allowed very negligible
contaminant flux to the bottom of the liner system and thus was effective in the complete
attenuation of the leachates (Al-yaqout and Townsend, 2003; Safari et al., 2012; Jingjing,
2014). However, in recent times, geo-synthetic clay liners (GCLs) comprising of a thin
granular bentonite layer (~5-7 mm thickness) is used as a suitable alternative to the
conventional CCLs. Apart from being highly impermeable material, the GCLs require less
labor in installation and handling, it is dust-free and provides excellent resistance to the wet
and dry cycles in comparison to the traditional CCLs which makes it a preferable liner
(Mitchell, 1993, Bouazza, 2002; Di Maio, 2004; Darde et al., 2020). Notwithstanding the
additional virtues of the GCLs, the thick CCLs in the form of powdered bentonite still find
their application in the modern-day landfills as it provides more attenuation ability in
comparison to the recent GCLs (Jingjing, 2014; Xie et al., 2015; Shu et al., 2017). Thus, the
CCLs/GCLs are the common types of bentonite-based liners that are used as the bottom liner

facility depending on the requirement of the leachate attenuation ability (Fig. 2.1).

The powdered bentonite and granulated bentonite used in the CCLs and GCLs are obtained
by the processing of the bentonite solids. The quarrying of the bentonite deposits and the
subsequent processing can provide the required gradation of bentonite (powdered/granulated
form). The bentonite exploited by quarrying is initially in solid form with a very moisture
level (~30%). The processing is carried out after drying of the bentonite solids to the desired
level. Post drying the bentonite solids are crushed and sliced and subjected to further drying
in rotary kilns (EPA, 2005; Kutlic et al., 2012; Wyoming Mining Association). The crushed
bentonites are then grounded at very high speed in the roller mills. The milling at high speed
allows the pulverization of the bentonites into a fine powder of particle size less than 0.037
mm and the granulated bentonite can be obtained by simple sieving of the crushed bentonite
post drying. If the grounded bentonite is calcium dominant, it is activated with soda-ash to

obtain the desired properties (Fig.2.2).
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Figure 2.2: Processing of the bentonite

The powder/granular bentonite used in the bottom liner systems is rich in montmorillonite
mineral. Montmorillonite is a 2:1 mineral, wherein an octahedral sheet is sandwiched
between two sheets of tetrahedral. The octahedral sheets consist of trivalent aluminium
(APR*) with hydroxyl ion (OH-) at the vertices, and the tetrahedral sheet consists of tetravalent
silicon (Si**) with oxygen atoms (0%) at the vertices. The individual 2:1 association of the
unit layers of the minerals are bonded by hydrogen bonding and the successive unit layers
are bonded by weak van der Waals forces (Velde, 1995; Lyklema, 1995; Mitchell and Soga,
2005). Due to the weak bonding between the interlayers, water or other polar molecules can
easily penetrate between the layers and increase the basal spacing resulting in the swelling
of the minerals. Bentonites are characterized by high specific surface area (SSA) and cation
exchange capacity (CEC).

Further, montmorillonite-rich bentonite surface carries net negative charge due to
isomorphous substitution which involves the replacement of the structural cation by lower
valence cation in the crystal lattice. A diffuse double layer (DDL) is formed around the
platelets in the presence of water (Mitchell, 1993) that allows the bentonites to maintain very

low hydraulic conductivity. The surface properties such as specific surface area and cation
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exchange capacity influence the formation of the DDLs. The variation of the hydraulic
conductivity and other surface properties of the bentonites in the presence of any pore-fluid
is due to the change in the DDL thickness (Muhunthan, 1991; Dolinar et al., 2007; Khorshidi
and Lu, 2016).

2.2 Diffused double layer theory

In the presence of pore-fluid, the counter-ions are electrostatically attracted by the
negatively-charged clay surface but are forced to diffuse away towards the bulk solution due
to the concentration gradient (van Olphen, 1963). At equilibrium, cations accumulate around
the clay platelets as a diffuse layer with a concentration of cations decreasing from the
surface to the bulk solution. The counter-ion (i.e., cation) distribution as a function of
distance from the particle surface is given by (van Olphen, 1963; Sparks, 1999; Bharat et al.,
2013; Bharat and Sridharan, 2015):

exp(KX)Hanh(z)]

< 21n£exp(l<x)+tanh(z)

(21)

where y is the scaled potential (y = ve’¢/ksT) at any distance, x, from the clay surface, z is
the scaled surface potential (z = ve’o/ksT), 1/k Is the equation constant, e' is the elementary
electric charge, v is the valence of the cations, keT is the thermal energy per ion, and ¢ is the

electrostatic potential. The equation constant (DDL thickness) can be expressed as (van

Olphen, 1963)
ek, T
U« = /—8 i
ne' v’n (2.2)

where ¢ is the dielectric constant, n is ion concentration in the bulk solution (ions/cm?3), €' is
the elementary electric charge, v is the valence of the cations, and kgT is the thermal energy

per ion.

The thickness of the DDL controls the engineering behavior of bentonite clays. The DDL
thickness changes with the change in electrolyte concentration; cation properties; dielectric

constant; and cation complexion between the surface cations and the cations in the pore-fluid
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(Mitchell, 1993; Rao and Mathew, 1995; Sridharan and Prakash, 1999; Bharat and Sridharan,
2015a,b; Bharat and Das, 2017). For landfill applications, bentonites in the powdered and
granulated form are used depending on the design requirement and availability of the
processed soil. Apart from being highly impermeable and an excellent adsorbent, the
bentonites exhibits high sealing ability in the presence of water due to the formation of the
DDLs. However, in the presence of the electrolyte solutions (salts) the surface and
engineering properties get altered for both powdered and granulated bentonites due to the
change in the DDL thickness.

Available studies relating to the effect of the electrolyte concentration on the engineering

and various index properties of bentonites are discussed below.

2.3 Effect of salt solutions on the long-term hydraulic behavior of bentonites

Bentonites are preferred as the barrier material as they can restrain the leachate flow
considerably because of their impervious nature and high adsorbing capacity. The compacted
bentonite-based barrier system is expected to maintain the hydraulic conductivity lower than
10-° m/s for effectively minimizing the rate of contaminant migration through liners (Benson
et al., 1994; Petrov and Rowe, 1997; Lake and Rowe, 2000; Lee and Shackelford, 2005).
The hydraulic conductivity, however, increases with the permeation of inorganic salts due
to the suppression of diffuse double layers (DDLs) between the clay platelets and improves
the formation of the platelet clusters (Shackelford and Lee 2003).

Enormous studies relating to the variation of the hydraulic conductivity with time under the
influence of salt permeation are available. The effect of salt type and concentration on the
long-term hydraulic conductivity of the powder and granular bentonites are studied since the
1990s. The available studies reveal that the increase in salt concentration and salt cation
valence increases the hydraulic conductivity significantly (Edil et al. 1991; Imamura et al.,
1996; Gleason et al., 1997; Petrov and Rowe 1997; Stern and Shackelford, 1998; Lin and
Benson 2000; Egloffstein, 2001; Rao and Mathew, 2005; Shackelford et al., 2000; Jo et al.,
2001; Lee et al., 2005). An increase in the concentration leads to a greater exchange of
surface cations by the cations present in the bulk solution rendering the DDL to alter

considerably and as a result the affecting hydraulic conductivity with time. The effect of
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cation valence on the hydraulic conductivity of clay-bentonite (powder bentonite) mix was
studied by Sharaiatmadari et al. (2011). The findings from this study revealed that the
increase in the hydraulic conductivity of the soil was 25% more in the presence of CaCl in
comparison to that of NaCl. The findings were consistent with that of Shackelford et al.
(2000) and Jo et al. (2001). However, the effect of the valence of the salt cation is found to
be significant only at low concentrations, whereas at a higher concentration no significant
difference in the conductivity was found with the increase in the cation valence as studied
by Mishra et al. (2009).

For the monovalent cations, an increase in the hydrated cationic radius of the adsorbed
cations results in lower hydraulic conductivity (Rao and Mathew, 1995; Jo et al., 2001;
Shackelford et al., 2000; Thammathiwat and Chimoye, 2010). The changes in the DDL
thickness is, therefore, found to be inversely proportional to the hydraulic conductivity of
the powdered bentonite soil. When the powder bentonite is permeated with higher valence
salt cation and high concentration salts, the DDL thickness is suppressed leading to Vander

Waals attraction between the clay particles and thus forming a flocculated structure.

For the granular bentonites, the effect of pre-saturation on the hydraulic behavior was studied
by Ruhl and Daniel (1997). The study showed that the pre-saturated GCL showed low
hydraulic conductivity in comparison to the case where the GCL was directly permeated
with any pore-fluid. Similar results were also obtained by Wang et al. (2019), where it was
seen that for a given condition the soil pre-saturated with water showed lower hydraulic
conductivity in comparison to the soil which was directly permeated with a salt solution. The
effect of pre-hydration of GCL was also studied Jo et al. (2005), where it was found that
permeation with 0.1M KCI and NaCl increased the hydraulic conductivity by two orders of
magnitude, and at a similar concentration of CaCl,, the hydraulic conductivity increased by

more than three orders of magnitude in comparison to the case when permeated with water.

The effect of pore-fluid on the bentonite quality of different GCLs was also studied by Lee
et al. (2005), under the influence of different concentrations of CaCl,. The GCL with the
higher quality bentonite (HQB) is characterized by a greater content of sodium
montmorillonite, higher plasticity index, and higher cation exchange capacity relative to the
GCL with the lower quality bentonite (LQB). When the GCL was permeated first permeated
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with DW and then inundated with CaCl» solution, the hydraulic conductivity was lower than
the case where the GCL was permeated directly with the calcium chloride salts. The
observation was consistent for both the qualities of bentonite, however, the degradation was
more for HQB, in terms of final hydraulic conductivity. The hydraulic conductivity was of
the order 10-> cm/sec for 500 mM concentration of CaCl, for HQB. It was observed that non-
prehydrated soil undergoes severe degradation and in the field, the bentonite liner is usually
placed in the air-dried condition. The effect of bentonite content, compaction density, and
type of bonds between the geotextiles on the hydraulic conductivity of the granular bentonite
was studied by Parastar et al. (2017). It was observed that the GCL performed better in terms
of its hydraulic conductivity at higher compaction density and with higher bentonite content.
Further, the increase in the density of the needle-punching resulted in better hydraulic
performance for the GCLs. Although a significant amount of studies are available on the loss
of osmotic potential and the consequent increase in the hydraulic conductivity of the granular
bentonites in the presence of salt solutions, the sealing and swelling ability of the granular
bentonite in non-prehydrated conditions under the expected waste needs to be thoroughly
studied.

2.4 Effect of pore-fluid on the sediment volume of bentonites

Laboratory index tests such as sediment volume tests are routinely performed to assess the
hydraulic behavior of the soil under various electrolyte concentrations for its use as liner
material for landfills (Lin and Benson, 2000; Lee and Shackelford, 2005). The sediment
volume test gives a qualitative understanding of the long-term hydraulic behaviour of the
bentonites. A direct relationship between the sediment volume and the hydraulic
conductivity of kaolin clay was established by Bowders et al. (1986). For granular
bentonites, a strong relationship was obtained between hydraulic conductivity and sediment
volume (Jo et al., 2001; Kolstad et al., 2004). Similar to the hydraulic conductivity results,
sediment volume studies on bentonite suggest that an increase in the concentration of the
pore-fluid results in a lower sediment volume (Mishra et al., 2009; Lee and Shackelford,
2005). The decrease in sediment volume with the increase in concentration is due to the
decrease in the DDL thickness (Jo et al., 2001).
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The effect of cation valence on the free swell index of granular bentonite was studied by
Thammathiwat and Chimoye (2010), and it was found that for a particular concentration, the
swell volume was smaller with divalent and trivalent cations in comparison to the
monovalent cations. This was attributed to the lower DDL thickness of the clay platelets in
the presence of higher valence salt cation. Moreover, with the increase in the hydrated
cationic radius of the pore-fluid, the sediment volume was found to increase (Sridharan et
al., 1986). This was due to the increase in the DDL thickness with the hydrated cationic size
in the same group of the periodic table. The swell volume of the soil is dependent on the
quality of the bentonite where a higher quality of bentonite is subjected to greater
degradation in the presence of high concentration pore-fluids (Lee and Shackelford, 2005).
In the case of GCLs or granular bentonites, at higher concentrations, significant compression
of the adsorbed layer of cations takes place resulting in the formation of particle flocs which
settles more quickly and thus gives lesser sediment volume. As the waste leachate in the
landfill consist of a wide variation of salts, the sediment volume study for both granular and
powder bentonites is importnat. A comparison of the sediment volume behaviour of
different bentonites used as liner materials in the presence of various pore-fluid will provide

knowledge of the long-term behavior of such liner materials.

2.5 Effect of pore fluid on the liquid limit of bentonite

The water content at which the shearing resistance of a soil approaches to that of a liquid is
understood to be the liquid limit of a soil (Sridharan and Prakash 2000). The engineering
properties of the bentonites are primarily associated with the plasticity behaviour. The
available literature on the effect of pore-fluid concentration indicates that the liquid limit for
bentonite soil decreases with the increase in the pore-fluid concentration. In other words, the
liquid limit is inversely proportional to the hydraulic conductivity when the concentration
and valence of the electrolytes are varied (Mishra et al., 2005; Arasan and Yetimuglu, 2008).
The findings on GCLs are qualitatively in good agreement with the observations on
expansive clays based on the diffuse double layer theory (Mesri and Olson 1971; Achari et
al. 1999; Sridharan and Choudhury 2008). The suppression of DDLs of the clay platelets due
to the influence of pore-fluid concentration, dielectric constant, and valence results a

decrease in both sediment volume (Sridharan and Prakash 1999) and the liquid limit water
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content (Sridharan et al., 1986); but increase in the hydraulic conductivity (Kolstad et al.,
2004). This depression in the DDL thickness decreases the amount of moisture required to
bring the minimum shearing resistance between the clay platelets, thus decreasing the liquid

limit with the increase in concentration.

From the available literature study, it was understood that the hydraulic conductivity of the
powder and granulated bentonite changes with the change in electrolyte concentration;
cation properties; and cation complexion between the surface cations and the cations in the
pore-fluid (Mitchell, 1993; Rao and Mathew, 1995; Sridharan and Prakash, 1999; Bharat
and Sridharan, 2015; Bharat and Das, 2017). As diffusion is the dominant mechanism for
the leachate flow through the bentonites, the change in the hydraulic conductivity of the soil
is also expected to affect the diffusion characteristics. The effective design of the bentonite-
based bottom liners involves accurate estimation of the model parameters, viz., effective
diffusion coefficient, and retardation factor. Therefore, the studies relating to the influence
of salt-cation type and concentrations on the model parameters is essential. Some of the
available studies on the influence of pore-fluid on the diffusion behaviour of compacted

bentonite soils were discussed sec. 2.7. and the diffusion theory was presented sec. 2.6.

Moreover, the osmotic potential of the granular bentonites is found to be lost in the presence
of salt solutions. The granular bentonites which are placed in the air-dry condition in the
GCLs are expected to be exposed to the aggressive salt leachates in the un-hydrated state
and under the overburden waste load. The sealing ability of the granular bentonites under

such chemo-mechanical loading remains to be understood.

2.6 Diffusion Theory

Salt diffusion is defined by its movement from a region of higher concentration to a low
concentration due to the concentration gradient. The diffusive flux given by Fick’s first law
is (Shackelford, 1991; Barone et al., 1992; Bharat et al., 2009):
oC
F,=-D,—
d 0 8X

(2.3)
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where Fqis the Flux or amount of solute that would flow through a unit area during a unit
time interval, c is the concentration of the salt ion in the liquid phase, x is the direction of

transport, Do is the free solution diffusion coefficient.

Due to the tortuous pathway, the diffusion through the soil is expected to be much lesser in
comparison to the aqueous solution (Shackelford, 1989). The tortuous pathway in the soil
is accounted in the EQ. 2.3 with a tortuosity factor, 7. The ratio of the straight line
microscopic distance (x) to the actual flow path (x*) is defined as the tortuosity of the soil
which is given as 7= x/x’, (Shackelford, 1989). Hence the diffusive flux when the flow

takes place through the soil is modified as:

F, = —Den§
OX

(2.4)
De is the effective diffusion coefficient which is given by the equation:

D=Dr

e (0]
where  is the tortuosity coefficient

The Eq. 2.4 defines the steady-state diffusive flux given by Fick’s first law and the transient
state diffusive flux describing the one-dimensional governing diffusion equation for

saturated soils is given by
oc D, o%c
—=—t— (2.5)
ot R, ox
where c is the salt concentration in the soil pores, t is the diffusing time, De is the effective
diffusion coefficient, n is the porosity, x is the distance from the source, and R, is the
retardation factor which describes the sorption potential of a soil. The retardation factor for
linear sorption case is expressed as

R, =1+ 2 r}1<d (2.6)

where Ky is the distribution coefficient, p is the dry bulk density and n is the porosity of the

clay plug.
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Several laboratory diffusion studies are used to estimate the design parameters based on the
solution to the Eqg. 2.5 and the respective initial and boundary conditions. Laboratory
techniques such as through-diffusion or double-reservoir technique (Barone etal., 1992; Kau
etal., 1998; Badv and Abdolalizadeh, 2004; Rowe and Booker, 1985; Rowe et al., 1988), in-
diffusion or single-reservoir technique (Shackelford et al.,1989; Shackelford and Daniel
1991a, 1991b; Meiszkowski, 2003), out-diffusion (\Van Loon and Jakob, 2005; Sardini et al.,
2003), and half-cell techniques (Gilnam et al. 1984; Robin et al., 1987) are routinely used to
estimate the temporal and spatial changes of contaminant concentration estimate the model
parameters (De, Ra) The effect of the various pore-fluid on the diffusion characteristics of

compacted clayey soils was discussed in the next section.

2.7 Pore-fluid effect on the diffusion behavior of bentonites

For the effective design of the bentonite-based barriers, proper knowledge of the diffusion
mechanism is essential. Notwithstanding the barrier being impermeable to the flow of
contaminants due to the absence of advection, the contaminants can migrate due to diffusion
(Gilaham et al. 1984; Rowe et al., 1988; Shackelford etal., 1991; Johnson et al., 1999). Many
studies have been conducted to understand the diffusion behaviour of such low permeable

liners.

Barone et al. (1992) estimated the diffusion coefficient of volatile organic compounds, viz.,
chloroform, toluene, aniline, and 1,4-dioaxane through naturally available clayey soil
adopting the double-reservoir technique. The migration rate of the soluble species (acetone
and 1,4-dioxane) was faster in comparison to the which were hydrophobic in nature
(chloroform and toluene). Owing to the high tendency of the hydrophobic species to adsorb
on the soil organic matter. Thus the diffusion coefficient of the soil varied significantly for
various diffusing contaminants. The sorption potential of the soil was also significantly
different.

The effect of chloride migration through a compacted bentonite liner was studied by King et
al. (1993) by the single-reservoir technique. The saturated hydraulic conductivity of the soil
was nearly of the order of 101 m/s, however, after 4 years chloride was already present at

0.4 meters for the total 1.2 meters thick liner system. This indicates that even in the absence
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of advection the diffusion rates for a particular ion can be enormous and significant. The
thickness of the liner is governed by the diffusion coefficient of the contaminant species
through the clay liner (Shackelford, 1991). Thus for the design of the liners accurate estimate
of the design parameters is essential for restricting the migration of the contaminants over a

long period.

Transient in-diffusion test conducted on powder bentonite with different chloride salts shows
that the anion diffusion rate for different salts was similar and resulted in the same diffusion
coefficient (Rowe et al., 1988). However, a significant variation in cation diffusion was
observed (Rowe et al., 1988). Kau et al. (1999) performed through-diffusion tests on
commercial kaolin and bentonite clays for various anions and metals. The Fluoride diffusion
coefficient was significantly higher for kaolinite in comparison to the montmorillonite

mineral indicating montmorillonite to be a better adsorbent for fluoride.

