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Abstract 

 

A rapid increase in industrialization is leading to the generation of high metal toxicity 

to the ecosystem. Landfilling has been carried out as the most preferred method of waste 

disposal around the globe. Leachates generated from wastes inside the landfills decrease 

the efficiency of the liner material. These leachates can also migrate toward the surrounding 

environment and groundwater, and pollute it. Therefore, a low-permeable liner is provided 

at the bottom of the landfill to separate the waste and groundwater. Bentonite is an 

inexpensive natural resource refined from volcanic ash consisting mostly of 

montmorillonite mineral can be used as a liner material in landfills due to its low hydraulic 

conductivity, high adsorption capacity, high cation exchange capacity and capacity to retard 

the percolation of pollutant through sorption. 

Due to the presence of harmful chemicals, the properties of liner materials may alter. 

Since the bentonite varying in their mineralogical and chemical properties performs 

differently with different metal contaminants, hence, it is also needed to compare the 

change in behaviour of bentonites in the presence of various metal contaminants. In the 

present study, two bentonites of different mineralogical composition were considered. 

Bentonite-1 possessed higher liquid limit, montmorillonite content, specific surface area 

(SSA), and cation exchange capacity (CEC) than Bentonite-2, and thus, was marked as a 

superior quality bentonite. Both bentonites were studied for their change in the index 

properties, swelling, swelling potential, swelling pressure, hydraulic conductivity, 

consolidation parameters, shear strength properties and sorption characteristics in the 

presence of different heavy metals of various concentrations and different leachates. In the 

present study, two bentonites of different mineralogical composition were studied for their 

change in the index properties, swelling, swelling potential, swelling pressure, hydraulic 

conductivity, consolidation parameters, shear strength properties and sorption 

characteristics in the presence of different heavy metals of various concentrations and 

different leachates. Different isotherm models were used to determine the best-fit 

equilibrium isotherms. Kinetic models were fitted to investigate the kinetics and 

mechanisms of metal sorption on both the bentonites. Field emission scanning electron 

microscopy (FESEM) and Fourier Transform Infrared (FTIR) studies were conducted to 

analyze the change in surface morphology and alteration in FTIR pattern in both the 

bentonites before and after sorption of heavy metals. 
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The results showed that the liquid limit, free swelling, swelling potential and swelling 

pressure of the bentonites decreased with an increase in the heavy metal ion concentration 

and the presence of leachates. The reduction in these parameters is attributed to the decrease 

in the diffuse double layer thickness. Results also indicated that compression index (Cc) 

and time required for the 90% of consolidation (t90) decreased. In contrast, the coefficient 

of consolidation (cv) and hydraulic conductivity (k) increased in the presence of heavy 

metals and leachates. Both the bentonites showed a reduction in the Unconfined 

Compression Strength in the presence of heavy metals and leachates, yet, lying within the 

recommended value of >200kPa. The study showed that pH influenced the adsorption of 

heavy metals for both bentonites. Isotherms’ investigation reveals that both the isotherm 

model fits well with equilibrium data. Kinetic studies followed the Pseudo-second order 

model. 

A comparison between the two bentonites showed that metals and leachates have a 

significant effect on Bentonite-1. Bentonite-1, which has a high liquid limit, swelling 

capacity, SSA, CEC and montmorillonite content, undergoes a massive change in the liquid 

limit, free swelling, swelling pressure and hydraulic conductivity due to the presence of the 

various permeants.  

The results showed that the sorption capacity of Bentonite-1 was found to be higher than 

Bentonite-2 under the same initial concentration in the presence of all the metals and 

leachates. The leachates had a considerable effect on the liquid limits, swelling pressure, 

and swelling potential of both the bentonites, compared to an individual heavy metal 

solution. This study concluded that the effect of the metal contaminants on the properties 

of the bentonites depends on the factors such as type and concentration of metal and 

composition of bentonite. Similarly, the study also concluded that physical and 

mineralogical properties, i.e., specific surface area, montmorillonite content, swelling 

capacity, and cation exchange capacity, exhibit potential usage of bentonite as an adsorbent. 

Keywords: Bentonite; Heavy metals; Leachates; Consolidation; Adsorption; Diffuse 

double layer; Swelling potential; Swelling pressure; Hydraulic conductivity; 

Compressibility. 
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Today’s trend ends up in 

tomorrow’s landfill 

- David Amram 

 

1 

Introduction 

 

1.1. General 

ntense industrialization has interfered with the natural environment by heavy 

discharge of effluents rich in heavy metals. These heavy metals, when present in 

trace quantities, benefit in the proper functioning of human catalytic. However, 

when these elements accumulate in the natural environment as a result of anthropogenic 

activities and are found in excess amounts, they conduce to the disturbance of human 

metabolism (Tchounwou et al., 2012). Various human-made sources of heavy metals exist; 

one such significant source is the leachates generated from wastes in the landfills. The 

world, in recent years, has witnessed a considerable elevation in the generation of municipal 

solid wastes (MSWs) as a result of enormous population growth coupled with improvised 

standards of living. This has increased the pressures on the landfills as most of the wastes 

generated get disposed of into landfills. This is primarily because landfilling is the most 

suitable and extensively employed technique for waste disposal (Qian et al., 2001). Over 

time, these wastes undergo biological as well as chemical transformations inside the 

landfills, thereby producing leachate (Kjeldsen et al., 2002). This leachate, when it comes 

in contact with rainwater, migrate into the sub-surface layer and thus contaminate the 

groundwater as well as the surrounding environment. Therefore, an impermeable clay liner 

I 
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is usually provided at the bottom of a landfill to avoid groundwater and soil contamination 

in the proximate region (Daniel, 1984). 