Based on the study of Lake and Rowe (2000), the diffusion coefficient for the GCLs obtained
from the in-diffusion technique depends on a number of factors viz., hydrating liquid, GCL
bonding type, and contaminant concentration. In the presence of water, the diffusion
coefficient for the GCL was found to be lower in comparison to the diffusion coefficient
obtained for the GCL in the presence a salt solution. At lower concentrations of NaCl
(n<1M) the diffusion coefficients were sensitive to change in concentrations for both Na*
and CI-, but at higher concentrations (n>1M) the diffusion parameters were insensitive to the
change in the concentration. The diffusion of anionic tracer (3¢CI-) and neutral water (HTO)
was performed through compacted bentonite by the through-diffusion technique (Garcia-
Gutieirrez et al., 2004). The effective diffusion coefficient was found to be dependent on the
accessible porosity through the soil. The accessible porosity for HTO was equal to the total
porosity of the soil and thereby exhibiting a higher diffusion coefficient. On the other hand,
the accessible porosity for 3CI- was only a fraction of the total porosity and the

corresponding diffusion coefficient was higher.

Diffusion studies through GCL for various hazardous waste indicate high sorption of
hazardous material by the geotextile component of the GCL (Lake and Rowe, 2004; Rowe
et al., 2005). The sorption test performed by Ganne et al. (2018) on geotextiles from two

GCLs revealed that the sorption coefficient was high for all geotextiles indicating high
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sorption by geotextile of GCL Heavy metal diffusion studies through clays showed no
significant variation of the diffusion coefficients for different metals (Shackelford and
Daniel, 1991; Lange et al., 2009). Lorenzetti et al. (2005) conducted a laboratory diffusion
test on organo-bentonite and conventional sodium bentonite. The sorption of organic
contaminant by organo-bentonite amended was higher, resulting in very low solute transport

through the amended material.

Thus the diffusion coefficient for different migrating ions was found to be different. The
concentration and type of the pore-fluid have the potential to modify the microstructure of
the bentonite soil which in turn affects the migration rate through the soil. The diffusion
coefficient gets altered due to the pore-fluid effect and hence the liner thickness needs to be
designed considering such changes (Bouazza, 2002; Shackelford, 1991). Moreover, due to
the smaller thickness of the GCLs, they have a shorter diffusive path compared to CCL and
the comparison for the migration rate of a particular ion under similar conditions is not
available. Most of the previous studies on granular and powder bentonite were confined to
volatile organics and heavy metal migration. However, studies relating to the salt migration
through the compacted powder and granular bentonite under a wide variation of salt
concentration and synthetic salt leachate and under different compaction density is scarce.
Moreover, a proper laboratory experimental method is essential to accurately measure the
model parameters as different existing methodologies have their own advantages and
disadvantages (Shackelford and Daniel, 1989; Barone et al., 1992). Appropriate diffusion
cell must be used for determining the diffusion parameters, as adsorption by the cell may

result in an unrealistic high diffusion coefficient (Barone et al., 1992).

The transient through-diffusion technique is more advantageous compared to other
techniques due to its non-destructive nature and simplicity in the experimental measurements
although all the methods lead to the same design parameters (Bharat et al., 2008; Bharat,
2009). The measured concentration data is analyzed using the mathematical formulation
based on Fick’s diffusion equation (Shackelford, 1991). Finite mass boundary conditions are
employed in the mathematical model to represent the boundary conditions in the through-
diffusion technique (Rowe and Booker, 1985). Several past studies developed numerical and

semi-analytical solutions to the transient through-diffusion problem with linear sorption
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assumption (Rowe et al., 1988; Moridis, 1999; Itakura et al. 2003; Garcia-Gutierrez et al.,
2005; Bharat et al., 2009; Bharat et al., 2012). A closed-form analytical solution was
developed for the through-diffusion problem by Bharat (2013) which is computationally
robust. The model parameters are accurately estimated using optimization techniques that
minimize the error between the measured and theoretically obtained concentration data
(Bharat et al., 2009).

2.8 Experimental and theoretical Background for through-diffusion

In the through-diffusion technique, the intact plug of barrier material (clay) is placed within
the diffusion cell. A source and a collector reservoir is connected to the clay plug as shown
in Fig. 2.3. Before the commencement of the diffusion test both the reservoir is filled with
distilled water to saturate the clay plug. After saturation is ensured, the source solution is
replaced with the contaminating species/salt solutions (Barone et al., 1992, Rowe et al.,
1988; Shackelford, 1991, Shackelford et al., 1989; Garcia-Gutierrez et al., 2004), while the
collector reservoir is filled with fresh distilled water. After the introduction of the salt
solution in the source reservoir mass transport of the chemical constituents takes place by
molecular diffusion due to concentration gradient (Shackelford et al., 1989). This method is
easy to perform and it simulates the field condition of flow through the liner however the

time taken can be high.

Clay plug

Source reservoir :
Bhiiic stinss Collector reservoir

Figure 2.3: Illustration of through-diffusion set-up (after Bharat et al., 2012)
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The initial condition of the diffusion experiment was given by

c(0<x<L,t=0)=0 (2.7)
where L is the length of the clay plug. The initial condition reflects that the clay is free of
the contaminant at the beginning of the experiment, t =0
The boundary conditions at the source and collector reservoirs, respectively, are given Rowe
and Booker. (1985); Barone et al. (1992); Rowe at al. (1988); Bharat, (2009); Bharat et al.

(2012)
nD, ¢ éc
c(x=0,t)=c, + n .([(&)X_Odt (2.8)
nD, ¢ ,dc
c(x=L,t)=——2= (=), dt 2.9
(x=L1) Hcl(ax)“ (2.9)

where c, is the initial concentration of the contaminant species at time t = 0; H; and H,. are
the equivalent heights of source and collector reservoirs, respectively. The boundary
conditions in the through-diffusion experiment are analogous to the field conditions. The
equations (2.5 — 2.9) are solved either using numerical or semi-analytical techniques to
obtain theoretical contaminant concentration distribution with spatial distance and time
(Rowe and Booker, 1985; Moridis, 1998; Bell et al., 2002; Samper et al., 2006; Bharat et al.,
2009; Chen et al., 2012). Due to the nature of the theoretical solution, the design parameter
estimation using inverse analysis is computationally inefficient (Bharat, 2013). A closed-
form analytical solution for transient through-diffusion problem was developed by Bharat
(2009; 2013) using the method of Laplace transformation and integral theorem. The solution

at the boundaries is given by

- 3 al+K2)e "

c(x=0t) 1 LK — (a; )2 _ (2.10)
Cy 2+K 7 4a; (K+1D) - (2K - (a;" =K ))(a;” —K?)

c(x = L,t 1 s (a_2+K2)e—aj2T

( ): _ZKZ 2 J 2 2 2 2 (2.11)
C, 2+K i1 4a; (K+) - (2K - (a;" = K*))(a;" = K?)

nR tD . . . .
where K = Hd , T = = CZ , Hr is the equivalent height of the source and collect reservoirs,
r d

; are the eigenvalues of the following transcendental equation
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2K,
tan aj = m (212)
J

where «;are the roots of the aforementioned equation. The eigenvalues of the eq. (2.12)

were obtained using a discontinuous, multimodal optimization algorithm using the
Glowworm swarm optimization technique (Bharat, 2008). The closed-form solutions in Eq.
(2.10) — Eq. (2.11) were evaluated using the first 20 numbers of roots using the optimization
technique (Bharat, 2013).

From the aforementioned review of literature, it was understood that in the presence of
various salt solutions the engineering and index properties of the bentonite-based barriers
are significantly altered. The osmotic potential of the bentonites is lost due to the long-term
exposure to the saline medium. The change in the hydraulic conductivity due to the
microstructural changes in the bentonite is expected to bring changes in the migration rate
of the diffusing salt ions. However, the effect of the varied salt type concentrations and
synthetic salt leachate on the estimation of the mass transport parameters of different
bentonite-based barriers is scarce. Moreover, the through-diffusion technique in the
estimation of the mass transport parameters was understood to be more advantageous over
the other existing techniques. As the performance of the bentonite-based barriers deteriorates
in terms of the increasing hydraulic conductivity during the long-term to the salt exposure,

an alternative liner material for satisfactory performance was realized.

2.9 Potential use of kaolin as a barrier material

Kaolinite is a two-layer mineral where the silica tetrahedral sheet is associated with the
alumina octahedral sheet in a 1:1 ratio. In contrast to montmorillonite, strong hydrogen
bonding binds the unit layer of kaolinite and as a result, it does not undergo swelling.
Although kaolinite carries a net negative charge due to isomorphous substitution, the
structural charge on the basal surface is negligible due to small CEC (Ma and Agleton. 1999;
Choudhury and Bharat, 2018). However, kaolinite mineral is characterized by pH-dependent
charges on the edge and alumina basal surface due to the presence of reactive termination
sites. The alteration in the edge charges of kaolinite is dependent on the iso-electric point

(IEP) of the edge. In the presence of acidic solutions, when the pH of the solution is less than
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the IEP- edge, positive charges are induced in the edges (Polomino and Santamarina, 2005,
Wang and Siu, 2006). On the other hand, in the presence of a highly alkaline bulk solution
where the pH is more than the IEP-edge and IEP-surface, the charges on the edge and surface
become negative. Moreover, in comparison to montmorillonite, the total positively charged
edge area of kaolinite is much higher. The type of clay mineral would influence the amount
of adsorption for a particular charged particle. For montmorillonite, the basal surface would
contribute significantly to the adsorption of a particular ion, whereas for kaolinite it is the
edge charges which dictate the adsorption capacity. Further, some of the available literature
suggests that kaolin exhibit strikingly contrasting behaviour in comparison to the bentonite
due to interaction with different pore-fluids. The plasticity of kaolin increase (Sridharan et
al., 1986; Sridharan, 2014) with increased salt concentration, which consequently decreases
the hydraulic conductivity (Li et al., 2013) due to the sorption ability of the termination sites.
Moreover, the volume change behaviour of the kaolin in the presence of pore-fluids is found
to be opposite in comparison to the bentonite (Choudhury and Bharat, 2018). The kaolinite
mineral due to its unique termination sites also exhibits a very high adsorption affinity for
salt cations (Jorgen. 2002; Vascencelos et al., 2007; Li et al., 2015; Matlok et al., 2015; Doi
et al., 2020). Based on the available literature information which describes the contrasting
behaviour of kaolin in comparison to bentonites in the presence of pore-fluids, kaolin along
with the bentonite is expected to perform satisfactorily with time. However, an extensive
study on the potential use of kaolin as an additional/protective barrier layer is not explored

yet.

2.10 Problems associated with the bio-medical waste (BMW)

Apart from the salt leachates, the MSW landfills also comprise of biomedical waste (BMW)
that are possibly contaminated with various pathogens due to the current practice of BMW
disposal in the existing landfills. The excessive generation of the virus-contaminated
biomedical waste (BMW) during pandemic/epidemic times, can cause serious hindrance to
the safe disposal and containment of the passive transmission of the virus from such wastes.
The waste generated while treating an infected patient, including the cotton swabs, samples,
sharps, unused/expired vaccines, diapers, any hospital derived infectious materials and all

the inputs essential for the medical diagnosis are classified as BMW (WHO, 2004;
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Wanyoike, 2017; Sharma et al., 2020; Wang and Su 2020). The current recommendations of
preventing the secondary transmission of virus-contaminated BMW and single-use medical
gear relies on open dumping or landfilling without any pre-treatment (Ahmed, 2020; Reddy,
2020). Such unregulated disposal practice has the potential to deter the cessation of virus
transmission if it gets direct exposure to the environment due to the improper liner facilities
in the landfills. Moreover, the attenuation capacity of the bentonite-based liner systems for
any viral pathogen is not known. As pathogens like SARS-CoV, poliovirus, and several other
human viral pathogen can enter the landfills in the form of BMW, encapsulation of the BMW
is of utmost importance for prevention of the passive transmission of these pathogens and

avoiding any future outbreak.

Several past studies reveal that clay minerals like montmorillonite and kaolinite are very
effective in adsorbing various human viral pathogens and bacteriophages (Goyal and Gerba,
1979; Vilker and Burge 1980; Clark et al., 1998; Choy et al., 2007; Park et al., 2014). Due
to the unique surface and edge characteristics of the clay minerals, several viruses are found
to exhibit a strong adsorption affinity towards such clays. The possible mechanism of the

virus-clay interaction absorbed on the available literature was provided in sec. 2.11.

2.11 Virus-clay mineral interaction

Both montmorillonite and kaolinite mineral exhibit contact angle () hysteresis wherein the
clay minerals are hydrophilic in nature in an aqueous environment having f=0° (wetting)
and hydrophobic when >65° (drying). The contact angle increases significantly during the
water exclusion from the clay surface and it exhibits hydrophobic characteristics
(Chrysikopoulos and Syngouna, 2012). Although the siloxane layer in the clay mineral is
hydrophobic at £>65°, the surface is wetting for the formation of the diffused double layer
in the presence of water. Such characteristics of the clay minerals govern their interaction
with other hydrophilic and hydrophobic biological entities (Stotzky, 1985; Yu et al., 2013).

The interaction between the clay minerals and the virus surface is governed by various
factors like the type of clay mineral, clay mineral characteristics under virus environment,

the pH and IEP of the virus, and the hydrophobicity of the protein coat which encapsulates
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the nucleic acid. Three different mechanisms are understood to be responsible for the clay-

virus interaction to sorb the studied pathogens on the clay mineral surface.

Electrostatic interaction and cation bridging: when the pH of virus suspension is less than
the IEP of the virus, the amino acids of the protein coat are positively charged. Under such
conditions, the positively charged protein molecules are adsorbed on the negatively charged
surface of montmorillonite by electrostatic interaction (Fig. 2.4a). However, when the
protein of the virus is net negatively charged i.e., pH >IEP, the adsorption of the virus is
stronger when divalent cations are present on the montmorillonite surface (Dashman and
Stotzky, 1983). The presence of divalent cations on the clay surface can act as bridges
between the negatively charged clay and the virus surface resulting in the binding of the two
surfaces (Fig. 2.4 b) (Stotzky, 1985; Franchi et al., 1999; Beall et al., 2009). In contrast to
montmorillonite, the negatively charged virus binds on the positively charged edges of the
kaolinite. This is due to the presence of a relatively higher surface area on the edges of
kaolinite (Park et al., 2015; Syngouna and Chrysikopoulos, 2010).

Hydrogen bonding: This interaction is dominant where the IEP of the clay mineral, kaolinite
in particular, is lesser than the bulk solution pH. The clay mineral in the acidic environment
results in proton transfer from the clay surface to the virus thus adding positive charge to the
interacting protein coat (Fig. 2.4 c). Such an interaction by hydrogen bonding is followed by
the electrostatic interaction between the newly acquired positive charge by the virus surface
and the negatively charged alumina basal surface (Carlson et al., 1968; Schaub and Sagik,
1975; Chottapadhyay and Puls, 1999). Hydrogen bonding is also possible between the
hydroxyl group at the broken edge of the clay mineral surface with the C, N functional group
present in the amino group of virus protein coat. Further, under the pore-fluid environment,
when the exchangeable cations in the clay surface are in the hydrated state, water bridging
due to H-bonds between the anionic group of the protein and the hydrated cations results in

interaction between the two surfaces (Stotzky, 1981).

Hydrophobic interaction: Different pathogens have a different extent of hydrophobicity in
the non-polar amino acid chain of the outer protein coat. When the virus approaches the clay
mineral surface due to hydrogen bonding and electrostatic interactions, the water molecules
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near the clay surface might drain out, resulting in the increase of the contact angle (p>65°).
Under such a condition the siloxane surface of the clay mineral exhibit hydrophobic
characteristics and owing to which a strong interaction results between the hydrophobic
groups of the virus and the clay mineral surface (Fig. 2.4 d). The nature and extent of the
hydrophobicity determine the interaction of the virus with the clay mineral (Gerba et al.,
1984; (Bales et al., 1991; Chattopadhyay and Puls, 1999; Yu et al., 2013; Armanious, 2020).
Such interactions between the hydrophobic groups is understood to be the dominant
mechanism of a negatively charged virus on the negatively charged montmorillonite surface
in addition to hydrogen bonding.

Virus b, S— Cation
¢ ectrostatic (:)
|nteract|on bndge
A ~
» A @
Virus-clay
interaction Positively charged Negatively charged Negatively charged Negatively charged clay
mechanism virus surface, dlay siifface virus surface, with exchangeable
5 pH<IEP pH>IEP (b) cations on the surface
H-bond Hydrophobic
(protonatlon mteractlon
Negatively charged Negatively charged Negatively charged virus Negatively charged clay
virus surface, With SUFEEE IEPIR surface with exposed with hydrophobic siloxane
pH>IEP the acidic range hydrophobic group sheet when B>65°
= (c) (d)

Figure 2.4: Virus-clay interaction mechanism (a) electrostatic interaction, (b) cation bridging, (c) hydrogen bonding, (d)
hydrophobic interaction

From the above discussion, it was understood that the adsorption mechanism of virus onto
clay is different for different viruses. However, the applicability of the clay minerals in the
containment of various virus-contaminated BMW remains to be understood. In the clay-
based barrier systems, the virus flow will be governed by the diffusion mechanism due to
the low saturated hydraulic conductivity of the clay minerals. The estimation of the diffusion

rate of various viral pathogens through clay-based barriers remains to be studied.
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2.12 Motivation of the research work

Based on the aforementioned discussion, the gaps in the available research forming the

motivation of the present work are listed as below:

* A Majority of the past studies reveal that the bentonite interacts strongly with the
leachates and most importantly with the salt leachates, leading to degradation in its
various properties with time like swell potential, liquid limit and saturated hydraulic
conductivity. As the flow of leachate through the impermeable barrier systems is
governed by the diffusion mechanism, therefore, changes in the plasticity and hydraulic
conductivity is expected to influence the diffusion characteristics of the bentonites.
Hence, an extensive diffusion study for both powder and granular bentonite in the
presence of various salts is essential. Such a study was carried out in this work and

discussed in Chapter 4.

* Moreover, the liners in the landfills are subjected to salt leachates of various
concentrations and also as a combination of various salts. The study on the diffusion
characteristics of bentonites under synthetic salt leachates of high ionic strength is not
available elsewhere. Further, the study on the long-term diffusion behaviour of the
bentonite-based barrier systems which are devoid of the sorption potential due to the
continuous leachate flow in the landfill sites remains to be studied. Therefore, the
influence of the various synthetic salt leachates on the diffusion behaviour of compacted
powdered bentonite was extensively studied and discussed in Chapter 5. The long-term
diffusion behaviour of compacted powdered bentonite was also studied for the first time

and presented in Chapter 5.

* In recent times, the granulated bentonite in the GCLs have gained more popularity in
comparison to the powder bentonite in restricting the generated leachate from the landfill
facilities due to its unique sealing ability upon hydration. However, studies suggest a
significant loss of osmotic potential of granular bentonite when it interacts with salt
leachates, if not pre-hydrated with water. In the field conditions, the granular bentonites
get exposed to salt leachates in the un-hydrated state and subjected to overburden stresses

from the dumped waste. The sealing ability and swelling behaviour of the un-hydrated
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granulated bentonite under such chemo-mechanical loading is not known. Therefore, the
sealing ability and volume change behaviour of the compacted granulated bentonite in
the presence of various pore-fluid under different overburden stresses was studied and

the results were discussed in Chapter 6.

* An alternate liner material in order to address the problem associated with the
degradation of the bentonite performance in terms of its hydraulic conductivity during
its exposure to salt leachates is a need of the hour. As the kaolin performs in a completely
contrasting manner in comparison to bentonite under the pore-fluid environment, the
applicability of a kaolin layer as a protective layer to the bentonite could be explored for
the first time. The sealing ability, volume change behaviour and diffusion characteristics
of the compacted kaolin-granulated bentonite was, thus, studied and the results were

discussed in Chapter 7.

» The increased rate of disposal of bio-medical waste (BMW) on the MSW landfills has
the potential to pose a serious threat to the environment if the compacted clay-based
materials do not perform satisfactorily. The performance assessment of the clay-based
barriers in attenuating the viral pathogens, in the long run, is not available elsewhere.
Therefore, a qualitative assessment of the montmorillonite/kaolinite based barrier
systems in attenuating various human viral pathogens that has the potential to enter the
landfills in the form of BMW, was performed for the first time and presented in Chapter
8.