Various studies have been conducted in the past, proving that bentonite is one of the 

most suitable landfill liner materials for the prevention of leachate percolation to the sub-

surface strata (Daniel, 1984; Dutta and Mishra, 2016a, b; Pawar et al., 2016). Properties of 

bentonite such as high swelling tendency, high specific surface area, lower hydraulic 

conductivity, high cation exchange capacity and high sorption capacity aid in achieving 

such high appropriateness as a liner material. Montmorillonite, consisting of phyllosilicate, 

forms the primary component of bentonite. It is comprised of one octahedral unit 

sandwiched between two tetrahedral units. The layers are bound together by weak van der 

Waals force of attraction, which allows the water to easily infiltrate, thus resulting in the 

formation of a diffuse double layer (DDL) followed by the swelling of bentonite (Madsen 

and Müller-Vonmoos, 1989; Mitchell and Soga, 2005; Norrish, 1954; Norrish and Quirk, 

1954). 

Metals present in the leachate is of the most significant concern since it can cause 

detrimental impacts on the ecosystem. The existence of heavy-metal pollutants in the 

leachates disturbs the pore-fluid chemistry of the bentonite clay particles and affects the 

DDL. Besides, due to the presence of metal solution, the mineral composition of bentonite 

also gets altered, which consequently affects the swelling and influences the hydraulic 

conductivity (Dutta and Mishra, 2016a). The most critical parameters that must be 

considered while designing a liner system for the landfill are hydraulic conductivity, 

compressibility, shear strength and adsorption. Harmful pollutants present inside the 

landfill may alter the properties of the liner material, causing a reduction in efficiency. As 

a result, the flow path opens, and consequently, the hydraulic conductivity rises. Hence, it 

is essential to investigate the change in hydraulic behaviour in the presence of various 

pollutants present in the leachates. Numerous research groups have focused on the 

hydraulic characteristics of bentonite clays and their uses in landfills as a barrier material 

in the presence of several chemicals (Dutta and Mishra, 2015; Dutta and Mishra, 2016a; 

Ören and Akar, 2017). 

Furthermore, estimation of the settlement of the liner material is predicted by its 

compressibility. The liner system gets compressed, and eventually, settle as a result of the 

overloading of the wastes at the disposal sites. However, bentonite, being a highly 

compressible material, can get consolidated substantially. Physico-chemical and 

mechanical factors measure the compressibility nature of the clay particles (Bolt, 1956). 
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Physical properties control the short-range particle interactions such as sliding, rolling and 

bending. However, long-range particle interactions through the DDL thickness are 

controlled by the physico-chemical properties (Mitchell and Soga, 2005). Various 

consolidation parameters of bentonite such as coefficient of consolidation (cv), coefficient 

of volume change (mv), compression index (Cc) and time for 90% consolidation (t90) are in 

much concern among investigators due to their significance on consolidation behaviour. 

Many works of literature have proposed that the liner material usually retains a meagre 

shear strength value (Graham et al., 1989; Wan et al., 1990). 

Like hydraulic conductivity, shear strength and compressibility, adsorption is a 

significant parameter assisting in the evaluation of the adsorption capacity of the liner. 

Various reports citing methodologies for the removal of metals are available; membrane 

filtration, coagulation, adsorption, solvent extraction and electrochemical operations being 

a few of them. Some of these technologies are expensive, while others have their limitations 

in terms of their environmental impacts and their efficacies in real-world applications 

(Pawar et al., 2016). Amongst all the available methods for heavy metal removal, 

adsorption is the most preferred technique owing to its high efficiency of eliminating 

contaminants and the use of non-toxic and relatively inexpensive materials (Azad et al., 

2015; Lee and Tiwari, 2013). The major drawback, however, remains the high price of the 

adsorbent material. Thus, selecting a more reasonable adsorbent for the adsorption process 

makes it very suitable for practical applications. Bentonite, an economical material derived 

from the volcanic ashes, has been found to have excellent adsorbing capacity. This is 

primarily due to its pore structure and chemical nature (Brigatti et al., 2006). Numerous 

well-documented investigations have reported effective removal of heavy metals such as 

Cu2+ (Freitas et al., 2017; Glatstein and Francisca, 2015; Karapinar and Donat, 2009), Pb2+ 

(Baylan and Meriçboyu, 2016; Deka and Sekharan, 2017; Pawar et al., 2016), Zn2+ (Araujo 

et al., 2013; Kaya and Ören, 2005; Kubilay et al., 2007) and Ni2+ (Futalan et al., 2011; Liu 

and Zhou, 2010; Vhahangwele and Mugera, 2015; Vieira et al., 2010) employing bentonite. 

In the past, very few investigations have been reported on the effect of various metals, 

leachate and mineralogical parameters on swelling, hydraulic conductivity, 

compressibility, shear strength and sorption behaviour of bentonite together. Most previous 

studies have primarily focused on the study of the hydraulic conductivity of bentonite and 

sorption of bentonite only. Hence, this investigation aims at studying the effect of various 

concentrations of heavy metals as well as different leachates on the swelling, hydraulic 

conductivity, consolidation, shear strength and adsorption behaviour of bentonite. 
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Bentonites were studied for their change in the index properties, swelling, swelling 

potential, swelling pressure, hydraulic conductivity, consolidation parameters, shear 

strength properties and sorption characteristics under different conditions, i.e., the presence 

of different heavy metals of various concentrations and for different leachates. 