28
TH-2620_ 146104039



Chapter 3

Materials and Methods

3.1 Materials

High-quality powder bentonite (PB) procured from the Barmer district of Rajasthan, India,
was used in the present study. The granular bentonite (GB) used in the present study was
exhumed from the commercial GCL (Maccaferri, India) manufactured for landfill
applications. The GB mass per unit area was 3.96 Kg/m? having a thickness of ~5 mm. The
PB and GB utilized for the present work were considered to be one of the most suitable liner
materials for MSW landfills based on the index and surface properties that were presented
in Table 1. The specific gravity of the GB was determined by the density bottle method as
per 1S-2720 (Part-111). The liquid limit and the plastic limit of the GB were determined as
per the standard 1S-2720 (Part-V) and the shrinkage limit was obtained by following the
procedure as per 1S-2720 (Part-\V1). The total cation exchange capacity (CEC) was estimated
based on the standard procedure as described by Chapman (1965) and the specific surface
area (SSA) was determined using the ethylene glycol mono-ethyl ether (EGME) procedure
on four duplicate samples (Cerato and Lutenegger, 2002). Further, a commercially available
kaolin clay without any pre-treatment was also used in the present study to assess the
applicability of the kaolin as a protective layer to GCL in the presence of high ionic strength
inorganic salt solutions. A detailed characterization of the kaolin based on the recent study
by Choudhury and Bharat (2018) was reproduced in Table 3.1.

Distilled water and chloride salt solutions comprising of lithium, sodium, potassium, and
calcium were used as pore-fluids to understand the diffusion, swelling, and hydraulic
behaviour of PB, GB, and the kaolin-GB layered system. The analytical grade chemicals
corresponding to a purity of 99% were procured from Merck (Germany) or Spectrochem
(India), and supplied by a local vendor. The pore-fluids were considered to represent the salt
leachates in the municipal solid waste landfills in the form of salt-laden solid waste from the
rubber industry, as coal combustion products from coal-fired industries, and as inorganic

waste from various construction and electroplating industries (Ozgunar et al., 2007;
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Boopathy et al., 2013; Yeheyis et al., 2013; Turkyilmaz et al., 2019; Tian et al., 2019; Wang
et al., 2019). Further, the laboratory experiments were performed for individual salt
concentration ranging from 0.01-1 M, by dissolving the salt of the required mass in distilled
water at solubility temperature. The molecular weight, hydrated size, and valence of the

individual salt cation was presented in table 3.2

Table 3.1: Index and surface properties of studied soils

Property Granular Powder Commercial
Bentonite (GB) Bentonite (PB) Kaolin
(Choudhury and
Bharat, 2018)
Specific Gravity 2.75 2.77 2.62
Liquid Limit 458 393 40
Plastic Limit 56 50 32
Shrinkage Limit 15 18 28
Total CEC (meg/100g) 97.9 71.7 5
Specific surface area
(m?/q) 505" 495" 1P
* By EGME technique
** By BET technique

Table 3.2: Properties of the salts solutions used

Molecular
) Hydrated Valence
Salts weight _
radius (A)*

(g/mol)”
Lithium chloride 42.394 7.3-10.3 1
Sodium chloride 58.44 5.6-7.9 1
Potassium chloride 74.55 3.8-5.32 1
Calcium Chloride 110.98 9.6 2

*Sridharan and Prakash (1999)
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3.2 Laboratory methods
3.2.1 Equilibrium sediment volume test

The equilibrium sediment volume (ESV) test is a commonly adapted test to assess the
swelling behaviour of soils and evaluating its subsequent engineering applications.
Equilibrium sediment volume tests were conducted using 100 ml graduated measuring glass
jars. A 2 g of oven-dried (at 105° C) clay soil was thoroughly mixed with a predetermined
salt solution using a mechanical stirrer. The mixing was continued for about 20 min. The
suspension, after thorough mixing, was transferred into the measuring jars and an additional
solution was added to fill up to the 100 ml mark. The suspension was allowed to settle until
the equilibrium was reached. The equilibrium time with different electrolyte solutions was
observed to be less than 24 hrs. The tests were conducted at room temperature which varied
from 280 to 32°C, during the testing time. The final sediment volume was visually recorded
to an accuracy of 0.5 ml. Three independent tests were conducted in each case for the
reproducibility with an accuracy of £0.5 ml. Finally, the equilibrium sediment volume was
expressed as the ratio of final sediment volume to the initial dry mass of the clay (Sridharan
and Prakash, 2004). The final sediment volume was taken as an average value from three
independent tests. The schematic of the equilibrium sediment volume test was shown in Fig.
3.1
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Figure 3.1: Schematic of Equilibrium sediment volume test
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3.2.2 Permeation test under chemo-mechanical loading

The experimental setup for evaluating the volume change and sealing behaviour of the
compacted GB under pore-fluid permeation was shown in Fig. 3.2. A 54 mm diameter,
permeation cell was fabricated from a solid perspex tube to accommodate 10 mm thick GB
with two movable porous stones on either end. The placement density of the GB within the
GCL utilized for the present study was found to be ~1.17 Mg/m3, which falls in the estimated
range of placement density in many GCLs (p¢=1.0-1.3 Mg/m?3), (Lake and Rowe, 1999;
Alonso et al., 2011; Seiphoori et al., 2016). The GB was, therefore, compacted in the cell at
a dry density of 1.1 Mg/m3. Filter papers were placed between the porous stone and GB on
either end, to prevent any clogging of the porous stones during the permeation. After
compaction and placement of the porous stones at the two ends of the GB, the cell was
carefully positioned on the loading assembly. The cell was then connected to a graduated
burette with a valve on one end, which facilitates the permeation of pore-fluid through the
compacted GB. Before the commencement of the test, the burette was filled with the desired
pore-fluid of a particular concentration with the valve closed. A strain-gauge having a
precision of 0.001 mm was fixed firmly on the top of the sample to record the vertical
displacement of the compacted soil sample as shown in Fig. 3.2. The test was initiated by
maintaining the desired mechanical stress on the sample and, consequently, the permeation
of the fluid was allowed from the bottom of the cell by opening the valve of the burette. All
the tests were performed at two mechanical stresses, viz., 50 kPa and 100 kPa, to understand
the swelling/collapse and sealing potential of the GB under different ionic strength fluids
that are expected in the field. The fluid permeation rate was estimated by the falling head
technique (ASTM D5856 2015), whilst the compacted soil was permeated with the desired
pore-fluid under the applied stresses. The fluid permeation rate is similar to the hydraulic
conductivity of the soil in saturated conditions. The test was continued until the fluid
permeation rate was constant over a period of 24 hours. The vertical displacement reading
(expressed as normalized thickness, h/ho) from the strain-gauge and the fluid permeation rate
(expressed in m/s) provided the swelling potential and sealing potential of the soil,

respectively.
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Figure 3.2: Experimental set-up for evaluating the sealing ability of the GB under chemo-mechanical loading

The compacted GB was assumed to have achieved complete sealing by closing all the inter-
granular and inter-aggregate voids when an equilibrium permeation rate of 1x10° m/s was
achieved. Thus, the sealing time for the GB under the influence of different pore-fluids was
established based on the permeation rate of the fluid for its use a liner material. The volume
change behaviour and sealing potential of the kaolin-GB layered system (described in
Chapter 7) was also established by following the same procedure as adapted for the GB layer
alone. The only difference being a kaolin layer of 5 mm thickness was compacted at the dry
density of 1.6 Mg/m? and placed below the compacted 5 mm thick GB layer in such a way
that the pore-fluid was made to permeate through the compacted kaolin layer first as the
permeation of different salt solutions was allowed from the bottom of the cell. As the sealing
ability of the GB is not influenced by its thickness, the thickness of the GB layer in the
kaolin-GB layered system was reduced to 5 mm. An overall 10 mm thick kaolin-GB layer

was maintained in the permeation cell.
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3.2.3 Through-diffusion test

To understand the diffusion characteristics of the compacted PB and GB under salt
environment, through-diffusion testing was used, in this study, as this technique is non-
destructive and the concentration profile along the soil depth is not required. The testing is
faster, further, the sample dimension does not influence the accuracy of model parameter
estimation. A 10 mm thick and 24 mm diameter diffusion cell was, therefore, used in this
study. The diffusion cell was fabricated from solid plexiglass tubes to accommodate the clay
plug and 5 mm thick porous stones as illustrated in Fig. 3.3a. A detailed drawing of the
diffusion cell was provided in Fig. 3.3b. The bentonite samples (PB/GB) in the dry state
were statically compacted in diffusion cells at the desired densities, and the porous discs
were placed on either side of the bentonite plug. The cell was then attached to the reservoirs
on either side by capping on the outer thread of the cell. A rubber gasket was used around
the outer threading to prevent leakage. The reservoirs were then filled with distilled water

for saturation from both the sides.
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Figure 3.3: (a) Fabricated through-diffusion testing set-up, (b) details of the diffusion cell

The saturation took nearly 30 days which was assessed by weighing the diffusion cell at
regular intervals. The diffusion experiment was commenced soon after the saturation of the
bentonite by replacing the source reservoir with known salt concentration. The water in the
collector reservoir was also replaced with distilled water to avoid the influence of any excess
salt deposition from the clay plug on diffusion. The electrolytes in the reservoirs were
regularly stirred to maintain the uniform concentration through the reservoir at any given

time. A ~5 ml samples were collected from the reservoirs at frequent intervals of time for
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determining the concentration. The concentration of a given cation was measured using a
flame photometer (®Systronics India, Type — 128) after required dilution by following the
test method (Munns et al., 2010). The measured concentration with time in both source and
collector reservoirs were used for the diffusion analysis. The concentration of both the
reservoirs showed a nearly constant reading after 60 days for most of the considered salt
concentrations. Therefore, the mass transport parameter of the studied soils in the presence
of different salts was estimated from the measured data of 60 days. The through-diffusion
tests for the compacted PB under the pore-fluid environment were conducted at two different
dry-densities (pg) of 1.1 Mg/m3 and 1.3 Mg/mé. For the comparison of diffusion
characteristics through the PB and GB, the diffusion test through the GB was also conducted
at pg = 1.3 Mg/mé,

The thickness of the sample was maintained at 10 mm for salt diffusion through the
individual PB/GB layer. However, for the kaolin-GB layered system, a 5 mm thick kaolin
sample compacted at the dry density of 1.6 Mg/m3 was placed along with the compacted GB
layer of 5 mm thickness. The layered system was so positioned that the flow of solute was

allowed through the kaolin layer first.

3.2.4 Long-term through-diffusion test

The long-term diffusion test was conducted to understand the behavior of the compacted
bentonite devoid of the sorption potential after the complete cessation of the exchange
process. The long-term diffusion test was a two-stage process where the first step comprised
of permeating the compacted bentonite with the desired salt solution post hydration with the
distilled water. In the second stage, the through-diffusion test was performed on the same
compacted soil sample post permeation (Fig. 3.4 a-b).

The soil was first compacted at the dry density of 1.3 Mg/m? in the diffusion cell having a
diameter of 24 mm diameter thickness of 10 mm and then fixed on either end by caps. One
end of the cap was connected to a water burette from a height of 8.75 meters to saturate the
soil sample. After saturation was ensured, water in the burette was replaced by the pore-
fluids. A series of such tests were conducted with inorganic salt solutions consisting of LiCl,

NaCl, and KCl of viz., 0.01, 0.1, 0.5, and 1 M concentrations. After the complete permeation
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of a particular fluid was ascertained, the tests were terminated, and the cell was dismantled.
The compacted bentonite plug saturated with a particular pore-fluid was then introduced to
the through-diffusion set-up carefully with minimal disturbance. The source reservoir
contained the same pore-fluid having a similar concentration with which the bentonite was
permeated in the first stage. The through-diffusion process was the same as explained in

section 3.2.3.
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Figure 3.4: Long-term through diffusion (a) 15 step of permeation through the permeameter, (b) 2" step through-
diffusion test same as Fig. 3.3a

3.2.5 Elemental compositional and Micro-structural analyses

For quantification of the amount of salt-ions adsorbed on the surface of PB after the long-

term diffusion test, elemental compositional analysis by two different methods was adapted.
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In both methods, the PB clay plug after the termination of the diffusion experiment for the
studied salt mixtures was analyzed. The first method was similar to the CEC estimation. It
comprised of taking a known amount of clay from the diffusion test after termination and
mixing it with a known volume of 1 M ammonium acetate solution in a beaker. The soil-
solution was thoroughly mixed for a sufficient time allowing all the surface cations to be
replaced by the ammonium ions. The clay mixture was then centrifuged to obtain a clear
supernatant at the top. The supernatant was filtered and then analyzed for different inorganic

salt cations using a flame photometer.

The second method comprised of estimating the elemental compositions (including the
surface cations) on the surface of the PB clay plug due to diffusion of the salt mixture by
Energy-Dispersive X-ray (EDX) spectroscopy. The representative specimens for the EDX
analysis were obtained using the freeze-drying technique in Lyophilizer (FreezeDry System,
LabconcoFreeZone®) at —60 °c. The EDX enabled identifying the elemental composition in

a selected spectrum of the lyophilized sample.

To understand the adsorption affinity of the soils for the salt cations, the elemental
compositional analysis was also performed on the GB and kaolin samples of the kaolin-GB
layered system by EDX post permeation with various salt solutions. Further, the
microstructural analysis was performed using Field Emission Scanning Electron Microscope
(FESEM) to understand the sealing behaviour of the GB upon permeation different pore-
fluids. The representative specimens for the FESEM analysis were obtained using freeze-

drying technique in Lyophilizer.
3.2.6 Pore-fraction analysis

The pore-fraction analysis of the PB at the end of the long-term diffusion test was performed
using Gamma-ray attenuation (GRA). GRA is one of the most common methods to obtain
the void fraction in a two-phase system (Thiyagarajan et al., 1990; Pires and Pereira, 2013;
Sarifzadeh et al., 2017). In the present study, GRA was utilized to obtain the void fraction in
the PB based on its attenuation capacity. The narrow mono-energetic gamma-ray (Cs!37) was
passed through the compacted PB placed inside the diffusion cell (Fig. 3.5a). The pathlength
of the gamma-ray was established such that it matches the thickness and diameter of the PB
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sample in the D1 and D2 direction, respectively (Fig. 3.5b). The sodium iodide (Nal)
scintillation was used as the detector unit. Lead collimators were used in the setup to ensure
the narrow beam was passed in a straight-line path through the soil sample to reach the
detector unit. The intensity counts based on the attenuation ability of the PB was detected by
the Nal scintillation. The attenuated intensity of the beam is given by the Lambert-Beer

exponential law (Petrick and Swanson, 1958)

(3.1)

where | is the measured intensity in count per sec (cps) after the beam is passed through a
sample and lo is the initial intensity in cps and 4x is the pathlength in cm. wes is the effective
attenuation coefficient (cm-1) and is unique for the material. For a two-phase system, uef is
the sum of the linear attenuation coefficient of the individual phases. The void-fraction can

be estimated based on the ues value,

In order to estimate the void fraction of the PB samples in the presence of various salts, the
attenuation capacity of the compacted soil (us) was first evaluated by knowing the energy
counts after passing the gamma-ray through the empty diffusion cell and then through the

compacted PB within the cell (Fig. 3.5¢). The us of the soil is given by:

_ lueff

s (3.2)

where wueft i obtained based on Eg. 3.1 and the & (solid fraction) in the soil mass were
obtained knowing the initial density of the PB (pg=1.3 Mg/m3).
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Figure 3.5: (a) lllustration of the set-up for GRA (b) Projection of gamma rays along the D1 and D2 direction through the
soil sample, (c) laboratory set-up of densitometry

The us for the PB which is a material constant was then utilized to measure the void fraction
of the water-saturated soil. The energy counts were measured by passing the gamma-ray
through the water-saturated PB and the corresponding s was calculated (Eq. 3.1). The void
fraction for the PB is given by the equation:

Hegt = /usgssat + /uwgw (3.3)

where uy is the attenuation coefficient of water which was estimated following the similar
procedure adopted for obtaining the us, essat is the volume fraction of soil solids in the
saturated condition. The void-fraction of the initially saturated soil (before the
commencement of the diffusion test) was evaluated knowing essat. The void fractions for all
the samples after the completion of the diffusion test were then evaluated by following the

above procedure in the D1 and D2 directions.

40
TH-2620_ 146104039



Chapter 4
Diffusion characteristics of compacted powder and granulated bentonite

under inorganic salt environment

4.1 General

Salt diffusion studies through compacted bentonites are important for designing the waste
disposal facilities and assessment of the existing facilities. As the behavior of plastic clays
is governed by physical chemistry, the effect of physicochemical parameters on diffusion
rates of the bentonites is required to be studied. In this chapter, the result of the transient
through diffusion tests with different salts that contain different monovalent cations and
divalent cations were presented. The influence of concentration, hydrated size, and valence
of the salt cations on the contaminant migration through PB was studied experimentally.
Further, the diffusion characteristic of PB and GB were compared for the same control
parameters under similar compaction density (p¢=1.3 Mg/m3). The development of an
inverse analysis suite was described in section 4.2. The Java-based inverse analysis suite was
utilized for estimating the mass transport parameters from the observations made from the

through-diffusion experiments.

The effect of concentration, hydrated size, and valence of the cations on the mass transport
parameters of the compacted PB and GB was analyzed and discussed based on the physico-

chemical response of bentonite under pore-fluid environment.

4.2 Development of CONTRADIS

The name CONTRADIS stands for "CONtaminant TRAnsport due to DIffusion in Soils".
POLLUTE is the only one software package available until now that is widely used by Geo-
environmental engineers for contaminant migration analysis. It is being used in the industry
for more than fifteen years now. But the drawbacks of this commercially available software
include non-availability of the option for performing inverse analysis and higher cost

involved. The present software CONTRADIS, is built for overcoming the limitations of
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POLLUTE. The software suite is based on Java and can run in various operating systems,
viz., Linux, Windows 8, and later. The software can perform both forward and inverse

analysis for the through-diffusion problem.
4.2.1 Forward and inverse analyses

The forward analysis of the diffusion problems involves estimating the temporal variation
of the concentration in the source and collector reservoir for a known value of the model
parameters and vice versa in the inverse analysis problem. However, in order to achieve this,
the convergence of the closed-form analytical solutions (Eq. 2.10-2.11) by finding the first
positive non-zero roots of the transcendental equation (Eq. 2.12) is required. The eigen
solutions (roots) for the transcendental equation were obtained by using a discontinuous,
multimodal optimization algorithm using the glow-worm swarm optimization technique
(Bharat, 2013). The closed-form solutions in Egs. (2.10)—(2.11) were then evaluated using

the first 20 numbers of roots using the optimization technique (ref).

The inverse problem of determining the diffusion coefficient and linear retardation factor
was solved by minimizing the error between theoretical and measured concentration data in
the source and collector reservoirs at different time intervals. The minimization was
accomplished by particle swarm optimization technique (Bharat et al, 2008; 2012; 2013).
Code for the aforementioned forward and inverse analyses were written (Bharat, 2013) and
implemented in the main program to develop the non-commercial software suite which was
named CONTRADIS. The software was verified on the synthetic data obtained from
calculated concentration values as input data taken from the available literature (Fig. 4.1 a-
b). The source and collector reservoir data (Fig. 4.1a) for the diffusion of acetone and aniline
(Barone et al., 1992) and HTO (Garcia-Giteirrez et al., 2004) through the compacted
bentonite soil was utilized to estimate the model parameters (De, Rq) by inverse analysis
through CONTRADIS. The theoretical plot generated by the developed software fits well
with the literature experimental data. Moreover, the theoretical plot generated by the
POLLUTE was in good agreement with the CONTRADIS. The estimated model parameters
by CONTRADIS was presented in Fig. 4.1b. As the estimated model parameters was in good
agreement with the literature data, the CONTRADIS was utilized to estimate the model

parameters from the measured data of the present study.
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Figure 4.1: (a) Experimental concentration data (synthetic data) for the diffusion of acetone, aniline, and HTO through
compacted bentonite, (b) estimation of the model parameters from the experimental data by POLLUTE and CONTRADIS
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4.3 Results and Discussion
4.3.1 Effect of cation concentration

The measured concentration data with time from the through-diffusion experiments in the
source and collector reservoirs for various pore-fluids through PB at the same compaction
density (pa=1.3 Mg/m?) was shown in Fig. 4.2a- 4.2c. The measured data were presented as
relative concentrations, c/co, by normalizing the measured concentration, ¢, with initial
concentration, co. The salt-cation concentration in the source reservoir decreased with time

and the concentration increased with time in the collector reservoir, for all the studied pore-

fluids.
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Figure 4.2: Temporal data of measured salt concentration in source and collector reservoirs for (a) LiCl, (b) NaCl and (c)
KCl

The reservoir concentration data indicated that the diffusion rate of lithium ions through the
compacted PB increased slightly with the increase in the salt concentration. When a
concentration gradient of 0.01M LiCl was maintained, the relative concentration (c/co) of
lithium ion in th source reservoir after 60 days was 0.84, which reduced to only 0.78 at 1M
LiCl. The lithium ion was absent in the collector reservoir for the first 15 days for all the
studied concentrations indicating strong adsorption of lithium ion by the mineral surface of
the PB (Fig. 4.2a). On the other hand, a significant increase in the diffusion rate through the
PB was observed with the increase in the concentration of NaCl and more prominently for
KCI. After two months of the diffusion test, the c/coof the sodium ion in the source reservoir
was ~0.8 when a concentration gradient of 0.01M NaCl was maintained, while the c/co at
1M NacCl during the same time interval was 0.57. Similarly, the test performed at 0.01M KClI
concentration showed that the c/co of the potassium ion after 60 days in the source reservoir
was ~0.65 while in the presence of 1M KCI the c/cowas ~0.51 (Fig. 4.2 b-c). The collector
reservoir data indicated that a small amount of sodium and potassium ions were present just
after 5 days of the commencement of the diffusion test in the presence of higher initial
concentrations for both NaCl and KCI (n> 0.5M).
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Figure 4.3: Comparison of the experimental concentration profile with the theoretical plots for (a) 0.01M LiCl, (b) 0.1M
LICI, (c) 0.5M LiCl and (d) 1M LiCl
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Figure 4.5: Comparison of the experimental concentration profile with the theoretical plots for (a) 0.01M KCI, (b) 0.1M
Kcl, (c) 0.5M KCl and (d) 1M KCl

The measured experimental data were used to determine the diffusion and linear sorption
parameters by the inverse analysis using CONTRADIS. The model parameters (De, Rq)
obtained by minimizing the error between measured data and theoretical concentration plots
for different salts were presented in Table 4.1. The theoretical concentration plot using the
optimized design parameters (Table 4.1) for different salts were given in Figs. 4.3-4.5. The
theoretical concentration plots obtained using the optimized model parameters were in good
agreement with the measured concentration data for all the studied cases were presented.
The effective diffusion coefficient (De) of the lithium ion in the compacted PB was 8.87x10
11 'm?/s when a concentration gradient of 0.01M LiCl was maintained. However, the De
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increased to 1.56x101° m2/s and 1.68x10-1% m2/s when the concentration gradients of 0.1M
and 0.5M were maintained, respectively. Moreover, the D of the lithium ions in the PB was
1.69x10-19 m?/s when a concentration gradient of 1M LiCl was maintained, indicating that
for n>0.1M the De for lithium ions was nearly constant (Fig 4.3 a-d). However, the

retardation factor (Rq) increased with the increase in the concentration of the LiCl solution.

The increase in the De with the increase in the concentration of the salt solution was more
pronounced in the presence of NaCl and KClI salts. The D. of the sodium ion through the PB
at 0.01M NaCl concentration was 1.32x10-1° m?/s, which increased to 5.6x10-% and 6.6x10-
10'm?/s at 0.1M and 0.5M NaCl concentration, respectively. The maximum De for the sodium
ion (De =7.68x10-19 m?/s) was observed in the presence of 1M NaCl (Fig. 4.4 a-d). Similarly,
with the increase in the concentration of KCI solution the D¢ increased considerably (Fig. 4.5
a-d). The De of the potassium ion at 0.01M KCIl was 3.56x10-10 m?/s, which increased nearly
by an order of magnitude (De=1.01x10-° m?/s) at 1M KCI. Moreover, similar to the trend
observed in the presence of LiCl solution, the retardation factor (Rq) increased with the
increase in the concentration of the NaCl and KCI solutions. The reported De was found to

have a standard deviation of 3.1%, and the Rq showed a standard deviation of 3.7%.

The increase in the migration rate of a particular ion through the PB with the increase in the
initial concentration of the source solutions was due to the suppression of the DDL thickness
at higher concentrations (n>0.5M). As the concentration of ions in the bulk solution exposed
to the mineral surface of PB increases, replacement of the surface cations by the cations
present in the bulk solution occurs, which contributes to the suppression of the DDL
thickness. Such changes in the adsorbed complex of the studied PB contributes to the
alteration of the inter-particle forces. With the decrease in the DDL thickness, the inter-
particle repulsive force reduces and the particles tend to flocculate and thereby reducing the
effective flow path for the diffusing ions. Hence, the D was maximum for all the studied
salt cations at higher ionic strength solutions due to the reduced flow path. Further, the
increase in the concentration of the bulk solution results in significant cation complexion
allowing more surface cations to be exchanged with the cations in the bulk solutions. This
increase in the cation exchange at higher concentrations results in the increased Rq for all the

studied salts.
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4.3.2 Effect of cation size and valence

The diffusion rates of various salt cations having similar initial ionic strength (n=0.2M) was
shown in Fig. 4.6 to understand the effect of cation size and valence. The hydrated size and
valence of the salt cations were presented in Table 3.2. The diffusion rate of Li* ions through
the compacted PB was observed to be very slow compared to the other cations. The relative
concentration of lithium ions in the source reservoir was ~0.8 after two months of diffusion
period whereas the relative concentration of potassium and Calcium ions reached ~0.55 by
this time, indicating the completion of the test. The sodium concentration in the source was
~0.6 at the end of 60 days, which was between the diffusion rates of lithium and potassium
ions. The diffusion rate of potassium was faster than calcium in the beginning, but with time
the rate was similar for both the salts. The difference in the relative concentration and
diffusion rates at any given time indicates the cation complexion on the mineral surface. The
lithium ion was absent in the collector reservoir for initial 10 days indicating strong
adsorption on the mineral surface due to cation exchange and slower diffusion rates through
the clay plug. The relative concentration of other cations appeared in the collector nearly
after 5 days.

0.8 B — 00—

06 [ --=-NacCl
—o—LiCl
04 | ——KCl
——CaCl2 _

clcy

0.2

0 10 20 30 40 50 60 70
Time (Days)

Figure 4.6: Temporal variation of the experimental concentration data with time for the monovalent and divalent salt
ions at the same concentration of 0.2M
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A slight deviation between the measured data and theoretical plots was noticed at the
beginning of the diffusion testing (t < 10 days) for monovalent cations (Fig. 4.6 a-d). The
deviation was mainly due to the cation exchange process in the initial stage of the diffusion
as a significant percentage of calcium ions were present, in the exchangeable state, for the
studied bentonite. The estimated diffusion coefficient and retardation factor were presented
in Table 4.1.

The diffusion coefficient increased with the decrease in the hydrated cation size. The
decrease in the diffusion coefficients with the increase in the radius can also be qualitatively
understood from the diffuse double layer (DDL) theory. The DDL thickness increases with
the increase in the cationic radius of the same group (i.e., valence) in the periodic table
(Mitchell, 1993; Rao and Mathew, 1995). The increase in the DDL thickness in a compacted
state, where the volume change was not allowed, reduces the mobility of the cations. The
diffusion coefficient, therefore, decreased. As the retardation considers the retention
mechanism along with the adsorption and absorption processes, the Rq was higher for the
lithium. The diffusion coefficients of lithium and potassium differed by nearly one order
magnitude (Fig. 4.7a and Fig. 4.7c¢). More number of free paths was available in the case of
KCI due to the presence of smaller DDL thickness around the clay platelets. The diffusion
coefficients of KCI and CaCly, however, were nearly the same, which was also evident from
the concentration profiles in Fig. 4.7c — 4.7d. The observed trend was in agreement with the
earlier observation made by Sridharan et al. (1986) on the compressibility behavior of homo-
ionized bentonites, using potassium and calcium. The retardation factor for CaCl, was higher
compared to KCI due to preference for higher valence cations on the mineral surface to
effectively utilize the surface density (Rao and Mathew, 1995; Arsan, 2010).
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Figure 4.7: Comparison of the experimental concentration profile with the theoretical data at 0.2M concentration for (a)
Licl, (b) NaCl, (c) KCl, and (d) CaCl

4.3.3 Influence of the estimated model parameters on the liner design

The significance of the estimated mass transport parameters (Fig. 4.7 a-d) on the liner design
was analyzed by considering the spatial distribution of the considered inorganic species at a
given time. Theoretical data of salt concentration variation with depth after 5 years was
simulated using the estimated mass transport parameters in Fig. 4.8 using the following
expression (Shackelford, 1991).

anx+ n D,R,t |erfc

C X n
— 2+ /DRt
Cy H, |H, 2/Dt/R, H, ‘

4.1

where all the above terms have the same meaning as described in Eq. (2.5)-(2.9).
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Figure 4.8: Simulated spatial variation of salt concentrations with depth through semi-infinite clay liner after 5 years by
the predicted design parameters

Equation (4.1) simulates the concentration profile for the semi-infinite boundary condition
at the bottom and flux boundary condition (Eq. 2.8) at the top boundary. The simulated data
showed that a significant variation in the concentration data of different salts was found with
depth. The LiCl salt was not reached even 0.2 m depth of the clay liner after 5 years, but a
small concentration of other salts was available at 0.5 m depth at the same time. The diffusion

migration of Li* was significantly slower than other cations due to the presence of thicker
DDLs.
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Figure 4.9: Theoretical concentration profile for different concentration of (a) NaCl, (b) KCl through GB

4.3.4 Effect of salt concentration on the diffusion characteristics of compacted GB

The effect of concentration on the migration rate of the monovalent cations through the GB
was also assessed. The experimental data revealed that similar to the PB, the concentration
significantly influenced the effective flow path of a particular ion through the compacted
GB. The De for the sodium and potassium ions increased and the maximum D. was observed

for potassium ions with the increase in concentration (Fig. 4.9 a-b). The model parameters
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(De, Rq) for both PB and GB were comparable (Table 4.1) indicating that the PB and GB

behaved in a similar fashion when salt migration through the soil took place under the

saturated condition. Therefore, the alteration of the pore structure of the GB due to the

changes in the DDL thickness in the presence of various pore-fluid affected the flow of ions

through the compacted GB. As the D, of the lithium ions through the PB did not alter

significantly at lower concentrations, the diffusion of lithium ions through GB was studied
only at n=0.5M

Table 4.1: Estimated model parameters for the PB and GB under various salt concentrations

PB GB
Salt  Concentration D. (m?/s) Ry D, (m?/s) Ry
0.01M 8.87x10-11 8.56 - -
LiCl 0.1IM 1.56x10-10 12.34 - -
0.2M 1.57x10-10 13.01 -
0.5M 1.68x10-10 13.56 1.82x10-10 12
IM 1.69x10-10 14.58
0.01M 1.32x10-10 5.25 2.4x10-10 5.85
NaCl 0.1M 5.6x10-10 6.32 5.8x10-10 6.44
0.2M 6.3x10-10 7.71 - -
0.5M 6.4x10-10 7.97 6.9x10°10 7.98
IM 7.82x10-10 8.90
0.01M 3.56x10-10 7.96 3.57x10-10 7.85
KCl 0.1M 7.37x10-10 8.37 8.1x10-10 8.24
0.2M 8.9x10-10 8.92 - -
0.5M 8.9x10-10 9.16 8.8x10°10 8.43
IM 1.01x109 9.47 - -
CaCl: 0.2M 1.04x10-9 10.87
56
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In the present work, the effective diffusion coefficient was compared with the equilibrium
sediment volume of the compacted PB and GB in the presence of the studied salt
concentrations. The past studies relate the equilibrium sediment volume with the saturated
hydraulic conductivity (Ks) to understand the long-term hydraulic behaviour of compacted
bentonites Bowders et al., 1986; Petrov and Rowe, 1997; Lee et al., 2005). However, the
applicability of equilibrium sediment volume data to understand the diffusion behaviour of

compacted PB/GB is not available.

4.4 Effect of salt type and concentration on the sediment volume of PB and GB

The measured variation of the final sediment volume (Veq) from the ESV tests in the presence
of the chloride salts of lithium, sodium, and potassium for both PB and GB was shown in
the Fig. 4.10 a-b. Such a basic laboratory test was performed to qualitatively understand the

long-term diffusion behavior of the compacted PB and GB in the presence of various salts.
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Figure 4.10: variation of the final ESV (Veq) with the pore-fluid (salt) concentration for (a) PB, (b) GB
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The Veq was found to decrease considerably in the presence of all the studied salt solutions
for both PB and GB. For the PB the decrease in the Veq with the salt concentration was due
to the suppression of the DDL thickness. The decrease in the DDL thickness increases the
van der Waals attraction between the clay platelets leading to the formation of a flocculated
fabric and thereby the Veq was low at higher concentration. On the other hand, the decrease
in the Veq With salt concentration for GB was primarily due to the inability of the large-sized

granules to disintegrate into particles.

Moreover, a minimum Veq Was exhibited by both PB and GB in the presence of KCI and
maximum in the presence of LiCl at all the studied concentrations. The Veq in the presence
of NaCl was in between the Veq 0bserved in the presence of LiCl and KCI. The hydrated size
of the salt cations, therefore, played a significant role in the sediment volume of the studied
bentonites. Lithium being a larger size cation, the Veq was higher in comparison to the Veq in
the presence of sodium and potassium ions which have relatively lesser hydrated size. The
behavior of the PB and GB as observed from the sediment volume test, therefore, gives a
qualitative understanding of the long-term diffusion behavior of the soils in the presence of
different salts. The D. was found to be significantly high in the presence of KCI solution and
least in the presence of LiCl solution. Moreover, with the increase in the concentration, the
De increased significantly (Table 4.1). Hence, a decrease in the Veq for the studied soils in

the presence of a particular pore-fluid indicates a higher De in the presence of similar salt.

4.5 Salient Observation

e The hydrated cation size played a significant role in contaminant migration through both
PB and GB

e The diffusion coefficient increased with decrease in the size of hydrated cations due to
the suppression of the diffuse double layer thickness around the clay platelets.

e The effect of concentration change on the diffusion coefficient for both bentonites was
more prominent in the presence of potassium ions. The diffusion coefficient of the PB

and GB are nearly comparable in the presence of the studied salts.
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e The pore structure of the bentonite changes with increase in the concentration gradients
are thereby led to a considerable change in the effective diffusion coefficient of the ions
in the compacted PB.

e The retardation factor showed an increasing trend with the increase in the concentration
of a particular salt, as more amount of cations in the pore-fluid were adsorbed on the clay
surface.

e The sediment volume test provided a qualitative understanding of the long-term diffusion

behavior of the compacted PB and GB in the presence of various salt solutions.
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Chapter 5

Diffusion characteristics of compacted PB for synthetic salt leachates

5.1 General

In the field conditions, the MSW leachate in the waste containment facilities comprises of
multi-species salt solution. In the previous chapter, the diffusion characteristics of the
compacted PB and GB were evaluated in the presence of a single-species salt solution. It
was observed that the De of the diffusing ions through both PB and GB increased
significantly in the higher concentration of the salts (n>0.1M). As the estimated model
parameters for the PB and GB were found to be similar in the presence of single-species salt
solutions, the diffusion behaviour of GB in the presence of synthetic leachate (multi-species
salts) is also expected to be similar to PB. Therefore, in this chapter, the diffusion behaviour
of only the compacted PB was assessed in the presence of mixed pore-fluids. Moreover, in
order to understand the influence of the compaction density on the estimation of the model
parameters, the through-diffusion test in the presence of synthetic leachates was performed

at two different compaction densities of the PB ( p¢=1.1 Mg/m?3 and 1.3 Mg/m3).

Several synthetic leachate solutions were prepared by mixing the salt solutions while
maintaining the individual salt concentration at 0.1M in the mixture. The synthetic leachate

combinations studied were:

LiCI-NaCl

NaCI-KClI

KCI-CaCl
LiCI-NaCl-KCI-CaCl;

At the end of the diffusion test, the diffusion cell was dismantled and the soil samples were
lyophilized for identifying the elemental composition using the Energy-Dispersive X-ray

(EDX) spectroscopy. The adsorption potential of the studied cations on the mineral surfaces
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of PB was also quantified by adapting the procedure similar to the CEC for soils. The ion

concentration obtained from both these methods was expressed in meqg/100g.

5.2 Results and discussion
5.2.1 Effect of synthetic salt leachate

The samples collected from the source and collector reservoir at regular intervals were
analyzed for individual cation concentration for a given salt mixture. The comparison of the
temporal variation of the measured concentration in the source and collector reservoir for
the studied salt mixtures through the compacted PB (pg=1.1 Mg/m3) was shown in Fig. 5.1
a-d. In the presence of the LiCI-NaCl mixture, the migration rate of sodium ion was observed
to be faster than the lithium ions. Similarly, in the presence of NaCI-KCI salt mixture, the
migration rate of potassium ion was found to be significantly higher than the sodium ions
(Fig. 5.1a-b). Moreover, the measured concentration data suggested that the influence of a
particular cation in a given mixture increases the migration rate of the companion ion. In the
presence of the potassium ion in the salt mixture, the migration rate of the sodium ion was
found to be higher in comparison to its rate in the LiCI-NaCl mixture. The DDL thickness
in the presence of the potassium ions reduced considerably and thereby allowing an easier
path for the sodium ions. It is worth noting that in the presence of the KCI-CaCl, salt mixture,
the rate of decrease of concentration of calcium ion in the source reservoir was higher than
the potassium ion (Fig. 5.1c). However, the calcium ions diffused at a much slower rate
through the PB to reach the collector reservoir. The relative concentration of the calcium ion
in the collector reservoir after two months was ~0.12, on the other hand, the relative
concentration of the potassium ion in the collector reservoir was ~0.35. This was due to the
significant adsorption of the divalent calcium ion on the mineral surface of PB to satisfy the
charge density. The presence of the divalent calcium ions suppressed the DDL thickness,
which allowed easy mobility of the companion ions. Moreover, in the presence of LiCl-
NaCl-KCI-CaCl, the migration rate of sodium and lithium ion increased in comparison to its
rate in the presence of other studied salt mixtures (Fig. 5.1 d). The presence of potassium
and calcium ions in the salt leachate was therefore found to be detrimental in terms of the

diffusion rate of other companion cations present in the leachate.
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Figure 5.1: Comparison of the experimental concentration data for the individual ions present in the salt mixture of (a)
LiCl-NaCl (b) NaCl-KCl, (c) KCI-CaCl; (d) LiCl-NaCl-KCl-CaCl,

The measured data were used to determine the De, Rq of the individual ions by optimization
as discussed in chapter 4. The model parameters of the diffusing ions present in the studied
salt-mixtures were presented in Table 5.1. The theoretical concentration plots using the
optimized design parameters (Table 5.1) for different salt mixtures were presented in Figs.
5.2 a-d, along with the measured data. A slight deviation between the theoretical
concentration curve and the measured concentration data was observed during the initial
times for all the cases presented and particularly for salt mixtures containing calcium ions.
This was due to the sorption of the ions present in the salt leachates on the mineral surface
of bentonite is complex and non-linear. The inverse analysis suit CONTRADIS was
developed by assuming a linear sorption isotherm. However, due to the surface complexion
in the presence of salt mixture, the theoretical plots could not accurately fit the measured

data in the presence of calcium.
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Figure 5.2: Comparison of the experimental and theoretical concentration data for the individual ions present in the salt
mixture of (a) LiCI-NaCl (b) NaCl-KCl, (c) KCI-CaCl2 (d) LiCl-NaCl-KCl-CaCl2

The estimated De, for lithium ion in LiCI-NaCl mixture through the compacted PB was
lower, however, the value increases significantly in the presence of salt mixture comprising
of the smaller hydrated size cations (Fig. 5.2 a, 5.2 d). Similarly, the De for sodium ion in
the LiCI-NaCl salt mixture was 6x10-1° m?/s, which increased to 7.15x10-1° m?/s in the
presence of potassium ion for the NaCl-KClI salt mixture. Further, in the presence of calcium
ions, the De for all the monovalent ions was found to be higher. Therefore, the presence of
smaller sized cation and divalent cation in the salt mixture influenced the De for the larger
sized cations in the same mixture. The presence of divalent cations primarily contributes to
the DDL thinning which thereby increased the D for the other companion ion. It is worth
noting that the De of the ions in the salt mixtures were higher than the corresponding De of

the same ions when present individually (Table 4.1)

Moreover, the retardation of a particular ion was also found to be influenced by the type of
companion ion present in the salt mixture. The Rq for the lithium ion was 7.5 in the LiCl-
NaCl salt mixture, but, the Rq reduced to 7 due to the divalent calcium ion in the salt mixture
(Fig. 5.1d). Similarly, the Rq for the sodium ion in the presence of LiCI-NaCl salt mixture
was 8.5, which reduced to 7 and 6.8 in NaCI-KCl and LiCI-NaCI-KCI-CaCl, salt mixtures,
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respectively. Maximum Rg was observed for the calcium and potassium ions for all the
studied salt mixtures. This was due to the higher exchange of the surface cations by the
potassium and calcium ions present in the bulk solutions. The higher preference of these ions
on the mineral surfaces reduces the amount of sorption of lithium and sodium ions present

in the salt mixture.
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Table 5.1: Model parameters obtained from the through-diffusion test

Density Synthetic lons De (M?/sec) Rd Overall De Overall
(Mg/m3) leachate considered (m?/sec) Rd
for analysis
Li* 1.82x10-10 7.5
LiCI-NaCl 5.92x10-10 8.2
Na* 6x10-10 8.5
Na* 7.15x10-10 7
NaCl-KCl 7.2x10710 9.1
K* 7.6x10-10 10.1
1.1 K* 7.8x10°10 9.2
KCI-CaCl; 7.5x10°10 9.6
Ca* 7.1x10710 10
Lit 2.22x10-10 7
LiCI-NaCl- Na* 7.64x10-10 6.8
KCI-CaCl 7.8x10710 10.7
K* 7.8x10-10 8.9
Ca?* 7.2x10710 9.6
Lit 1.2x10-10 7.8
LiCl-NaCl 4.8x10-10 9.12
Na* 5.6x10°10 9.2
Na* 5.8x10°10 8.7
NaCl-KCl 6.2x10710 9.8
K* 7.2x10710 10.2
1.3 K* 7.8x10-10 9.4
KCI-CaCl; 7.4x101°  10.77
Ca* 6.8x10-10 11
Li* 1.56x10-10 7.1
LiCI-NaCl- Na* 6.0x10-10 8.5 7.6x101°  10.23
KCI-CaCl;
K* 7.4x10710 9.3
Caz* 6.9x10-10 11.9
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5.2.2 Effect of compaction density

In order to understand the influence of compaction density on the migration rate and the
consequent model parameters for the individual ions, the diffusion test in compacted PB at
1.3 Mg/m?3 was also performed. As the nature of the variation in the migration rates of various
ions in the studied salt mixtures was similar, the theoretical concentration plot was presented
only for the LiCI-NaCl-KCI-CaCl, salt-mixture (Fig. 5.4 a-d). The model parameters for all
the other salt mixtures were presented in table 5.1. The increase in the compaction density
of the PB decreased the De for the lithium and sodium ions. This was due to the increase in
the tortuous pathway at higher compaction density (Fig. 5.4 a-b). However, the influence of
compaction density on the D. for the potassium and calcium ions was marginal. Further, the
Rq for all the diffusing ions increased at a higher compaction density of the PB. This was
primarily due to the presence of a higher amount of exchange sites present in the PB at p¢=1.3
Mg/m3.