1.2. Thesis Organization 

The thesis is organized into seven chapters, as described below: 

Chapter 1 provides an insight into the introduction to the problem statement and the 

relevance of its outcome. It also provides a chapter plan where the entire thesis organization 

has been discussed. 

Chapter 2 deals with the background of the study, with a comprehensive literature 

review on bentonite used in liners and their interaction with various chemicals present in 

various leachates. The objectives of the study and its significance are also presented in this 

chapter. 

Chapter 3 introduces the materials and experimental procedures used in the research 

while performing the study. A detailed research work plan in the form of a flowsheet has 

been represented in this chapter. 

Chapter 4 investigates the effects of heavy metals (Zn2+, Pb2+ and Cu2+) of varying 

concentrations on free swelling, liquid limit, hydraulic conductivity, swelling potential, 

swelling pressure, various consolidation parameters such as compression index (Cc), 

coefficient of volume change (mv), coefficient of consolidation (cv) and time to complete 

90% of the consolidation (t90), shear strength and adsorption capacity of two bentonites of 

different mineralogical composition and swelling capacity. 

Chapter 5 examines and compares the effect of Municipal Solid Waste (MSW) leachate 

and synthetic MSW leachate on the free swelling, liquid limit, hydraulic conductivity, 

swelling potential, swelling pressure consolidation parameters, shear strength and 

adsorption capacity of the two bentonites. 

Chapter 6 studies the effect of various synthetic leachates (fly ash, sewage sludge and 

paper mill sludge leachate) on the two different bentonites. 

Chapter 7 includes the concluding remarks of the present study and details the scope 

for future work, which can be carried out as an extension to this study. 
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2 

Background and Literature 

Review 

 

2.1. Context 

This chapter explains in detail the particulars of the published works of literature, which 

helped in identifying gaps in the research and thereby, framing the design of the study. 

2.2. General 

The primary function of a compacted clay liner is to provide a barrier between the 

leachates generated from the waste and the groundwater. The reason of bentonite is being 

used as a barrier material at the waste disposal site to control the migration of contaminated 

leachate into the surrounding environment is attributed to its low hydraulic conductivity, 

higher swelling capacity and contaminant adsorption ability (Daniel, 1984). 

Bentonite can form a diffuse double layer (DDL) with water, which in turns leads to 

higher swelling capacity and lower hydraulic conductivity (Norrish and Quirk, 1954; Olson 

and Mesri, 1970). However, an opposite scenario is observed when contaminants present 
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in the leachate (Olson and Mesri, 1970). Hence, studying the behaviour of bentonite in the 

presence of various chemicals present in the leachate is necessary to design the clay liner. 

2.3. Present situation of waste management and disposal 

Rapid urbanization and industrialization lead to the production of enormous amounts of 

wastes that degrade the quality of geo-environment and groundwater. Improved standard 

of living and affluence has led to an alarming increasing of wastes produced by the 

developed and developing countries of the world. The ever-increasing amount of wastes 

produced by cities have become a significant concern over the past years. Landfilling is the 

most widely accepted method of solid waste disposal in various countries around the world. 

Though implementation of waste reduction, recycling, and transformation technologies 

have decreased landfill burdens, landfills remain an essential tool of an integrated solid 

waste management strategy. Landfill liners protect the surrounding environment, including 

soil, surface water and groundwater against contamination. 

Waste can be broadly categorized as municipal solid waste (MSW) and industrial waste. 

The industrial waste includes burnt residue, sewage, waste oils, waste acid and alkali, waste 

plastics, waste paper, wood waste, waste textile, animal and plant residues, waste rubber, 

waste metal, glass waste, concrete waste and pottery waste, slag, debris, animal faeces and 

urine, dead animal, ash dust, and wastes generated after the treatment of aforementioned 

industrial waste.   

MSW indicate wastes that are generated mainly from household besides human waste 

and also include the wastes from business activities in offices and restaurants. Wastes that 

are derogatory to health and environment because of being explosive, toxic and/or 

infectious. These wastes are classified with “specially controlled MSW” or “specially 

controlled industrial wastes”. Such wastes are strictly controlled in all steps of collection 

to disposal. 

The total amount of waste generated worldwide is more than 4 billion tons per year. 

Global urban MSW production, which has nearly doubled in the last ten years, is projected 

to double again in the next 15 years, increasing from 1.3 billion tons a year in 2010 to 2.2 

billion tons a year in 2025 (Hoornweg and Bhada-Tata, 2012). The combination of high 

urbanization rates and economic development has led to a rapid increase in waste 

generation in developing countries. In developing countries, the per capita waste generation 
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rate ranges from 0.4 to 1.1 kg per day, reaching in some urban areas 2.4 kg per day and 

more in tourist areas. 

The estimated quantity of MSW generated worldwide is 1.7 – 1.9 billion metric tons. In 

many cases, MSW is not well managed in developing countries, as cities and municipalities 

cannot cope with the accelerated pace of waste production. More than 50 % of the collected 

waste is often disposed of through uncontrolled landfilling, and about 15 per cent is 

processed through unsafe and informal recycling (Chalmin and Gaillochet, 2009). The 

United States generates the most significant amount of MSW in the world as it accumulates 

yearly of around 387 million tonnes of MSW (Themelis and Mussche, 2013). 

2.4. Landfill liners 

The design of waste disposal facilities typically involves some form of the barrier which 

separates the waste from the groundwater. This barrier is intended to minimize the 

migration of contaminants from the facility; thus, the environmental impact of the facility 

is intimately related to its design and long term performance. Natural clayey deposits or 

compacted clayey liners frequently represent a crucial component of these barriers. 

These days, barriers usually include one or more of the following types: 

(i) Natural clayey soils such as lacustrine clay or clayey till; 

(ii) Compacted clayey liners; 

(iii) Cut-off walls; 

(iv) Natural bedrock; 

(v) Composite liner system consisting of geomembranes 

Out of the types mentioned above generally compacted clayey liners and composite liner 

system with geomembranes are used at the waste disposal site. Landfilling employs an 

engineered method of disposing MSW on land in a manner that minimizes any 

environmental hazards. A landfill liner is relatively a thick structure of compacted natural 

clayey soil or manufactured material (i.e. geomembrane or geosynthetic clay liners) which 

serves as a barrier between leachate and groundwater to control the movement of leachate 

that reaches or mixes with the groundwater. 
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Fig. 2.1. shows the cross-section of a typical waste disposal site. Clay liners are 

frequently installed at waste disposal sites to prevent contaminant migration and to 

minimize or eliminate the risk of groundwater contamination owning to their low hydraulic 

conductivity and adsorption capability of the liner material. The liner may be required for 

one or two reasons; firstly, if the natural soil is fractured clayey soil then the liner may be 

necessary to retard movement of contaminant along with the fractures, secondly, if the 

surrounding natural soil does not have a low enough hydraulic conductivity to provide an 

adequate barrier, a liner is provided. Some conceptual designs may not involve sufficient 

confidence in having any or negligible effect on groundwater quality. Under these 

circumstances, an additional level of protection in the form of a secondary leachate 

collection system or hydraulic control layer may be provided. 

2.5. Landfill design method adopted in different countries 

In the late 1980s, the European Commission began to draft the Council Directive on the 

Landfill of Waste. The Directive went through many iterations until it was finally agreed 

in 1999 and proposed that landfill liner should satisfy at least one of the hydraulic 

conductivity and thickness requirements for the protection of soil, groundwater and surface 

water: 

Landfill for hazardous waste: 

Hydraulic conductivity (k) < 1 x 10-9 m/sec; thickness > 5m 

Landfill for non-hazardous waste: 

Hydraulic conductivity (k) < 1 x 10-9 m/sec; thickness > 1m 

Landfill for inert waste: 

Hydraulic conductivity (k) < 1 x 10-7 m/sec; thickness > 1m 

The thickness and hydraulic conductivity criteria of the mineral barrier used in liners 

vary from country to country and are shown in Figs. 2.2 and 2.3 The thickness of the barrier 

to be used should be less than 0.6 m and 1 m for USA and UK respectively, and the 

hydraulic conductivity (k) should be less than 10-9 m/sec. For Japan, the thickness of the 

barrier should be less than 5 m, and k should be less than 10-9 m/sec. 
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Fig. 2.2. Liner systems specified in Europe and America (Chai and Miura, 2002) 

 

Fig. 2.3. Japanese liner systems (Chai and Miura, 2002) 

2.6. Design parameters for landfill liners 

2.6.1. Hydraulic conductivity 

The primary concern about liners is its hydraulic conductivity. A well-designed clay 

liner must have a low hydraulic conductivity to minimize leakage of leachate. (Mitchell 

and Jaber, 1990) stated that moisture content and dry density affect a soil’s ability to restrict 

the transmission of flow. Placement conditions that result in a high dry density and a 

moisture content wet of optimum leads to the lowest values of hydraulic conductivity (k) 

because the soil particles are arranged in a dispersed pattern. In contrast, a dry side of 

compaction produces a flocculated pattern (as shown in Fig. 2.4), which offers better paths 

for the flow of water leading to a higher k. Wet of optimum, the clay can be easily 

TH-2771_156104018



  Background and Literature Review 

 

Indian Institute of Technology Guwahati 11 

remoulded, clods and macropores are broken up. Since hydraulic conductivity through clay 

micropores is very low, the overall hydraulic conductivity is also low. 

 

Fig. 2.4. The effect of  compaction water content (w) and dry density on the orientation 

of the soil fabric (Lambe, 1958) 

 

Fig. 2.5. Acceptable zone for hydraulic conductivity (Daniel and Benson, 1990) 
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The line of optimums can be plotted on water content vs dry density graph by performing 

modified standard and reduced proctor tests. The acceptable zone for hydraulic 

conductivity may be defined with the line of optimums as the bottom boundary and zero 

air voids curve as the top limit (Fig. 2.5).  

2.6.2. Shear Strength 

Clay liners should have adequate strength to maintain the integrity of the liner against 

the overburden stress imposed by the material above it and to make the liner stable when 

employed on slopes, for example, in the sidewall of a waste containment facility. The 

required strength for a clay liner to support the maximum bearing stress in a landfill project 

was calculated to be 30 psi or 200 kPa (Daniel and Wu, 1993). 

2.6.3. Volumetric shrinkage  

Clay soils used in liners are typically placed and compacted at the wet of optimum 

moisture content to minimize the hydraulic conductivity of the compacted soil. As the 

moulding water content of compacted soil is increased, the shrinkage potential of the soil 

increases as well. Desiccation or shrinkage cracking can occur if liners are exposed to the 

atmosphere in hot weather and can result in an increase in the hydraulic conductivity by 

many folds. Daniel and Wu (1993) investigated a clayey soil in West Texas in 1993 and 

concluded that the volumetric shrinkage upon drying should be less than or equal to 4%. 