5.2.3 Elemental compositional analysis

For quantification of the amount of salt-ions adsorbed on the surface of PB at a compaction
density of 1.1 Mg/m?3, elemental compositional analysis by two different methods were
adopted (Sec. 3.2.5). The quantification enabled the understanding of the underlying
mechanism in the sorption characteristics (Rq) for various diffusion tests with various salt
mixtures. In both methods, the PB clay plug after the termination of the diffusion experiment
for the studied salt mixtures was analyzed. The concentration of the ions present in the PB
clay plug in different diffusion tests with the studied salt mixtures based on the first method
(ammonium exchange method) was presented in Table 5.2. For ease of comparison, the
concentration of the surface cations for water-saturated PB was also presented in the same
table.

The second method comprised of estimating the elemental compositions (including the
surface cations) on the surface of the PB clay plug due to diffusion of the salt mixture by
EDX spectroscopy. The EDX spectra of the PB sample in the presence of different salt
solutions were shown in Fig. 5.4. The spectra was characterized by distinct peaks for oxygen

(0), silicon (Si), and aluminum (Al) indicating the presence of structural elements in the
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basic layers. Apart from the basic elements, the EDX spectra provided the peaks for the
various salt cations retarded by the PB clay plug due to diffusion of the studied salt mixtures.
The corresponding weight percentage for all the tested samples was also presented in Fig.
5.4. The weight percentages expressed in the units of meq/100g are provided in Table 5.3.

LiCl-NacCl

NaCl-KCl

: -k LiCl-NaCl-KCl-
KCI-CaCl, . cacl,

Figure 5.4: Elemental composition analysis of the PB in the presence of the studied salt mixtures

The concentration of the adsorbed ions as presented in Table 5.2-5.3, obtained by both the
methods were in good agreement. The concentration of the lithium ions could not be
obtained by EDX and hence not reported in the table, however, it was assumed that the
sorbed lithium ion concentrations by both the methods would also be similar due to the
similarity of the other ion concentration. Based on the elemental composition analysis by
both the methods it was observed that in the presence of LiCI-NaCl solution, the
concentration of both sodium and lithium ions was very high indicating strong sorption of
these ions, while the concentration of potassium and calcium in the same mixture was
negligible. However, the concentration of sorbed potassium ion was found to be significant
and higher than the sodium ion due to the diffusion of NaCl-KClI solutions. Therefore, the
diffusion results for the compacted PB in the presence of LiCI-NaCl salt mixture showed
higher Rq for the potassium ions (Table 5.1). Moreover, the elemental compositional analysis

reveals that in the salt mixture comprising of calcium ions, the concentration of calcium ion

70
TH-2620_ 146104039



was maximum in comparison to the other ions. The higher Rq of the calcium ion from the
through-diffusion test in the presence of KCI-CaCl, and LiCIl-NaCl-KCI-CaCl, confirms the
observation. In the presence of KCI-CaCl, and LiCIl-NaCl-KCI-CaCl, salt mixtures, the
mineral surface of PB was found to have a high affinity for divalent calcium and monovalent
potassium ions, which contributes to the suppression of the DDL thickness and thereby
resulting in the higher diffusion coefficient of the companion ions.

Table 5.2: Elemental composition by ammonium acetate exchange method

lons Concentrations of the ions adsorbed on the surface of PB (meqg/100g) post

equilibration with ammonium acetate solution

Saturated LiCl-NaCl NaCIl-KClI KCI-CaCl; LiCI-NaCI-KCI

with water _CaCl,

Li* - 78 - - 64

Na* 24.4 136 34.6 2.5 11.2

K* 16.8 13.6 85.2 50.12 52.3
Ca? 19.1 9.2 8.6 53.2 54.8

Table 5.3: Elemental composition by EDX
lons Concentrations of the individual ion in a salt mixture (meg/100g) from EDX
LiCl-NaCl NaCl-KClI KCI-CaCl; LiCl-NaCI-KCl
-CaCl2

Li* - - - -

Na* 147 30.43 4.34 13.04

K* 17.94 87.17 51.28 53.841
Ca?* 10 10 55 50
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The overall De and Rq for the various salt mixtures obtained from the temporal variation of
the relative concentration of the total mass (including all the cations) of the solute in the
source and collector reservoir were also presented in Table 5.1. The presence of the
potassium and calcium ion in the salt mixture increased the overall D¢ for the solution albeit
the sorption was higher. The majority of the retardation was contributed by the potassium
and calcium ions and thus the overall retardation (Rq) was high. The overall De was found
to be the least for LiCI-NaCl salt mixture due to the presence of larger size cations like
lithium and sodium. The increase in the compaction density resulted in the decrease of the
overall De and the increase was more pronounced for the LiCI-NaCl salt mixture. The
increase in the overall density does not contribute significantly to the reduction of the overall
D. for the salt mixture containing potassium and calcium ions. Therefore, the hydrated size
and valence of the cations in the salt leachate dictates its overall ion migration through the
compacted liner material. For the similar concentration of the salt cations, the presence of
the smaller sized and divalent cations (K*, Ca?*) caused adverse effects on the flow of
contaminants through the PB/GB. It was observed in the first chapter that a small increase
in the D¢ for a diffusing ion can increase the liner thickness for its complete encapsulation.
Thus, the presence of K+ and Ca?* ions in the leachate, would result in easy mobility for the

companion ions and also several other contaminants present in the leachate.

5.3 Long-term diffusion characteristics of compacted PB under salt environment

In the current times, the continuous leachate recirculation for the production of methane gas
is practiced in various engineered landfills. However, continuous leachate recirculation
might result in the complete cessation of the exchange process of the bottom liner system, in
the long run, rendering the sorption potential of the bentonite liner systems to be negligible.
In order to simulate such a field condition, long-term diffusion tests were performed on the
compacted PB to understand the influence of the sorption potential of the PB clay plug on
the diffusion rate of various salts. The through-diffusion test was conducted on PB samples
in the presence of the same salt solution, which was used during the permeation step. The
permeation of the PB was continued for a period of ~156 days. At the end of the permeation
period, the exchange process is exhausted in the PB and therefore the clay surface is devoid

of any sorption potential.
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The experimental results of the long-term diffusion test through the compacted PB for 60
days post permeation was shown in Fig. 5.5 (a-c). The migration rate was found to increase
with the increase in the concentration of the salt solution and more significantly in the
presence of NaCl and KCI solution. It is worth noting that that the migration rate of all the
studied salt cations obtained from the long-term diffusion test was considerably higher than
the one obtained from the conventional through diffusion test (Chapter 4). The D for the
lithium ions at all the studied salt concentrations showed a marginal increase. On the other
hand, the De increased significantly in the presence of NaCl and KCI. At lower
concentrations (n=0.01M), the De for all the studied salt cations were similar to the De
obtained from the short-term diffusion test (Table 4.1). However, at higher concentrations
(n>0.5M ), the estimated De from the long-term diffusion test was much higher. This was
attributed to the reduction in the sorption potential of the PB due to the cessation of the cation
complexion as a result of a continuous flow of salt solution through the clay plug. Moreover,
due to the significant thinning of the DDL, the accessible voids for the diffusing ions through
the PB increased. The Rq was unity for all the cases to indicate that the compacted PB was
devoid of the sorption in the long run. In order to quantify the accessible voids available in
the PB at the time of termination of the long-term diffusion test, gamma-ray attenuation

analysis was explored for the first time.

5.3.1 Pore-fraction analysis

In the present study, GRA was utilized to obtain the void fraction in the PB at the end of the
diffusion test based on its attenuation capacity. The details of the procedure adapted was
discussed in section 3.2.6. The us and uw were estimated to be 0.1446 cm and 0.0728 cm?,
respectively. The void-fraction of the initially saturated soil (before the commencement of
the diffusion test) was evaluated knowing essat. The void fractions for all the samples after
the completion of the diffusion test were then evaluated in the D1 and D2 directions and
presented in Table 5.4-5.5.
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Table 5.4: Void fraction obtained from GRA along the D1 direction

Concentrations void fraction (initial value=0.304)
LiCl NaCl KCI
0.01 0.330 0.405 0.407
0.1 0.395 0.443 0.444
0.5 0.409 0.454 0.464
1 = 0.48 0.51

Table 5.5: Void fraction obtained from GRA along the D2 direction

Concentrations void fraction (initial value=0.32)
LiCl NaCl KCI
0.01 0.359 0.392 0.404
0.1 0.389 0.433 0.458
0.5 0.418 0.460 0.49
1 - 0.498 0.508

The void fraction along the D1 and D2 direction for the saturated PB was 0.304 and 0.32,
respectively before commencing the diffusion test. However, after the completion of the
diffusion test, the void fraction of the PB increased significantly along both directions. In
the presence of LiCl, the increase in the void fraction at higher concentrations was 0.409 and
0.418, respectively in the D1 and D2 direction (Table 5.4-5.5). A considerable increase was
observed in the presence of NaCl and KCI at higher concentrations (n>0.5M) along both
directions. The void fraction for the PB in the presence of 1M NaCl and KCI was ~0.51 at
the end of the diffusion test. This indicated that nearly all the pores available in the PB were

accessible for the diffusing ion. The increase in the void fraction resulted in a higher De for
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the salt cations. The cation complexion was expected to be complete during the permeation
process and at higher concentration, the DDL was reduced significantly. Therefore, the
migration rates were faster when the through-diffusion test was conducted in the presence of
a similar salt concentration. Further, in the absence of sorption during the long-term diffusion
test, an easy flow path was available for the diffusing ions resulting in higher De. Such a
condition might prevail in the field during the stabilized phase of the landfill, where a
continuous interaction of salt leachate would result in the completion of the cation
complexion (exchange process) between the surface cations and the cations present in the
salt leachate rendering significant reduction of the sorption potential of the soil. Such a
scenario would be detrimental as the barrier would allow fast diffusion of other contaminants

due to the sorption potential.
5.4 Salient observations

e The presence of smaller hydrated size companion ion in salt-mixture increased the
migration rate of the larger sized cation. In the synthetic leachate containing all the four
studied salts, the De of all the diffusing ions was higher than the corresponding value
when such ions are present individually in a single salt solution.

e A detrimental effect in terms of the increase in the overall diffusion coefficient and
reduction of the retardation factor was observed for the salt mixtures comprising of
potassium and calcium ions.

e Elemental compositional analysis suggests that the synthetic leachate comprising of all
the studied salts, a significant amount of potassium and calcium ion were adsorbed in the
clay surface, resulting in the thinning of the DDL and increasing the De for the larger
size cations

e The increase in the compaction density decreased the overall D, of the salt mixture
particularly in the presence of lithium and sodium ions. However, in the presence of
potassium and calcium ions, the decrease in the overall D¢ at higher compaction density
was marginal.

e The long-term diffusion through the compacted PB augmented by pore-fraction analysis
indicated that the De for all the ions increased due to the increased void fraction in the

PB and reduced sorption potential due to the cessation of the cation complexion.
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Chapter 6

Chemo-mechanical behavior of the compacted granular bentonite under salt

environment

6.1 General

The diffusion behaviour of the saturated PB and GB was found to be similar in the presence
of various salt solutions. However, in the un-hydrated state, the GBs consist of large macro-
voids, and the sealing of such inter-granular voids determines the applicability of such
materials as landfill liners. The GCLs consisting of the GB in the landfills are usually in the
air-dry condition and might not get fully hydrated from the sub-surface moisture. The GCLs
are thus directly exposed to different landfill leachates in the un-hydrated state. Commonly,
the MSW landfills comprise of salt leachates due to the excessive disposal of salt-laden solid

waste. The sealing and swelling ability of GB under high salt concentrations is scarce.

Moreover, GBs are exposed to the salt leachates under different overburden stresses due to
waste load. These overburden stresses vary from low (initial phase of waste disposal) to high
(when the landfill is full) during the service life of the landfill. The overall mechanical
stability of the landfill is influenced by the volume change behaviour of the liner during the
leachate migration and under overburden stresses. Therefore, an elaborate study on the
sealing ability of the air-dry granular bentonites under the salt environment and different
mechanical stress conditions is vital for evaluating the applicability of such materials for

attenuating various contaminants in the landfills.

The sealing and swelling potential of compacted granular bentonite (GB) exhumed from
GCL in the presence of various salt solutions and under the overburden stresses induced by
the waste in municipal solid waste landfills were presented in this chapter. Three commonly
existing chloride salt solutions in the landfill leachate, viz., sodium chloride (NaCl),
potassium chloride (KCI), and calcium chloride (CaCl,) were considered for the present
study. Various concentrations of these salt solutions ranging from 0.01M — 0.5M were
considered. The chemo-mechanical study which gives a quantitative understanding of the
swelling and sealing behaviour of the compacted GB was evaluated by performing the
permeation test as described in section 3.2.2 under mechanical stresses.
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6.2 Results

The temporal variation of permeation rate in compacted GB by water and different
concentration of NaCl under mechanical stresses of 50 kPa and 100 kPa were presented in
Fig. 6.1a and Fig. 6.1b, respectively. The permeation rate of water through GB was very
high for the initial 30 minutes, but the rate significantly dropped after a period of 90-100
minutes due to the sealing of the inter-granular voids in GB. On the other hand, in the
presence of NaCl, the limiting value of the flow rate of 1x10-° m/s (i.e., sealing) was achieved
only at a larger time in comparison to water. Moreover, with the increase in the concentration
of the NaCl solution, the sealing time (ST) for the compacted GB increased, and the larger
ST was required in the presence of 0.5M NaCl (Fig. 6.1a) under the applied stress of 50 kPa.
The ST for the GB was ~700 minutes in the presence of 0.01M NaCl that increased to ~2000
minutes and 4000 minutes in the presence of 0.1M and 0.5M NacCl, respectively. A similar
trend was observed under 100 kPa mechanical stress (Fig. 6.1b). However, the ST of the GB
improved and the limiting value of 1x10-° m/s was achieved at a lesser time in comparison

to lower mechanical stress.

The temporal variation of the normalized thickness (h/ho) of the GB in the presence of water
and different concentration of NaCl under the stress application of 50 kPa and 100 kPa was
shown in Fig. 6.1c and Fig. 6.1d, respectively. The swelling potential was found to vary
considerably with the type of permeant fluid. The swelling of the GB was maximum in the
presence of water. On the other hand, the swelling potential of GB significantly reduced in
the presence of different NaCl concentrations under both the applied stresses. With the
increase in the permeation time, the swelling increased steadily after an initial collapse and
reached a constant/equilibrium value. Under the applied stress of 50 kPa, the equilibrium
normalized thickness of the GB layer in the presence of water was 1.21 which was reduced
to 1.18 and 1.06 for NaCl of 0.01M and 0.1M, respectively (Fig. 6.1c). In the presence of
0.5M NacCl, the swelling was marginal after the initial collapse for ~1 minute and became
constant after a period of 2000 minutes. A similar trend in the swelling behaviour was
observed for the GB under 100 kPa stress, but the extent of swelling was slightly reduced
(Fig. 6.1d).
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Figure 6.1: Temporal variation of the fluid permeation rate for the GB in water and various concentrations of NaCl under
the stress of (a) 50 kPa (b) 100 kPa; variation of h/ho in the water and various concentrations of NaCl under the stress
of (a) 50 kPa, (b) 100 kPa

The temporal variation of the permeation rate of water and KCI of varied concentrations
through the compacted GB under the applied stresses of 50 and 100 kPa was presented in
Fig. 6.2a and Fig. 6.2b, respectively. The estimated ST for the GB in the presence of 0.01M
and 0.1M KCI under the applied stress of 50 kPa was 1500 minutes and 3600 minutes,
respectively, which were significantly higher than the ST achieved in the presence of similar
concentrations of NaCl. Further, a poor sealing was exhibited by the GB in the presence of
0.5M KCI at 50 kPa mechanical stress as complete sealing of inter-granular voids could not
be achieved (Fig. 6.2a). On the other hand, when the tests were performed at higher
mechanical stress (100 kPa), the sealing performance of the GB improved slightly in the
presence of all the studied concentrations of KCI. Interestingly, under applied stress of 100
kPa, the inter-aggregate pores present in the GB got sealed in the presence of 0.5M KClI, but
only after 5040 minutes (Fig. 6.2b).
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Figure 6.2: Temporal variation of the fluid permeation rate for the GB in water and various concentrations of KCl under
the stress of (a) 50 kPa (b) 100 kPa; variation of h/ho in the water and various concentrations of KCl under the stress of
(a) 50 kPa, (b) 100 kPa

The comparison of the temporal variation of the normalized thickness of the GB in the
presence of water and different KCI concentrations under the applied stresses of 50 kPa and
100 kPa was presented in Fig. 6.2c and Fig. 6.2d, respectively. The GB swelled appreciably
after the initial collapse in the presence of a lower concentration (n=0.01M) of KCI with an
equilibrium normalized thickness of 1.17. However, the swelling was minimal in the
presence of 0.1M KCI, with an equilibrium normalized thickness of ~0.99. Further, the GB
in the presence of 0.5M KCI experienced considerable collapse for a large duration, and a
marginal swelling was observed only after 2000 minutes. At the time of termination of the
test, the normalized thickness for the GB on its exposure to 0.5M KCI was 0.95 (Fig. 6.2c).
On the other hand, in the presence of 0.01M and 0.1M KCI, the amount of swelling for the
GB was significantly reduced under the mechanical stress of 100 kPa in comparison to lower
mechanical stress of 50 kPa. The normalized thickness for the GB in the presence of 0.01M
and 0.1M KCI was ~1.05 and 1.01, respectively under 100 kPa stress. However, the
normalized thickness for the GB on its exposure to 0.5M KCI under 100 kPa mechanical

stress was ~0.92 indicating a collapse (Fig. 6.2d).
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A detrimental effect in terms of the sealing behaviour of the GB was observed in the presence
of CaCl. as the permeant fluid for the considered stresses (Fig. 6.3a-6.3b). The compacted
GB in the presence of 0.1M CaCl> solution, could not seal the inter-granular voids under 50
kPa stress. However, under applied stress of 100 kPa and in the presence of 0.1M CaCly, the
GB was able to seal, but only after 5000 minutes. (Fig. 6.3b). Further, in the presence of
0.5M CaCly, the larger voids present in the GB could not seal even at higher mechanical
stress of 100 kPa and the permeation rate was very high (> 1x10-° m/s). As the lower
concentration of the pore-fluid does not cause a damaging influence on the GB in terms of

the swell and sealing ability, the test with 0.01M CaCl> was not reported.
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Figure 6.3: Temporal variation of the fluid permeation rate for the GB in water and various concentrations of CaCl2
under the stress of (a) 50 kPa (b) 100 kPa; variation of h/ho in the water and various concentrations of CaCl2 under the
stress of (c) 50 kPa, (d) 100 kPa

The GB exhibited a negligible swelling in the presence of 0.1 M and 0.5 M CaCly, similar to
the earlier case where KCI was the permeating fluid. However, the sealing could not be
achieved even in the presence of 0.1M. A significant collapse was observed under 50 kPa

stress (Fig. 6.3c). Although the GB could seal under 100 kPa stress, but a significant collapse
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was observed in comparison to the test performed under 50 kPa stress. Similarly, the
maximum collapse was observed under the applied stress of 100 kPa in the presence of 0.5M
with a normalized thickness of ~0.905 (Fig. 6.3d).