2.7. Use of bentonite as a liner material 

2.7.1. Introduction 

Bentonite is widely used as a backfill material during the construction of slurry trench 

walls, as a soil admixture for the construction of seepage barriers, as a grout material, as a 

sealant for piezometer installations and various other civil engineering construction 

techniques. It is an absorbent aluminium phyllosilicate, essentially impure clay, formed as 

a deposit of volcanic ashes at shallow wet sites in various location of the world (Grimm 

and Güven, 1978). These deposits are variable, depending on the nature of the volcanic 

ashes and the salinity of the water into which they were deposited. Since the bentonite is a 

natural material, its mineral composition, chemical state, and grain size distribution varies 

considerably from one source to another. Different parameters such as mineralogical 
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composition (i.e. amount and type of montmorillonite), type of exchangeable cations, 

surface area and the surface charge density affect the behaviour of bentonite considerably. 

Bentonite is primarily composed of the smectite group of minerals, most common 

among which is montmorillonite (Al1.7Mg0.3)[Si4O10(OH)2] 
- 0.3(M)+0.3, where M represents 

the exchangeable cation (Mitchell and Soga, 2005). The behaviour of bentonite primarily 

is governed by montmorillonite which has characteristics like a large specific surface area 

(as high as 800 m2/g), high charge deficiency (0.5-1.2 per unit cell), high cation exchange 

capacity (80-150 cmolc/kg), and the ability for interlayer swelling. These factors contribute 

to the increased swelling, low hydraulic conductivity and contaminants adsorption ability 

of the bentonite. 

2.7.2. Structure of Montmorillonite 

Clays are the particles with an effective diameter smaller than 2µm and phyllosilicates 

as its main mineralogical components. These phyllosilicates are made of silica (SiO2) 

tetrahedral sheets and Aluminium (Al3+) or magnesium (Mg2+) oxides octahedral sheets. 

Montmorillonite has a prototype structure similar to that of pyrophyllite consisting of an 

octahedral sheet sandwiched between two tetrahedral sheets (2:1 mineral) and 

diagrammatically in three dimensions (Fig. 2.6). The silica and gibbsite sheets are 

combined in such a way that the tips of the tetrahedron of each silica sheet and one of the 

hydroxyl layers of octahedral sheet form a standard layer and all the tips of the tetrahedral 

point toward the centre of the unit cell. The oxygen forming the tips of the tetrahedral is 

shared with the octahedral sheet as well. The anions in the octahedral sheet that falls directly 

above and below the hexagonal holes formed by the bases of the silica tetrahedral are 

hydroxyls. Bonding between successive layers is by van der Waal’s forces and by cations 

that balance charge deficiencies in the structure. These bonds are weak, and water or other 

polar liquids can quickly enter between the layers, causing them to expand significantly. It 

has a lateral dimension of 1000 to 5000 Å and thickness 10 to 50 Å. 

The layers formed in this way are continuous in ‘a’ and ‘b’ directions and stacked one 

above the other in the ‘c’ direction. Bonding between successive layers is by van der Waal’s 

forces and by cations that balance the charge deficiencies in the structure. These bonds are 

weak and easily separated by cleavage or adsorption of water or other polar liquids. The 

basal spacing in the c direction, d (001), is variable, ranging from about 0.96 nm (1 nm = 

10-6 mm) to complete separation. 
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Fig. 2.6.  Structure of montmorillonite 

The montmorillonite is the primary mineral of bentonite. In the dry state, a particle of 

montmorillonite resembles a closed book composed of many thin crystalline sheets held 

together by weak van der Waal’s forces and by cations. Each sheet has charge deficiencies 

within its crystal structure and is neutralized by the presence of cations held loosely to the 

surface of the sheets. When the dry bentonite and water are mixed, water is drawn into the 

montmorillonite particles to hydrate the surface of the elemental sheets and the cations. For 

the combination of sodium montmorillonite and freshwater, the fluid that enters the 

particles forms thick, viscous diffuse ionic layers around the layer, causing the 

montmorillonite particles to swell, possibly to the extent of complete separation of the 

sheets. The fabric of freshwater, low salt, sodium bentonite resembles a pile of crumpled 

paper. For the combination of dry sodium bentonite and a saline solution, less fluid is 

required to neutralize the negatively charged sheets, and if the ion concentration is large or 

the valence of the cations are large, the separation distance between sheets will remain 

small, and the montmorillonite particles will remain in the form of closed books. The fabric 

of bentonite, in this case, will consist of swollen but intact montmorillonite particles 

surrounded by thin, viscous diffuse ionic layers, in an arrangement resembling a pile of 

fallen books. A third case is that of calcium bentonite, an example of bentonite in which 

dominant exchangeable cations is polyvalent. The calcium cation is very useful in holding 

together the montmorillonite sheets, and therefore calcium bentonite has the small potential 

to swell, even when mixed with fresh water. Calcium bentonite behaves similarly to sodium 

bentonite in a high salt state, and its permeability properties are about the same. 
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2.7.3. Swelling behaviour of bentonite 

The swelling of bentonite takes place in two stages, inner-crystalline swelling and 

osmotic swelling (Norrish and Quirk, 1954). 

2.7.3.1. Inner-crystalline swelling 

In inner-crystalline swelling, water molecules enter the interlayer region of the 

montmorillonite to hydrate the exchangeable cations located there. The cations upon 

contact with water order themselves on a plane halfway between the clay layers which lead 

to a widening of the spacing between the layers. The volume of montmorillonite can double 

in the process of inner-crystalline swelling. The polarity of the water molecule is an 

essential factor in the inner-crystalline swelling of clay. When cations hydrate, the water 

molecules orient their negative dipoles towards the cation and thus weaken the electrostatic 

interaction between the negatively charged layers and the interlayer cations. Inner-

crystalline swelling, which has also been referred to as Type I swelling, is a process, 

whereby, expandable 2:1 phyllosilicate sequentially intercalate one, two, three or four 

discrete layers of H2O molecules between the mineral interlayers (Norrish, 1954). In this 

process, the swelling occurs before osmotic (Type II) swelling, which is associated with 

longer range electrical diffuse double layer effects. Fig. 2.7. a and 2.7.b shows inner-

crystalline swelling of sodium montmorillonite. 

In inner-crystalline swelling, there is a balance between attractive and repulsive forces 

operating between adjacent interlayer surfaces (Kittrick, 1969; Norrish, 1954; Van Olphen, 

1965). Electrostatic attraction between the exchange cations and the basal surfaces of the 

clay dominates the net potential energy of interaction (Laird, 1996, 2006). The positively 

charged cations provide links or are like charge bridges between adjacent negatively 

charged clay layers. On the other hand, the hydration energy of the exchange cations 

dominates the net potential energy of repulsion. Net forces of attraction are dominant for 

unsaturated conditions or saturated conditions with high electrolyte concentrations, while 

net forces of repulsion are dominant in case of fully saturated conditions of low electrolyte 

concentration. 
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(a) (b) 

Fig. 2.7. a. Inner-crystalline swelling of sodium montmorillonite. Given are the layer 

distances and the maximum number of water molecules per sodium ion. 

b. The structure of water molecule. 

2.7.3.2. Osmotic swelling 

The osmotic phase of swelling follows the hydration phase but occurs only when the 

exchange sites contain monovalent cations (Jellander et al., 1988; Mc Bride, 1994; Norrish 

and Quirk, 1954; Prost et al., 1998). The interlayer region retains numerous layers of water 

molecules during the osmotic phase. The number of layers of water molecules at 

equilibrium is proportional to the cation concentration in the bulk water (Norrish, 1954; 

Onikata et al., 1999; Zhang et al., 1995). Accordingly, when the bulk water contains a low 

concentration of monovalent cations, and monovalent cations occupy the exchange sites, a 

larger fraction of the total water is bound, and less mobile water is available for flow 

resulting in a lower value of hydraulic conductivity. This condition is commonly observed 

when sodium-montmorillonite are hydrated and/or permeated with DI water (Alther et al., 

1985; Gleason et al., 1997; Lutz and Kemper, 1959; Petrov and Rowe, 1997; Ruhl and 

Daniel, 1997; Shackelford et al., 2000). When polyvalent cations occupy the exchange 

sites, only the hydration phase occurs. The interlayer expands until it contains four 

monolayers of water and then expands no further (Jellander et al., 1988; Mc Bride, 1994; 
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Norrish and Quirk, 1954; Posner and Quirk, 1964; Prost et al., 1998). There are several 

explanations for the lack of additional interlayer swelling when polyvalent cations occupy 

the exchange sites, but consensus does not exist regarding which explanation is correct (Mc 

Bride, 1994). Nevertheless, the absence of the osmotic phase is well documented 

experimentally in the literature (Mc Bride, 1994; Norrish and Quirk, 1954; Posner and 

Quirk, 1964; Prost et al., 1998). Lack of an osmotic phase is evident in the free swelling of 

calcium-montmorillonite (i.e., bentonites where Ca2+ cations occupy the exchange sites), 

which typically is about 3 mL/2g even when DI water is the hydrating liquid. In contrast, 

the free swelling of sodium- montmorillonite typically exceeds 30 mL/2g in dilute 

monovalent solutions or DI water (Egloffstein, 2020; Lin and Benson, 2000). 

In sodium-montmorillonite, the swelling can result in the complete separation of the 

layers. The driving force for the osmotic swelling is the large difference in concentration 

between the ions electrostatically held close to the clay surface and the ions in the pore 

water of the rock (Fig. 2.8.a). Irregularities in the crystal lattice are manifested by an excess 

negative charge, which must be compensated by positive ions close to the surface of the 

clay. The concentration of positive ions close to the surface is thus too high, while that of 

negative ions is very small. The positive ion concentration decreases with increasing 

distance from the surface, whereas the concentration of negative ions increases. The 

negatively charged clay surface and the cloud of ions form the diffuse electric double layer 

(Fig. 2.8 b). A high negative potential exists directly at the surface of the clay layer. The 

value of this potential is reduced, with increasing distance from the surface and reaches 

zero in the pore water. When two such negative potential fields overlap, they repel each 

other and cause the observed swelling in clay. The profile of the potential curves, and 

therefore the repulsion at a given distance varies with the valence and the radius of the 

counter-ions in the double layer and with the concentration of electrolytes in the pore water. 