6.3 Discussion
6.3.1 Microstructural analysis

The type and concentration of the permeating fluid played a significant role in influencing
the sealing and swelling ability of the studied GB. The experimental results revealed that the
individual granules were able to swell appreciably to seal the inter-granular voids in the
presence of only water and low ionic strength salt solutions (n=0.01M). However, the ST of
the GB increased and the swelling potential dropped significantly in the presence of higher
salt concentrations. However, a detrimental effect was observed by the permeation of 0.5M
KCl and CacCl; solutions and under the 50 kPa overburden stress. In order to understand the
behaviour of the studied GB in the presence of various pore-fluids, the microstructure was
studied using Field Emission Scanning Electron Microscope (FESEM). The FESEM image
of the GB layer post permeation with water and 0.5M KCI under 50 kPa stress was shown
in Fig. 6.4a and Fig. 6.4b, respectively. The GB in the presence of water showed (Fig. 6.4a)
complete closure of pores due to fully expanded mineral sheets. On the other hand, the GB
was characterized by granules of size 20-100 um and large size inter-granular voids of size

21-31 um in the presence of high KCI concentration (Fig. 6.4b).
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Figure 6.4: FESEM image of GB as an individual layer (a) in the presence of water, (b) in the presence of 0.5M KCI
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The aggregates of GB are bonded by vander Waals forces at the dry state. Upon hydration
with water or a lower concentration of salts, the developed repulsive forces between the
hydrated particles dominated the vander Waals forces and allow the aggregates/granules to
disintegrate into smaller particles (Bharat and Sridharan, 2013; Bharat and Das, 2017; Das
and Bharat, 2021). The disintegrated, hydrated clay particles swell into the inter-granular
voids and restricted the flow of pore-fluids thereby maintained the hydraulic conductivity to
<109 m/s. The specimen exhibited macroscopic swelling once the inter-granular and inter-
aggregate voids were completely sealed (Fig. 6.5). However, in the presence of high salt
concentration (here, 0.5M KCI), the inter-granular voids could not be sealed. The inability
of the large-sized granules to disintegrate into individual particles in the presence of higher
salt concentrations was understood to be the primary reason behind the poor sealing ability
of the GB. The GB remained in the form of granules when exposed to such high pore-fluid
concentrations (Fig. 6.5). Therefore, the GB in the presence of a higher KCI and CaCl»
concentrations showed a negligible sealing and swelling ability under the studied mechanical

stresses.
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Figure 6.5: Illustration depicting complete and partial disintegration of the granules into particles in the presence of
water and salts, respectively

The experimental results from the present study also revealed that the ST reduced slightly
and the performance of the GB was improved when the tests were conducted at 100 kPa
mechanical stress. The GB in the presence of KCI (n=0.5M) and under applied stress of 50
kPa, was not able to undergo complete sealing, however, for the similar pore-fluid, the GB
could seal under 100 kPa stress, although at a much later stage of the test. This was due to
the assistance of higher mechanical stress in disintegrating the granules against the van der
Waals forces. Further, it was observed that the swelling of the GB was initiated after an
initial collapse in the presence of all the studied permeants. In the initial phase of the
permeation of the GB, the diffused double layers around the particles due to the
disintegration of the large granules are not fully developed. Therefore, under the applied
stress condition the GB collapsed initially. However, with time, the diffused double layers
around the particles were fully formed resulting in swelling of the soil after the initial
collapse. On the other hand, in the presence of higher ionic strength solutions of KCI and
CaCl, solution, swelling of the GB after the initial collapse was negligible and more

strikingly under the application of 100 kPa stress. This was primarily due to the swelling

85

TH-2620_ 146104039



pressure of the GB in the presence of a higher concentration of KCI and CaCl, was lesser

than the applied stresses and therefore the collapse was observed.

6.4 Salient observations

* The volume change behaviour and the sealing ability of the compacted granular bentonite
were found to be dependent on the cation type, salt concentrations, and the overburden

stress

» In the presence of water and a low concentration of a salt solution, the sealing was
achieved very quickly. On the other hand, with an increase in the concentration of the

permeating fluid, the ST significantly increased.

« Under 100 kPa mechanical stress, the performance of the GB slightly improved in terms
of its sealing. However, in the presence of 0.5M KCI and 0.5M CacCl,, the sealing could
not be achieved even at 100 kPa mechanical stress. Further, the collapse of the GB in the
presence of 0.5M KCI and 0.5M CacCl;, under 100 kPa was more in comparison to the
lower mechanical load as the swelling pressure of the GB in the presence of such fluids

is lesser than the applied stress.

« The granules were able to disintegrate into individual particles and hence the self-sealing
of the GB was achieved at a lower concentration. However, at higher concentrations, the
GB could not seal, particularly in the presence of 0.5M KCI and 0.5M CaCl; at both the

stress conditions.

 Significant swelling after an initial collapse was observed for the GB in the presence of
water or low concentrations of the studied salt solutions. However, at higher
concentrations, the GB showed negligible swelling and collapse was more predominant.
Such high collapse is undesirable for the landfill liners as it can cause instability of the

landfill slope.
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Chapter 7

Kaolin as a protective barrier layer for solid waste landfills

7.1 General

The experimental results from the previous chapter reveal that the sealing ability of the GB
was completely lost upon permeation with higher ionic strength salt solutions and under low
overburden stress (50 kPa). Moreover, the GB exhibited collapse in the presence of high
ionic strength solutions. The applicability of the GB in the form of geosynthetic clay liners
as a bottom liner facility in a higher saline environment, therefore, remains a serious concern.
The inability of the GB to self-seal in the presence of high ionic strength salt cations would
allow easy mobility of other companion ions (as seen in Chapter 5) and also numerous viral
pathogens or other companion ions that exist in the landfill due to the disposal of pathogen-
contaminated bio-medical waste in recent years. Further, the excessive collapse of the GB

can lead to fatal consequences in terms of landfill slope instability.

The applicability of kaolin as a protective layer to the GB was explored, for the first time, to
enable the GB to seal to the full potential. Some of the available literature suggests that
kaolin exhibit strikingly contrasting behaviour in comparison to the bentonite due to
interaction with different pore-fluids. The plasticity of kaolin increase with increased salt
concentration, which consequently decreases the hydraulic conductivity (Sridharan et al.,
2000; Sridharan, 2014; Li et al., 2013) due to the sorption ability of the termination sites.
Moreover, the volume change behaviour of the kaolin in the presence of pore-fluids is found
to be opposite in comparison to the bentonite (Choudhury and Bharat, 2018). Therefore,
kaolin was considered in this study for potential use as an additional barrier layer to improve

the efficiency of GB in the presence of higher salt concentrations.

The proposed barrier system comprising of a densely compacted layer of kaolin (ps=1.6
Mg/m3) placed over the GB. The recent study reveals that kaolin collapses at lower
compaction densities, however, at higher compaction density the kaolin exhibits swelling
behaviour under high ionic strength solutions (Choudhury and Bharat, 2018) which is
desirable in the field. Moreover, it needs mention here that the maximum dry density (MDD)
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of the studied kaolin is ~1.6, which can be achieved in the field by adding the optimum
moisture content (OMC). For the present study, a more conservative condition was
considered where the kaolin was compacted in the dry condition. Placing the kaolin layer at
MDD and OMC state for the laboratory experiments would result in the sealing of the GB
layer due to moisture diffusion, and the sealing and swelling ability of the layered system in

the salt environment would not be possible.

The present chapter highlights the influence of different permeant fluids on the un-hydrated
kaolin-GB system under different applied stresses. The comparison of the swelling and
sealing property of the single GB layer and the kaolin-GB layered system under applied
stress of 50 kPa was studied in this chapter. As a more detrimental effect on the sealing and
swelling ability of the GB in the presence of 0.5M KCI and 0.5M CaClz under lower applied
mechanical stress (50 kPa), the behaviour of the kaolin-GB layered system was studied under
these extreme conditions. Further, the diffusion behaviour of the kaolin-GB layered system
in the presence of high concentration salt solution was evaluated and compared with the

single layer of compacted granular bentonite under similar conditions.

7.2 Result and discussion

7.2.1 Sealing and swelling ability of the compacted kaolin-GB layered system

The temporal variations of fluid permeation rate through a single GB layer and kaolin-GB
layered system were presented in the presence of high ionic strength salt solutions (n=0.5M)
under 50 kPa applied stress in Fig. 7.1 (a-c). The ST was considerably less for the kaolin-
GB layered system in comparison to the individual GB layer for any given salt solution. The
individual GB layer took ~4000 minutes to seal under the influence of NaCl solution, but the
kaolin-GB layered system could undergo sealing in 800 minutes (Fig. 7.1a). Similarly, the
kaolin-GB layer took ~900 minutes and 1540 minutes to seal the inter-granular voids in the
presence of 0.5M concentration of KCI and CaCly, respectively, while the individual GB

layer could not seal under similar conditions (Fig. 7.1b-7.1c).

Further, the temporal variation of the normalized thickness of GB alone and the kaolin-GB
layered system was presented in Fig. 7.2 (a-c). In the presence of 0.5M NacCl solution, the
kaolin-GB layer showed a considerable amount of swelling after a period of ~200 minutes.
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On the other hand, the individual GB did not swell after the initial collapse (Fig. 7.2a).

Moreover, the kaolin-GB layered system experienced a relatively lesser collapse, and slight

swelling was observed after ~500 minutes with an equilibrium normalized thickness of ~1
in the presence of 0.5M KCI and CaCl; (Fig. 7.2b-7.2c). However, under similar conditions,

the individual GB layer showed collapse behaviour for a large duration of the test and the

equilibrium thickness at the time of termination was 0.95 and 0.93 in the presence of 0.5M

KCl and CaCly, respectively.
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Figure 7.1: Comparison of the temporal variation of the fluid permeation rate for the GB and Kaolin-GB layered system in
the presence of 0.5M concentration of (a) NaCl; (b) KCl, (c) CaCl, under applied stress of 50 kPa
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Figure 7.2: Comparison of the temporal variation of the normalized thickness for the GB and kaolin-GB layered system in
the presence of 0.5M concentration of (a) NaCl; (b) KCl, (c) CaCl, under applied stress of 50 kPa

7.2.2 Microstructural and elemental compositional analysis

The sealing ability for the kaolin-GB layered system improved significantly even in the

presence of higher concentrations of KCI and CaCl, and lower mechanical stress. In order

to understand the behaviour of the studied kaolin-GB layered system in the presence of

various pore-fluids, the microstructure and elemental compositional analysis were

performed using Field Emission Scanning Electron Microscope (FESEM) the Energy-
Dispersive X-ray (EDX) spectroscopy, respectively. The FESEM image of the GB in the
kaolin-GB layered system after equilibration with 0.5M KCI indicated that the granules

disintegrated into smaller particles and the particle size varied in the range of 0.173-0.263

um (Fig. 7.3a). The sealing ability of the GB in the kaolin-GB layered system in the presence
of 0.5M KCI was comparable to the individual GB layer in the presence of water (Fig. 7.3b).
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Figure 7.3: (a) Sealing of the GB layer of the kaolin-GB layered system in the presence of 0.5M KCl, (b) Sealing of the
individual GB layer in the presence of water
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Figure 7.4: Particle orientation of kaolin in the presence of water and high-ionic strength salt solution

The microstructural analysis shows an overall improvement in the sealing behaviour due to
the placement of the kaolin layer over the GB. The combination of coulombic and van der
Waals’ forces predominantly infuences the compacted kaolin behaviour under chemo-

mechanical loadings. The higher compaction effort at air-dry kaolin signifcantly increases
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the attractive forces while reducing the inter-particle distances. Kaolin hydration by water
alters the positive charges to negative on the particle edges and nullifes the coulombic
attraction between the basal face—edges (Choudhury and Bharat, 2018). A DDLs formation
around the hydrated kaolinite particles in densely compacted kaolin results in osmotic
pressure development and subsequent macroscopic swelling (Fig. 7.4). The presence of high
ionic strength salts suppresses the diffuse double layer thickness similar to GB and exhibited
slight collapse. However, the observed collapse is smaller due to smaller inter-particle

distances and thinner DDLs due to the smaller surface charge density of kaolinite.

Elemental analysis of different layers under different chemo-mechanical conditions was
undertaken to understand the effect of kaolin inclusion on the sealing ability of adjacent GB
layer under high salt concentrations. The adsorption potential of kaolin for the potassium
salts was analyzed by EDX spectroscopy for the kaolin sample present in the kaolin-GB
layered system after the self-sealing test with 0.5M KCI. The EDX spectra of the kaolin
sample as part of the kaolin-GB layered system was presented in Fig. 7.5a. The percentage
range of various elements in the kaolin sample was analyzed in the adequate voltage range
and was also presented. The spectra was characterized by distinct peaks for oxygen (O),
silicon (Si), and aluminum (Al), indicating the presence of gibbsite and silicate sheets in the
studied kaolin. Apart from the structural elements, the kaolin in the kaolin-GB layer
exhibited a high peak for potassium (K*) with a weighted percentage of 3.8. On the other
hand, the EDX spectra of the kaolin sample in its natural condition showed a negligible peak
for potassium with a weight percentage of 0.2 (Fig. 7.5b). It showed the excellent adsorption
affinity of kaolin for K* ions upon permeation with 0.5M KCI solution. Moreover, a very
high peak for potassium with a weight percentage of 5.6 was observed for the individual GB
layer post permeation with 0.5M KCI. But, under a similar condition, the weight percentage
of potassium for the GB sample of the kaolin-GB layer reduced to 2.7, indicating lesser
adsorption from the reduced concentration of the permeant that was allowed in the GB layer
(Fig.7.5¢c-7.5d). The EDX results, therefore, confirmed that the kaolin in the kaolin-GB
layered system adsorbed a significant amount of the potassium in the presence of 0.5M KCI
due to the formation of inner-sphere complexes while the underlying GB layer underwent
complete sealing. The adsorption of the monovalent and divalent cations to form inner-
sphere complexes occur mostly in the edge sites of the kaolin minerals where the broken
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edges (silanols) and aluminium hydroxyls present (Jorgen, 2002; Vascencelos et al., Liet al,
2015; Matlok et al., 2015; Doi et al., 2020). Due to the adsorption of the salt cations on the
edge of kaolin soil, it allowed only the reduced concentration of the permeant into the GB
layer. The reduced concentration of the permeant makes it possible for the GB layer to seal
the inter-granular voids completely. Complete closure of the inter-granular voids enables the

GB layer to allow only diffusion mechanism for the ion transport and makes it suitable for

slowing down the contaminant migration rates significantly.

Figure 7.5: EDX spectra post permeation with 0.5M KCI for (a) kaolin sample in the kaolin-GB layered system, (b) kaolin
sample in the natural condition, (c) Individual GB layer. and (d) GB sample of the kaolin-GB layer

Thus the sealing of the kaolin-GB layered system was achieved even at high ionic strength
salt solutions, while the GB layer alone failed to seal under similar conditions. It is, however,
worth noting that the individual kaolin would not achieve the permeation rate <10-° m/s in
low concentration pore-fluid/water and would not be suitable as a liner material. Therefore,

93
TH-2620_ 146104039



the combination of kaolin and the GB as a layered system was able to perform satisfactorily
in adverse conditions such as high salt concentrations and low mechanical stress. Moreover,
the kaolin-GB layered system showed swelling behaviour after a period of ~500 minutes and
the magnitude of the initial collapse was also considerably reduced for the proposed kaolin-
GB layered system even in extreme saline conditions. The proposed layer system should be
adapted in the landfills as the inability of the GB to self-seal in the presence of high salt

concentrations would allow easy mobility of numerous viral pathogens.

7.2.3 Diffusion characteristics of the compacted kaolin-GB layered system

Salt diffusion through the compacted kaolin-GB layered system was also performed to
evaluate the diffusion characteristics of such layered systems. The diffusion behaviour of the
kaolin-PB layered system in the presence of salt solutions is expected to be similar to the
kaolin-GB layered system as both PB and GB under saturated conditions exhibit similar

diffusion characteristics.

As the compacted PB and GB were found to exhibit higher De in the presence of aggresive
salt concentrations (n>0.1M), the diffusion behaviour of the kaolin-GB layered system was
evaluated for the studied salts (LiCl, NaCl, and KCI) having a concentration of 0.5M. The
temporal variation of the theoretical concentration plots of 0.5M LiCl, 0.5M NaCl, and 0.5M
KCI through the kaolin-GB layered system was shown in Fig. 7.5 a-c. The estimated model
parameters obtained by inverse analysis through CONTRADIS was also presented. It was
observed that the migration rate through the layered system was significantly reduced for all
the salts in comparison to the individual layer. A significant reduction was observed in the
presence of NaCl and KCI solutions. Further, the estimated De was found to be much less
for the kaolin-GB layered system compared to the case when only GB was used as an
individual layer (Fig. 7.5 c-d). The maximum reduction in the De was observed in the
presence of NaCl and KCI solution. Moreover, the Rq was relatively higher for the kaolin-
GB layered system in comparison to the individual GB layer, indicating a higher amount of

sorption.
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Figure 7.6: Comparison of the theoretical concentration profile through the individual GB and kaolin-GB layered system
in the presence of (a) 0.5M LiCl, (b) 0.5M NaCl, (c) 0.5M KCI

Apart from the tortuous pathway through densely compacted kaolin in the kaolin-GB layered
system, the high adsorption of the salt cations on the edges of kaolinite contributed to the
overall reduction in the migration rate of the solute. As the diffusion of the solute occurred
through the kaolin layer first it allowed only a reduced concentration of the salt ions into the
GB layer. Under such a reduced concentration of the salt ions, the DDL thickness does not
get suppressed significantly during the cation exchange process. Hence, the overall flow path
for the diffusing ion is limited resulting in a lesser De for the layered system in comparison
to an individual GB layer. Moreover, the higher Rq was due to the combined adsorption

ability of both the layers for the salt cations.

7.3 Salient observations

e The sealing and swelling ability were improved significantly with the addition of a kaolin
layer above the GB. Even upon permeation with a higher concentration of KCI and

CaCly, the underlying GB in the kaolin-GB layered system was able to seal.
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e For a higher concentration of the pore-fluid, the proposed layered system showed
swelling after initial collapse compared to the individual GB layer which did not

experience any swelling.

e The microstructural and elemental compositional analysis indicated that the top kaolin
layer behaved as a protective layer for the underlying GB by allowing a reduced

concentration of the permeant into the GB.

e The D for the compacted kaolin-GB layer was very less in comparison to the single GB
layer indicating a more tortuous pathway. Moreover, the Rq for the layered system was

also very high suggesting higher adsorption.
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Chapter 8

Qualitative assessment of Clay Mineral Attenuation Capacity for Human

Viral Pathogens

8.1 General

The previous chapters discussed the fate of inorganic salt cations through the compacted
bentonite clays. It was seen that the performance of the bentonite-based liner system could
be significantly improved by the addition of a kaolin layer on top of the PB/GB layer.
However, apart from the salt leachates, clay-based barrier systems are expected to attenuate
several other contaminants, including the toxic and hazardous viral pathogens as the current
guidelines adopted by most of the countries to curb this passive transmission of the
contagious viruses rely on landfilling. The attenuation potential of the bentonite-based

barriers for the virus-contaminated solid waste is unknown till now.

In this chapter, the effectiveness of compacted clay-based barrier systems was qualitatively
assessed for the encapsulation of virus-contaminated biomedical waste (BMW) for the first
time. The existing data of the virus interaction with the montmorillonite and kaolinite
minerals from the batch-sorption studies for drug delivery applications were utilized to
understand the diffusion behaviour of the clay minerals in the presence of the human viral
pathogens. The model parameters essential for designing such virus-contaminated BMW
containment facilities, viz., effective diffusion coefficient (De), and retardation factor (Rq)
for different clay minerals were evaluated for the first time based on the available limited
data on some common pathogens that might enter the landfills. The model parameters were
utilized to understand the attenuation of various viral pathogens (Coronavirus, poliovirus,
and reovirus), and bacteriophages (MS2 and ¢x-174) in montmorillonite and kaolinite

mineral barriers under various conditions.

8.2 Characteristics of the studied pathogens

The common viral pathogens which cause disruptions to the human CNS, viz. coronavirus,

poliovirus, and reovirus were considered in the present study for understanding their sorption
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behavior on the clay minerals. The adsorption and transport characteristics of phage viruses
viz., MS2, and ¢x-174 were also studied to understand the applicability of such phages in
predicting the behaviour of the human viruses. The surface morphology of ¢x-174 is
characterized by a single-stranded DNA with an outer protein coat. On the other hand, the
other studied pathogens are characterized by inner single/double-stranded RNA

encapsulated by a protein coat.

The amino acid of the protein envelope/coat comprises of various hydrophobic and
hydrophilic groups. The hydrophobic groups of the virus surface determine the extent of the
virus interaction with other charged particles. The nature of the amino acid chain in the outer
protein coat for different viruses varies in their hydrophobicity, and the hydrophobicity is
expected to be higher due to the non-polar amino group of the protein capsid (Israelachvili,
2011; Armanious et al., 2016). The non-polar amino acid chain of the virus-protein
undergoes unfolding in an aqueous environment due to the induced tensile stress from the
fluid, exposing the hydrophobic group, which otherwise remains shielded. The presence of
hydrophobic groups in the protein capsid gives the virus an impetus to interact with other
hydrophobic charged particles. Apart from the hydrophobicity, the interaction of viral
pathogens with any charged particles is also pH-dependent due to the amphoteric nature of
the virus surface (Burge and Enkiri, 1978; Gerba, 1984).

8.3 Clay mineral characteristics

Two prominent naturally available clay minerals, viz., montmorillonite and kaolinite, are
considered for understanding the sorption and diffusion behaviour for attenuating different
studied human pathogens. As the surface properties of the studied clay minerals are not
available, the assessment was only qualitative. Both montmorillonite and kaolinite mineral
exhibit contact angle () hysteresis, wherein the clay minerals are hydrophilic in nature in
an aqueous environment with $=0° (complete wetting) during the wetting and exhibit
hydrophobicity during drying with f~65°. The contact angle increases significantly by the
exclusion of water exclusion from the clay surface during the clay-pathogen interaction and
is found to be exhibiting hydrophobic characteristics (Chrysikopoulos and Syngouna, 2012).

Although the siloxane layer in the clay mineral is hydrophobic at f~65°, the surface is
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wetting (f<90°), for the formation of a diffused double layer in the presence of water. Such
characteristics of the clay minerals govern their interaction with other hydrophilic and
hydrophobic biological entities (Stotzky, 1985; Yu et al., 2013).

In the clay-based compacted barrier systems, the virus transport is governed by the diffusion
mechanism due to the low saturated hydraulic conductivity for clay minerals if all the inter-
granular voids are sealed in the presence of a protective kaolin layer. As diffusion is a slow
process, where sufficient time is available for the virus to interact with the clay minerals, the
equilibrium sorption data provide an accurate assessment of the virus sorption potential on
the clay minerals. During the virus-clay mineral interaction, the equilibrium sorption data
are often studied using the batch equilibrium tests for different applications, such as drug
delivery applications. The experimental batch-test results from the available literature were
utilized to evaluate the sorption potential of the compacted clay-based barrier systems in this

study for the waste containment application

8.4 Equilibrium sorption isotherm for different human pathogens

Sorption isotherm represents a plot between the equilibrium liquid phase virus concentration
(ce) and the adsorbed virus per mass of the clay mineral (ge). The amount of solute adsorbed
(ge) by the adsorbent material is obtained from the solution phase concentration difference

as given by:

_ (CO _Ce) ><Vs
) w (8.1)

where w is the mass of the adsorbent material, Vs is the volume of the suspension, and
Co is the initial concentration of the virus. For ease of comparison, the units of sorbed and
equilibrium concentration of the viruses were consistently expressed in plaque-forming units
(pfu). The liquid phase virus concentration is expressed in pfu/ml, and the adsorbed virus

per mass of the clay was expressed as pfu/mg.

The sorption data for different pathogens viz., bovine-coronavirus (Clark et al., 1998),
poliovirus (Vilker et al., 1983), reovirus (Lipson and Stotzky, 1983), MS2 (Stagg et al., 1977,
Park et al., 2015), and ¢x-174 (Syngouna and Chrysikopoulos, 2010) were utilized from the
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literature studies to establish the linear and non-linear sorption isotherm model parameters.
The isotherm models provided the nature of the surface sorption for various types of viruses

on both the studied clay minerals. The equation describing the linear sorption model is given
by:

0. =KqyCe (8.2)
The slope of the linear isotherm provides the distribution coefficient, Kq, which indicates the
amount of virus sorbed on the clay mineral. The non-linear Freundlich isotherm model
defining the relationship of active adsorption sites and their energies are given by
(Freundlich, 1936):

1

g, =k.c" (8.3)

where ks and 1/n are the relative retention capacity and the intensity of retention of the
adsorbent material, respectively. The log-log form of Eqg. 8.3 was used to obtain the
parameters ks and 1/n to evaluate the non-linear sorption behaviour. The linear variation of
virus sorption with equilibrium concentration for all the studied viruses was shown in Fig.
8.1 along with the measured data. The measured data from the literature studies (Fig. 8.1)
indicated that the retention capacity of the montmorillonite increased with the increase in the
virus concentration. The linear isotherm model provided a good approximation to the
measured data exhibiting the regression coefficient (R?), which varied between 0.83-1 for
the studied viruses. The sorption data for bovine-coronavirus was found to match with
poliovirus data due to the similar surface morphology of the pathogens. The percent
adsorption of polio and bovine-coronavirus on the montmorillonite mineral was ~95% and
99.99%, respectively, for the virus titer of 106 pfu/ml (Clark et al., 1998; Vilker et al., 1983).
The adsorption behaviour of the bovine-coronavirus and human poliovirus being identical,
the montmorillonite is also expected to be an excellent adsorbent for human coronaviruses
(SARS-CoV, SARS-CoV-2) due to their similar hydrophobic characteristics. The limited
available data and recent molecular dynamic simulations also supported this conclusion
(Abduljauwad, 2020).
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Figure 8.1: Equilibrium linear isotherm for different virus retention on montmorillonite

The distribution coefficient (Kq) for all the viruses obtained from the linear isotherm model

was provided in Table 8.1. Among the studied viruses, the maximum Kg was found for

poliovirus and MS2, indicating a very strong interaction with the montmorillonite surface.

This observation further reaffirms that the coronavirus has a strong affinity for

montmorillonite clay surface due to similar surface hydrophobicity as poliovirus. On the

other hand, the sorption potential of reovirus and ¢x-174 was found to be negligible for

montmorillonite having a very low Kq value in comparison to the other viruses.

Table 8.1: Sorption isotherm parameters for linear and Freundlich model

Virus Montmorillonite Kaolinite

Linear distribution  Freundlich Linear distribution  Freundlich

coefficient, Ka parameters coefficient, Kq parameters

(ml/mg) " Un (ml/mg) K. un
Polio 468.17 5.54 1.33 - - -
MS2 44.88 224.38 0.8674 294.15 810027 0.4298
Reo 0.7 0.71 1 0.7 0.71 1
Ox-174 0.038 0.00067 1.17 0.0737 1.31 0.117
Corona - - - - - -
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The experimental sorption data for the viruses were also fitted with the Freundlich isotherm
model to understand the retention capacity of montmorillonite-rich clays for the different
viruses (Fig. 8.2). The experimental data fitted well with the Freundlich isotherm model with
the R2 value ranging from ~0.92-1 for the studied viruses. The non-linear sorption parameters
for the considered viruses obtained from the Freundlich isotherm model were also provided
in Table 8.1. The retention capacity indicated by the non-linear model was qualitatively
similar to the linear model, wherein the retention capacity for both the clay mineral was

found to be low for reovirus and ¢x-174.

9
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Figure 8.2: Equilibrium Freundlich isotherm for different virus retention on montmorillonite

The retention capacity of the montmorillonite-rich clays for different viruses varied due to
the varied hydrophobicity of the virus surfaces. The hydrophobic interaction mainly governs
the adhesion of the virus to the clay surface. The viruses are negatively charged when the
pH of the virus suspension is higher than the isoelectric point of the virus. Thus, the
adsorption of the negatively charged virus to the negatively charged clay surface is governed
by strong hydrophobic interaction. The negatively charged viruses approach the clay surface
due to cation bridging and H-bonds, during which the hydrophobic group of the virus
interacts with the hydrophobic siloxane surface of the clay mineral by the exclusion of water

(drying phenomenon). The amino acid of the protein coat in the poliovirus, MS2, and
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coronaviruses (CoVs) contains long pockets of the exposed hydrophobic group, which
facilitates the strong hydrophobic interaction with the clay (Lama and Carrasco, 1995;
Liemann et al., 2002; Martinez-Gil et al., 2011). On the other hand, the affinity of reovirus
and ¢x-174 was found to be the bare minimum due to the least hydrophobic nature of such

viruses (Schijven and Hassanizadeh, 2000).

The linear and non-linear sorption isotherms for virus interaction with kaolinite mineral were
presented in Fig. 8.3 and Fig. 8.4. The percentage adsorption of coronavirus on
montmorillonite and kaolinite minerals was 99.99% (Clark et al., 1998). However, the
adsorption capacity of kaolinite mineral for poliovirus was found to be higher (~99.53%) in
comparison to montmorillonite (94.1%) (Moore et al., 1981). The linear and Freundlich
isotherm parameters as presented in Table 8.1, also indicated a higher retention capacity of
kaolinite mineral for MS2 and ¢x-174 in comparison to montmorillonite. The sorption
parameters for both montmorillonite and kaolinite mineral were similar for MS2. The higher
affinity of the kaolinite was attributed to the higher composition of positive edge sites than
montmorillonite-rich soils. Kaolinite possesses pH-dependent charges on the edges and
alumina basal surface due to the presence of reactive termination sites. The isoelectric point
of the kaolinite edge ranges from 5.8-10, and when the virus suspension in buffer media
(pH=6-7) interacts with the kaolinite, it renders a higher amount of positive charge on the
edges (Palomino and Santamarina, 2005; Choudhury and Bharat, 2017). Such positive
adsorption sites are expected to have a higher affinity towards the negatively charged viruses.
Therefore, apart from the hydrophobic interaction, electrostatic interaction also plays a major
role in the virus adsorption to kaolinite mineral. Moreover, the IEP of the kaolin surface at
air-dried condition, being in the acidic range, transfers proton to the virus. The protonation
is then followed by the electrostatic interaction between the negatively charged clay surface
and the net positively charged virus. As a result of strong electrostatic and hydrogen bonding
between the kaolinite and the virus protein surface, kaolinite proves to be a slightly better

adsorbent than montmorillonite for the studied viruses.

104
TH-2620_ 146104039



1LE+09 g
1.E+08 . y = 294.15x - 4E+06
3 R2=0.8159
[ 0
1.E+07 } -0
1.E+06 | . o
?D E ‘O".O
é 1.E+05 | .= OReovirus
% O.O"
- 1.E+04 | O MS2 virus
o i o_.'
LE+03 | .OO phi-x-174 virus
E y = 0.7x + 9E-10 .
1.E+02 } =1 e @ corona virus
E O y=0.0737x - 57.171
[ . R?=0.964
1.E+01 , o
1.E+00 [ Al i iial Al i i1l Al i iaal Aol i 11111l A i b i il Al i a1111l Al i iial

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Ce (pfu/ml)

Figure 8.3: Linear isotherm for different virus retention on kaolinite
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Figure 8.4: Equilibrium Freundlich isotherm for different virus retention on kaolinite

From the sorption studies of different viruses on montmorillonite and kaolinite minerals, it
is evident that both the clay minerals exhibited a strong affinity for different viruses,
especially for bovine-coronavirus, and poliovirus. Thus, the SARS-CoV-2, a serotype of

coronaviridae family (CoVs) is expected to be adsorbed appreciably on the surface of the
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studied clay minerals, owing to its similar surface morphology and surface hydrophobicity

as bovine-coronavirus.

In order to address the ongoing waste disposal problem of SARS-CoV-2 BMW and the
subsequent prevention of the passive transmission of the virus, disposal in the landfills
comprising of clay-based barrier facility can prove to be an effective solution. Diffusion is a
dominant mechanism that governs virus transport through the compacted clay barrier
systems. For the design of such compacted clay barriers, the sorption and diffusion
parameters are generally evaluated by performing laboratory through-diffusion or in-
diffusion tests with different contaminant species (Shackelford and Daniel., 1991; Rowe et
al., 1997). However, the diffusion studies pertaining to virus migration through compacted
clay mineral are not available yet. The sorption parameters for the present study were
estimated from the batch sorption results based on the following methodology. Similarly,

the effective diffusion coefficient (De) estimation was discussed in sec. 8.6.

8.5 Estimation of sorption potential (Rq) for compacted clays

The sorption potential of the clay-based barrier system is characterized by the retardation
factor (Rq). The Rq values for montmorillonite and kaolinite clays were evaluated based on
the available batch test results. As the commonly adopted field density (air-dried) for the
design of a clay-based barrier system vary in the range of 1.0-1.3 Mg/m3 (Alonso et al., 2011,
Seiphoori et al., 2014), a compaction density (pq) of 1.3 Mg/m3 was assumed for the
estimation of Rq for both montmorillonite and kaolinite mineral. The Ry values of the
montmorillonite rich bentonite and kaolinite clays for inorganic salts at compaction density
ranging from 1-1.4 Mg/m3 obtained from the batch sorption test is comparable to the Ry of
the same clay in the compacted state (Kau et al., 1999). As the compaction density increases
the available surface area for interaction with the contaminant species decreases, although
the amount of clay in a given volume increases. Therefore, the Rq values with different
compaction densities are generally comparable to the batch sorption results. Thus, in the
absence of data, the author assumes the Rq value obtained from the available equilibrium
batch test for understanding the diffusion behaviour of the studied clay minerals in the virus

environment.
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The Rq from the batch sorption test assuming linear isotherm (Shackelford and Daniel, 1991,
Rowe and Booker, 1985; Bharat, 2013) and Freundlich isotherm (Rao, 1974; Shackelford et
al., 1989) is given by Eq. 8.4 and 8.5 respectively.

R, =1+ 2l
n (8.4)
()
R, =1+ PaK;C,
n (8.5)

where n is the effective porosity of the soil, pqis the dry density of the soil, Kq is the linear
sorption parameter expressed in ml/mg, Krand 1/n are the Freundlich isotherm coefficients.
The term KscoM1) has the same units as Kq (Shackelford et al., 1989). The Rq associated with
the Freundlich isotherm is a function of the initial concentration under consideration. The
initial concentration of 106 pfu/ml was considered in the pathogen-contaminated waste for
the estimation of Rq from the non-linear isotherm. The linear sorption parameter Kq and the
non-linear sorption parameters Ks and 1/n vary significantly for the same virus in the
presence of different buffer solutions. The Kq for the MS2 adsorption on montmorillonite in
the presence of low ionic strength phosphate buffer solution (PBS) was found to be ~500-
700 times lower than MS2 adsorption on the same mineral in the presence of magnesium
chloride (Fig. 8.5). On the other hand, the Kq was found to be 4000-5000 times lower for the
MS2 adsorption on kaolinite mineral in the presence of low ionic strength PBS in comparison
to artificial water (Fig. 8.6). Phage virus, viz., MS2 is commonly used as a surrogate to
understand the sorption behaviour of various human viral pathogens, viz., poliovirus, and
reovirus on clay minerals. Therefore, it is expected that such human pathogens would also
exhibit varied adsorption behaviour in the presence of different buffer media. In order to
account for such disparity in the adsorption potential of clay minerals in the presence of
different buffer solutions, the linear and non-linear terms Kq and Ko@) were reduced by
1000 times for the practical estimation of the retardation factor. The linear and non-linear Rq
obtained from the batch test results, after the reduction in the sorption coefficients were
presented in Table 8.2. Due to the unavailability of the sorption data for human-coronavirus
(SARS-CoV-2), the clay minerals were assumed to have a similar Rq as that of poliovirus.

The assumption was justified as the percentage adsorption of the poliovirus and bovine
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coronavirus (belonging to the family of CoVs), at a higher concentration by montmorillonite

mineral was nearly similar.

The Rq for both the studied clays was found to be maximum for poliovirus followed by MS2,
and the least Rq was exhibited by ¢x-174. On the other hand, the Rq for kaolinite mineral was
higher than the montmorillonite-rich clay for the same type of virus. The minimum value of
Rq obtained from the linear and Freundlich isotherm was used for understanding the

migration of a virus through compacted barrier systems.

Table 8.2: Model parameter for various pathogens

Virus Retardation factor (Rq) Effective diffusion coefficient
D (m?/sec)
Montmorillonite kaolinite
Linear Non- Linear Non- Montmorillon  Montmorilloni
linear linear ite/kaolinite te/kaolinite
7=0.11 7=0.64
Polio 1339 1513 - - 3.08x101*® 1.79x10°*
MS2 129 104 896 936 1.29x10°% 7.5x1012
Reo 3 3 3.13 3.16 9.1x1013 5.3x10°12
Ox-174 1.1 1.02 1.22 1 1.29x10°12 7.5x1012
Corona 1339 1513 - - 3.85x10* 2.24x10°13
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Figure 8.6: Sorption isotherm for MS2 retention on kaolinite in (a) artificial water (Park et al., 2015), (b) phosphate
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8.6 Estimation of the effective diffusion coefficient for compacted clays

Diffusion is a process in which any viral pathogen transports from a region of higher

concentration to a region of low concentration. Eq. 2.5 also describes the governing
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differential equation describing the 1-Dimensional flow of the virus through the saturated

clay mineral.

The D was estimated for both the clays from the existing knowledge of the free solution
diffusion coefficient (Do) of the virus and the tortuosity (1) of the clays for different
compaction densities. The Do for six different studied viral pathogens were considered from
the available literature data (Gomatos and Tamm, 1963; Moller, 1964; Cui et al., 2005;
Costello et al., 2013; Buchta et al., 2019). The Do values for polio and reovirus were 2.8x10
12 and 8.3x1012, respectively. Due to the paucity of data for phage virus ®x-174, it was
assumed to have a similar Do as MS2 which is 1.17x10-1* m?/sec. Further, the Do for the
human coronavirus (SARS-COV-2) was assumed to be similar to that of feline coronavirus
(Do= 3.5x10-13 m?/sec) due to the similar surface morphology of the viruses. The effective
porosity of the clay minerals for a compaction density of 1.3 Mg/m3 was evaluated knowing

the specific gravity of the soils.