A transformation of sodium montmorillonite into its calcium form or an increase in the 

electrolyte concentration in the pore water results in the decrease in the double layer 

thickness and a reduction in the swelling stress. 
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(a) (b) 

Fig. 2.8. a. Two negatively charged clay layers with ion cloud. The ion concentration C1 

between the layers is much higher than the ion concentration C2 in the pore water. An 

equilibration of the concentration can only be reached through the penetration of water 

into the space between clay layers, since the interlayer cations are fixed electrostatically 

by the negative charge of the layers (osmotic swelling) (Van Olphen, 1965).  

b. Negatively charged clay surface, ions in the diffuse double layer and ions in the pore 

water. The distribution of the negative potential changes with the valence and the radius 

of the ions in the double layer and with the electrolyte concentration in the pore water 

2.8. Diffuse Double Layer 

In dry clay, the negative charge is balanced by exchangeable cations like Ca2+, Mg2+, 

Na+, and K+ surrounding the particles being held by electrostatic attraction. Cations in 

excess of those needed to neutralize the electronegativity of the clay particles and 

associated anions are present as salt precipitates. When water is added, the precipitates can 

go into solution. The interlayer cations within the clay particles, due to electrostatic 

attraction of the negatively charged surfaces, pull water molecules because of their 

hydration energy upon wetting. Highly concentrated cations along the charged surfaces try 

to diffuse away from the surfaces in order to equalize concentration throughout the clay 

water solution. The action of two opposing tendencies leads to a specific ion distribution 

along the clay particles in the clay water suspension. The concentration of the counter ions 

near the particle surface is high and it decreases with the increase in the distance from the 

surface. The charged surface and the distributed charge in the adjacent phase are together 

termed as the diffuse double layer. 
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Gouy (Gouy, 1910) and Chapman (Chapman, 1913) introduced diffuse double layer 

model, as shown in Fig. 2.9, in which the potential decreases exponentially away from the 

clay surface. 

 

Fig. 2.9. Gouy-Chapman diffuse double layer model 

2.8.1. Factors affecting diffuse double layer (DDL) thickness 

Factors such as electrolyte concentration, ion valence, di-electric constant, temperature, 

size of hydrated ions, pH and anion adsorption affects the thickness of diffuse double layer. 

 Electrolyte concentration: Thickness of DDL varies inversely to the square root of 

pore water concentration. An increase in electrolyte concentration decreases the 

surface potential for the condition of constant surface charge, and the potential 

decays rapidly with distance and the diffuse layer gets reduced. As concentration 

increases, the mid-plane concentration and electric potential for interacting parallel 

plates (clay particles) at a given spacing decrease and the interparticle repulsive 

forces decrease. 

 Cation valence: Thickness of DDL varies inversely to the valence of cation. An 

increase in valence reduces the mid-plane concentration and potential between 

interacting plates, thus leading to a decrease in inter-plate repulsion. 

 Di-electric constant: Thickness of DDL varies directly to square root of the di-

electric constant.  

 Size of hydrated ions: Thickness of DDL varies directly to size of the hydrated 

cation. 

 Temperature: Thickness of DDL varies directly to square root of the temperature. 
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2.9. Engineering properties of bentonite 

2.9.1. Swelling pressure 

The swelling pressure of a soil is the external pressure that needs to be placed over the 

soil to prevent its volume from increasing. Swelling pressure can also be defined as the 

pressure required to compress a specimen, which has been soaked and completely swollen 

under seating pressure, back to its original configuration (i.e. before swelling) (Sridharan 

et al., 1986). Swelling pressure is a helpful index indicating the trouble potential of an 

expansive soil. When the bentonite contains a significant percentage of montmorillonite, it 

swells more in presence of water since larger number of water molecules intercalate in 

between the clay mineral sheets. Thus a larger pressure is required to prevent volume 

increase which gives rise to a higher swelling pressure for high swelling bentonites. 

 

 

Fig. 2.10. Mechanism of the swelling pressure of compacted bentonite (Komine and 

Ogata, 1996) 

Fig. 2.10 represents mechanism of swelling pressure of bentonite. Bentonite consists of 

montmorillonite minerals, non-swelling minerals and voids. Before bentonite imbibes 

water, the voids are mainly occupied by air and free water. After water gets absorbed into 

the interlayers of montmorillonite, the mineral present in the bentonite, the volume of 

montmorillonite increases and thus the volume of compacted bentonite increases until the 

swelling pressure of the montmorillonite minerals equals the vertical pressure. If the total 
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volume of compacted bentonite is restrained, the montmorillonite minerals swell and fill 

the voids in the compacted bentonite maintaining the overall constant volume of the 

bentonite. The volume of montmorillonite minerals cannot change in the compacted 

bentonite after the voids are filled, and the pressure caused by the swelling of 

montmorillonite minerals is measured as the swelling pressure of the compacted bentonite. 

2.9.2. Swelling potential 

The swelling potential is defined as the percentage swelling of a compacted, laterally 

confined sample, which has been soaked in liquid under a surcharge pressure of 4.9 kPa. 

The ratio of the maximum swell height of a soil sample to the initial height of the sample 

is defined as the swelling potential of the soil. 

The tendency of expansive soils to increase their volume when they come in contact 

with water is quantified by the swelling potential and swelling pressure parameters (Rao, 

2006). The Atterberg limits and swell potentials of clays depend on the quantity of water 

that clay can imbibe. High swelling soils imbibe greater quantum of water and hence greater 

would be its swelling potential. 

2.9.3. Compressibility 

Similar to the hydraulic conductivity, compressibility is one of the most important 

properties of clayey soils which need to be studied for settlement analysis. Since the 

bentonite is a highly compressible material, the liner gets compressed due to the increase 

in the overburden waste.  

The compressibility of the bentonite is controlled by the mechanical and 

physicochemical effect. High swelling soils develop a larger thickness of diffuse double 

layer when it interacts with water. When subjected to an overburden pressure, a high 

swelling soil expels more water resulting in a higher compressibility value. Thus a high 

swelling bentonite affects its compressibility significantly. 