The t of the clay minerals were based on the porosity-tortuosity relationship for the two
extreme conditions for specific species (Mackie and Meares, 1955; Boudreau, 1996). A
tortuosity factor of 0.62 and 0.64 was obtained for kaolinite and montmorillonite mineral,
respectively, utilizing the relationship given by Boudreau (1996). On the other hand, the t
for the kaolinite and montmorillonite mineral was estimated to be 0.09 and 0.11 utilizing the
relationship provided by Mackie and Meares (1955). The tortuosity-porosity relationship
established by Mackie and Meares (1955) was based on the diffusion of electrolyte solution
through membranes and the diffusive tortuosity relationship of fine-grained unlithified
sediments with porosity was given by Boudreau (1996). In the presence of any electrolyte
solutions, the diffused double layer thickness of the montmorillonite suppresses significantly
which results in higher tortuosity in comparison to kaolinite. However, the t was assumed
to be similar (z=0.11 and 0.64) for both montmorillonite and kaolinite clays as the tortuosity
of montmorillonite minerals is expected to be relatively smaller, for the realistic estimation
of the D¢ in the presence of a virus. Therefore, the 1 in the lower bound was assumed to be
0.11 and the t in the upper bound was estimated to be 0.64 for both the clay minerals. The
De for both the clay minerals for different viruses were listed in Table 9.2.
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8.7 Assessment of clay barrier attenuation capacity

The influence of the estimated model parameters (De and Rq) on the design of barrier
facilities for attenuating the virus-contaminated waste, was assessed by considering the
spatial distribution of the virus at a given time. Theoretical concentration data of virus with
the depth of a barrier layer for 50 years was simulated using the estimated model parameters
as presented in Table 8.2 and utilizing the expression described in Eq. 4.1 (Shackelford et
al., 1991)

The Eq. 4.1 simulates the concentration profile for flux boundary conditions above the clay
liner and semi-infinite boundary conditions at the bottom. The simulated data showed that a
considerable variation in the concentration data of different viruses was found with depth.
After a period of 50 years, coronavirus could reach a depth of only 1 mm, and on the other
hand, the poliovirus diffused to a depth of nearly 3 mm of the compacted montmorillonite
layer having t=0.11 (Fig. 8.7a). Although the considered Rq is the same for both corona and
poliovirus, the variation in the De resulted in the difference in the attenuation of clay.
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Figure 8.7: Comparison of the migration rate through montmorillonite layer with t=0.11 for (a) polio and coronavirus; (b)
reovirus, MS2, and ®x-174; comparison of migration rate through montmorillonite layer with t=0.64 for (c) polio and
coronavirus; (d) reovirus,

For similar conditions, small concentrations of reovirus and ¢x-174 were present at a greater
depth of ~100 and 140 mm, respectively, while MS2 could diffuse to only a depth of 20 mm
of the compacted montmorillonite layer (Fig. 8.8b). Further, the diffusion rates for the
studied pathogens through the compacted montmorillonite layer having 1=0.64, was
observed to be relatively faster (Fig. 8.7c-d). This was due to the availability of more free
path for the pathogens migration. Similar to the earlier case (t=0.11), the least diffusion rate
was exhibited by poliovirus and coronavirus and the maximum rate was exhibited by ¢x-
174. The slower diffusion rate of the poliovirus and coronavirus was due to the higher
hydrophobic interaction between the surface protein of the virus and the montmorillonite
surface (Fig. 8.7c). On the other hand, ¢x-174 exhibits the least hydrophobicity among the
studied pathogens, and hence the adsorption was minimal which aggravated the diffusion

rates. The phage viruses, viz., MS2, and ¢x-174 are usually utilized as a surrogate virus to
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understand the adsorption affinity of human viral pathogens. The migration rate of MS2
bacteriophage could provide a close match with that of poliovirus and coronavirus.
Therefore, the MS2 virus can be used as a potential surrogate virus to understand the
diffusion rate of poliovirus and coronavirus through compacted montmorillonite and
kaolinite mineral. On the other hand, ¢x-174 would lead to a complete underestimation of

the adsorption behaviour of different viral pathogens.

Similar spatial variation for the viruses (reovirus, MS2, and ®x-174) was observed when
kaolinite mineral was used as the barrier layer (Fig. 8.8 a-b). The migration rates for these
three viruses through the kaolin clay was slightly less compared to the montmorillonite clay.
Due to the paucity of literature sorption data for polio and coronavirus at different
concentrations, on kaolinite mineral, the modelling could not be performed for these viruses.
However, as kaolin was found to be a relatively better adsorbent for the surrogate virus MS2,
it is expected that a slightly lesser thickness of the kaolin layer would be required in
comparison to the montmorillonite for the attenuation of polio and coronavirus. Kaolinite
mineral, owing to its unique pH-dependent surface and edge characteristics exhibits a
relatively stronger affinity for the negatively charged viral pathogens in an aqueous

environment.
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Figure 8.8: Comparison of the migration rate for (a) MS2, reovirus, and ®x-174 through kaolinite layer with t=0.11; (b)
MS2, reovirus, and @x-174 through kaolinite layer with t=0.64

Moreover, a tortuosity of 0.64 is not expected in the compacted clay-based barrier facilities,

which are exclusively meant for attenuation of the BMW and other sanitary waste generated
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from the studied viral pathogens. Therefore, from the spatial concentration variation for
human coronavirus and poliovirus, it can be surmised that a compacted montmorillonite or
kaolinite liner of ~2-3 mm thickness would be able to attenuate both corona virus and
poliovirus completely for 50 years. On the other hand, the spatial variation of reovirus
concentration for a period of 50 years (Fig. 8.8b) indicated that a higher barrier thickness is
required for its complete attenuation. However, reovirus being a relatively less fatal pathogen
in comparison to coronavirus and poliovirus, it is expected that a thickness of 2-3 mm is also
sufficient for reovirus, as over a period of 50 years, the viruses are expected to undergo
complete inactivation. Therefore, in order to curb the passive transmission of the human
viral pathogens from the virus contaminated BMW, such clay-based barrier facilities can be
the best alternative to incineration and open dumping under the conditions that the inter-

granular voids in the GBs are sealed.

Further, as observed in Chapter 6, the existing barrier systems failed to perform in the
extreme saline conditions. The GCLs could not seal the inter-granular voids in the presence
of high concentration salts. Such unsealed liner systems can cause detrimental effects to the
environment. Therefore, if the virus-contaminated waste is dumped in an existing MSW
landfill, where the disposal of the excessive salt-laden solid waste is common then viral
pathogens can find an easy path through the unsealed liners to the nearby groundwater table.
In order to avoid such a problem, the proposed kaolin-bentonite liner system is expected to
attenuate all the possible contaminants if implemented in the landfills. The addition of the
kaolin layer above the montmorillonite-rich bentonite layer (GB) will not only allow the
underlying GB layer to seal but also adsorb the pathogens as kaolin is found to be a better

adsorbent of viruses.
8.8 Application of Montmorillonite for SARS-CoV-2 prevention

Herein, based on the sorption data (Fig. 8.1-Fig. 8.2) we propose bentonite paste, which is a
natural and environmentally friendly material, to effectively control the transmission of
SARS-CoV-2 and other human viral pathogens through dermal contact. SARS-CoV-2
(Covid-19), a newly discovered human viral pathogen, is found to induce acute neurologic
disorder in humans by attacking the central nervous system (CNS). This contagious human
pathogen belongs to the family of coronavirus (SARS-CoV) and leads to neurodegenerative
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effects on the human nerve and brain cells, causing loss of olfactory functions and severe
ischemic stroke. Poliomyelitis or the poliovirus is also a morphologically similar human
pathogen, which also has the potential to cause muscle weakness and sometimes complete

paralysis of limbs.

The world was recently reeling under the human health and economic crisis caused by the
SARS-CoV-2 virus, which reached a stage of a global pandemic. Moreover, another global
outbreak of such a virus cannot be shunned. On the other hand, the local outbreak of the
poliovirus within the unvaccinated and under-vaccinated population coverage is common.
The cessation of human-human transmission of both the viruses during the local outbreak is

thus, essential as they are contagious and potential to spread rapidly.

The virus transmission occurs through hand-hand contact, contact to oral and nasal
discharges, and dermal contact of contaminated surfaces as the viruses survive for several
hours on human skin and other surfaces under ambient conditions. Thus a frequent hand
sanitization is required for interruption of the virus transmission chain. The current practice
of hand cleansing mostly relies on using alcohol-based hand-sanitizer (ABHS), which
contains nearly 70% ethanol or isopropanol (Figure 8.9a). Excessive dermal exposure and
nasal inhalation of the high concentred alcoholic mists and vapors lead to severe damage to
the CNS, which results in memory disorders, nausea, slurred speech, and hypothermia
(Bessonneau et al., 2010). Accidental ingestion of the solution causes alcohol poisoning
leading to several liver diseases and death in extreme conditions. Further, irritant contact
dermatitis (ICD) and allergic contact dermatitis (ACD) are often reported using ABHS. And,
a negative impact of ABHS on the skin microbiota by a significant reduction in bacterial cell
counts deter the ABHS application as the skin microbiota is vital for maintaining the immune

homeostasis in the skin.
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The bentonite paste can be used as an effective measure to control virus transmission through
dermal contact. The bentonite clays are rich in montmorillonite minerals and characterized
by very high specific surface area and cation exchange capacity. As observed in the analysis
presented in the previous section, montmorillonite mineral is an excellent adsorbent to
SARS-CoV and other human viral pathogens (Table 8.2)

The association of the protein spike with the charged clay mineral due to different clay-virus
interactions leads to a very high cohesive energy density between the virus and the clay
surface (Abduljauwad, 2020). As both the SARS-CoV and poliovirus pathogens have similar
surface morphology, the sorption data match for these viruses on the clay minerals (Fig.
8.1a-8.1b). The percent adsorption of corona and poliovirus on the bentonite soil was nearly
99.99% and 95%, respectively, where the adsorbent dosage was in the range of 0.1-
0.2mg/5ml of the virus (Fig. 8.9b). Such a high affinity of bentonite clay for the viruses,
where the number of adsorption sites was minimal, indicates a complete (100%) adsorption
of the virus in the presence of a higher amount of bentonite. Thus very high interaction

energy of 28 J/icm?3 is theoretically estimated for the protein spike of SARS-CoV-2 to the
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montmorillonite surface (Abduljauwad, 2020), which is abundant in bentonite clay. On the
other hand, the affinity of the SARS-CoV-2 for human enzymes is negligible (0.4 J/cm?3) in
comparison to the bentonite clay. The expected binding energy of these viruses for the skin
is likely to be <0.4 J/cm?. Thus, the proposed technique of using a bentonite clay paste for
sanitization is a natural replacement to the existing hand sanitizers for infection control. And,
the ill effects associated with the ABHS on the skin can be avoided. The bentonite paste
adsorbs all the available virus strain from the skin, washing with fresh water removes the

bentonite clay with the sorbed viruses (Figure. 8.9 c).

The bentonites show several medicinal benefits besides being an effective natural sanitizer
for removing the virus from the skin. The application of bentonite paste aids in treating skin
infections and shedding the dead skin layers. Further, accidental consumption of bentonite
clay does not lead to any side-effects; rather, it would help in alleviating any digestive
complications and detoxifying the body. Due to the virtues of bentonite paste as discussed
above, it is a potential deterrent to the SARS-CoV-2 transmission arising from the improper
disposal of contaminated medical gears. Spraying with bentonite slurry and subsequent
washing with water would cater to the problems associated with the disposal of the
contaminated medical gear. The application of bentonite slurry would not only make the
medical gear reusable and prevent the spread of the contagious virus but also safeguard the

environment by maintaining sustainability goals.

8.8 Summary and salient observations

The effectiveness of montmorillonite/kaolinite based liner facilities to contain the studied
pathogens was assessed based on the available, limited equilibrium batch sorption isotherm
data on different clay minerals for different applications. In this study, the long-term
effective diffusion and sorption potential of compacted clay-based barrier systems for the
virus-contaminated BMW were evaluated, for the first time, based on the batch sorption data,
free-water diffusion coefficients, and tortuosity factors for compacted clays. The model
parameters were utilized to assess the attenuation of various viral pathogens (coronavirus,
poliovirus, and reovirus), and bacteriophages (MS2 and ¢x-174) in montmorillonite and

kaolinite mineral barriers. The following conclusions are drawn based on the analysis.
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e The interaction of any virus with the clay mineral is dictated by the presence of
hydrophobic amino acid in the outer protein coat. The retardation factor (Rq) evaluated
from the linear and non-linear sorption isotherms suggested that the sorption potential
for the studied clay minerals varied for different viral pathogens. The montmorillonite
mineral exhibited a very high sorption potential for poliovirus. The montmorillonite is
also expected to be an excellent adsorbent for coronavirus as similar hydrophobic and
electrostatic interactions are prevalent between the negatively charged spike protein and
negatively charged montmorillonite clay mineral and surface cations. The limited
available data and recent molecular dynamic simulations also supported this conclusion.
Further, the sorption potential for MS2 is significantly high on montmorillonite mineral

while a weak interaction is found for reovirus and ®x-174.

e Similar to montmorillonite mineral, the sorption potential of kaolinite for ®x-174 was
marginal, while kaolinite exhibited a strong interaction with the other studied pathogens.
The Rq for both the clay minerals with ®x-174 was nearly equal to 1. This was due to the
negligible hydrophobicity of ®x-174 on the protein layer, which resulted in a very weak

interaction with the clay minerals.

e The sorption potential (Rq) of kaolinite for reovirus, MS2, and ®x-174 was found to be
relatively higher than montmorillonite. This was attributed to the higher surface area on
the edges of the kaolinite. Apart from the hydrophobic interaction on the mineral surface,
the iso-electric point of the kaolinite edge and alumina basal surface also play a dominant
role in adsorbing the negatively charged virus surface in an aqueous environment by

electrostatic interaction.

e The Rq of the kaolinite for poliovirus and coronavirus could not be estimated due to the
paucity of the data. However, as the Rq of kaolinite for the surrogate virus, MS2, was
very high, it was concluded that kaolinite would exhibit stronger sorption potential for

both poliovirus and coronavirus.
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e The migration rate of phage virus ®x-174 was found to be very fast even at a low
tortuosity of soil (t=0.11) owing to its weak adsorption affinity for the studied clay
minerals. Such phage virus when used as a surrogate virus to study the adsorption
behaviour of other morphologically similar human pathogens would lead to a complete
underestimation of the adsorption affinity of those pathogens. On the other hand, the
MS2 virus provided a good estimation of the migration rates for both poliovirus and

coronavirus in clay barriers based on the sorption data and is useful as a surrogate virus.

e The diffusion rate of the viral pathogens through compacted montmorillonite and
kaolinite barrier facilities was higher when the tortuosity factor was high. This was due
to more accessible pathways for virus transport. However, over a wide range of tortuosity
of the clay minerals, a compacted layer of ~2-3 mm was sufficient for the complete
attenuation of the studied pathogens under the conditions where the bottom bentonite

layer has undergone complete sealing.

e Most of the liner facility adapted across the globe comprises of the GB layer and it was
observed in Chapter 6 that in extreme saline conditions the GB is not able to seal and it
can allow easy mobility for the viral pathogens to the surrounding geology. Therefore,
in order to curb this problem, the addition of kaolin as a protective layer is expected to
be effective in allowing the bottom GB layer to seal in the high ionic strength salt
solutions and thereby maintain its overall attenuation ability for various salts and human

viral pathogens.
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Chapter 9

Conclusion and future scope

9.1 Conclusion

» The hydrated cationic size, cation valence, and cation concentration were found to
significantly influence the model parameters required for the liner design. Among the
salts with monovalent cation, the effective diffusion coefficient (De) was found to be
highest for potassium ion. However, in the presence of divalent salt cation, the De was
the maximum. This was due to the preference of higher valence cations on the bentonite
surface which satisfies the charge density and also it replaces the exchangeable cations

considerably resulting in the suppression of the DDL thickness.

» The Deincreased significantly with the increase in the concentration for both PB and GB
for all the salts, which was attributed to the higher replacement of the surface cations by
the cations present in the bulk solution as concentration increases leading to greater
suppression of the DDL thickness. The long-term diffusion through the PB augmented
by the pore-fraction analysis by GRA showed that the accessible void fraction increases

with concentration resulting in unreasonably high De, detrimental for the environment.

« The diffusion of synthetic salt leachates through compacted bentonite soil indicated that
the migration rate of one ion is influenced by the migration rate of the companion ion in
the salt mixture. Elemental compositional analysis suggests that in the presence of
synthetic leachate comprising of all the studied salts, a significant amount of potassium
and calcium ion were adsorbed in the clay surface, resulting in the thinning of the DDL
and increasing the De for the larger size cations. The increase in the compaction density
decreased the overall De of the salt mixture particularly in the presence of lithium and
sodium ions. However, in the presence of potassium and calcium ions, the decrease in

the overall De at higher compaction density was marginal.

» The chemo-mechanical behaviour of the compacted granular bentonite under the
influence of various salt concentrations indicated that the soil was not able to seal when

higher concentrations of KCI and CaCl, were used as the permeant fluid under a
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overburden stress of 50kPa. The sealing was achieved only at lower concentration pore-
fluid or with water. This was attributed to the inability of the granules to disintegrate into
smaller particles when permeated with high ionic strength salt solutions. The hydraulic
conductivity was found to be much higher than the limiting value and hence the

applicability of GCL under extreme saline conditions remains a concern.

» The proposed kaolin-GB layered system, however, showed a considerable improvement
in the overall performance of the liner system even at high ionic strength salt solutions.
The sealing of the GB was achieved at 0.5M KCI and CaCl, which was not possible
when the GB was present as a single layer. The pore-fluid first flows through the kaolin
layer and then it reaches the GB layer in the proposed kaolin-bentonite layered system.
The adsorption of the salt cations of higher concentrations on the silanol edges of the
kaolin results in the reduction of the concentration of a particular ion when it reaches the
GB layer and under such concentration, the soil granules were able to disintegrate into
particles and the overall sealing was achieved. The microstructural and elemental

compositional analyses justified the conclusion.

« The diffusion through the proposed kaolin-GB layered system revealed that the De was
reduced significantly in comparison to the individual layer. The top densely compacted
kaolin layer behaved as a protective layer for the underlying GB by allowing a reduced
concentration of the permeant into the GB. Under such conditions, the permeants find a
more tortuous pathway resulting in the lower overall De. The Rq for the kaolin-GB
layered system was also higher in comparison to the single GB layer, indicating higher
adsorption potential of both kaolin and GB for inorganic salt cations. Moreover, the PB
and GB behaving similarly in the saturated conditions, the diffusion rates through the
kaolin-PB layered system are also expected to be lesser in comparison to the single PB

layer.

» The clay-based barrier systems were found to completely attenuate several viral
pathogens under the assumption that the bottom liner facilities have completely
undergone complete sealing. The commonly adapted liner materials, viz. GCL performs
very poorly in terms of its sealing behaviour in extreme saline conditions. The viral

pathogens from the virus-contaminated BMW can find easy mobility through an
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unsealed GCL in the presence of salt leachate. Therefore, to avoid such problems the
proposed kaolin-bentonite layered system was found to have the potential to attenuate
all the possible contaminants in the landfill even in the presence of high ionic strength

salt solutions.

9.2 Future Scope

* The chemo-mechanical behaviour of the granular bentonite was studied for a specific
ion/single salt under the expected loading in MSW. However, to simulate the real field
scenario, the volume changes and sealing potential of the bentonite must be ascertained

for synthetic leachates.

* Asmany parts of India is rich in kaolin deposits, the applicability of the proposed kaolin-
bentonite layered system must be verified with the locally available kaolin soil. The
kaolin used in the present study was a commercially available one. Moreover, the density
of the kaolin layer was maintained very high and a replica of such a system might be
slightly difficult in the field, hence some more studies need to be conducted at some

reduced densities of the kaolin layer and come up with a more viable solution.

» The effect of different layering options of the bentonite and kaolin on the sealing
behaviour of the overall system needs to be studied. In the present work, kaolin was used
above the bentonite layer, however, the behaviour of the layered system when kaolin is
placed below the bentonite layer (permeant passing from bentonite to kaolin) is

unknown.

» The present study was conducted by extracting the granular bentonite soil from the GCL,
however, the effect of salt leachates on the chemo-mechanical behaviour of the overall

GCL material is not available yet.

* The present study focused on the long-term diffusion behaviour of the powdered
bentonite plug under the influence of specific ions, however, studies relating the effect
of bentonite under the influence of synthetic leachates would give a better understanding

of the design of liner systems which is effective in the long run.
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» The study on the long-term diffusion characteristics and the sealing ability of the kaolin-
GB layered system in the presence of real landfill leachates would provide a better
assessment of the applicability of such liner systems. Moreover, the fate of the sorbed
contaminants considering the aging effect of the bentonite and kaolinite needs to be
studied.
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