The compressibility of clays under external load is governed by not only the mechanical 

properties of clay minerals but also the ion concentration, cation valence, dielectric constant 

and temperature of the pore fluid (Bolt, 1956; Olson and Mesri, 1970; Sridharan and Rao, 

1973). The concentration of ions in the pore fluid significantly affects the compressibility 

behaviour of clays. According to double layer theory, the double layer is compressed due 

an increase in ion concentration. The compressibility of clays also depends on the chemical 
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composition of the interstitial liquid or the soil solution. For instance, the replacement of 

calcium ion in the soil solution of bentonite by sodium ion increases the compression index 

of the bentonite many times, but the mechanical properties of the solid soil constituents 

remain unchanged (Salas and Serratosa, 1953). However, the compressibility of clays may 

be influenced by both mechanical and physico-chemical effects depending on the clay 

mineralogy, saturating cation and pore fluid. Mechanical effects control the compressibility 

of kaolinite and illite, whereas, the compressibility of montmorillonite is controlled by 

physicochemical effects (Robinson and Allam, 1998). 

2.9.4. Hydraulic conductivity 

The low hydraulic conductivity of the bentonite is due to the accumulation of the water 

molecules associated with the cations in the interlayer and external surface of the 

montmorillonite particles, which is manifested as swelling at the macroscale (Mc Bride, 

1994; Mitchell and Soga, 2005; Olphen, 1977). These water molecules are tightly held by 

electrical forces in the interlayer region (i.e. the water molecules are “bound”) and are 

hydraulically immobile (Mc Bride, 1994; Olphen, 1977). When modest confinement exists, 

the pores containing free (hydraulically mobile) water becomes compressed and more 

tortuous as bound water accumulates. As a result, lower hydraulic conductivity occurs as 

the fraction of the bound water increases (Egloffstein, 1997; Jo et al., 2001; Kashir and 

Yanful, 2001; Mesri and Olson, 1971; Mitchell and Soga, 2005; Shackelford et al., 2000). 

Hydraulic conductivity generally increases when the permeating fluid has a higher unit 

weight. Similarly, a more viscous fluid will result in a lower hydraulic conductivity. 

Temperature also affects hydraulic conductivity as temperature variations can change 

viscosity. These variations are explicable for coarse grained soils. For clays, other factors 

such as physico-chemical interactions of clay particles also significantly affect the 

hydraulic conductivity. 

The hydraulic conductivity of the clays depends on a number of factors including soil 

composition, permeant characteristics, void ratio and structure (Lambe, 1955). The 

saturated hydraulic conductivity is affected by compaction dry density, temperature, 

montmorillonite content and type of exchangeable cation. (Haug and Boldt-Leppin, 1994) 

reported that the hydraulic conductivity of a sand-bentonite mixture with 76% 

montmorillonite was almost 400 times higher than the mixture containing a bentonite with 

95% montmorillonite content. Similarly, Martin et al. (1964) concluded from their study 
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that the hydraulic conductivity of soil has a definite relationship with the exchangeable 

sodium percentage (ESP) at different pH levels. 

2.9.4.1. Influence of salt on hydraulic conductivity of clay 

The low hydraulic conductivity of the bentonite is due to imbibing of the water 

molecules associated with the cations in the interlayer and external surface of the 

montmorillonite particles, which is manifested as swelling at the macroscale (Mc Bride, 

1994; Mitchell and Soga, 2005; Olphen, 1977). Water in the pores of bentonite is of both 

mobile and immobile type. Mobile water is the freely flowing bulk water that is free to 

move under a hydraulic gradient. Immobile water is bound to the external and internal (i.e. 

interlayer) mineral surfaces by strong electrical forces, and act similar to the solid phase in 

terms of affecting flow. This immobile water is known as diffuse double layer (DDL). 

When the DDL in the system increases, the fraction of the pore space comprised of freely 

flowing bulk water decreases and pathways for flow become smaller and more tortuous. 

With an increase in the volume of bound water, the swell volume increases and the 

hydraulic conductivity decreases (McNeal et al., 1966; Mesri and Olson, 1971). However, 

chemicals present in the leachate suppress the thickness of diffuse double layer which in 

turn shrinks the bentonite. As the bentonite shrink, the flow path becomes open and the 

hydraulic conductivity increases. 

2.9.4.2. Effect of bentonite waste interaction on hydraulic conductivity 

Hydraulic conductivity is a one of the key parameter in the design of landfill liners since 

leachate from waste disposal site influence soil properties. The contaminants affect the 

hydraulic conductivity of the clays in the following three ways; 

 Dissolution of soil minerals- Acids and bases in the contaminant fluids may reduce 

certain soil minerals into liquid forms by dissolution. For e.g., acids dissolve aluminium 

and iron, alkali metals, bases dissolve silica in the soils. As a large amount of alumina 

is present in clay minerals, they get partially dissolved by acids. The solubility of clays 

in acids depends upon the nature of the acid, the acid concentration, the acid to clay 

ratio, the temperature and duration of treatment (Grim, 1968). The fines formed by 

dissolution migrate with the contaminant fluids and cause hydraulic conductivity to 

decrease due to plugging of the soil pores. However, after a considerable time, this 
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migration of fines may cause increase in hydraulic conductivity due to piping and 

channel formation within the soil. 

 Changes in clay structure- The clay structure changes due to the changes in its exchange 

complex or by the replacement of adsorbed water by contaminant fluids. The 

concentration and valence of cations affect the electrical forces between the clay mineral 

layer sheets. When cation concentration or valence increases, the net repulsive forces 

decrease. Thus, a dispersed clay structure changes into flocculated and exhibits an open 

card house type of structure which increases the hydraulic conductivity. With an increase 

in Ca2+ concentration, replacement of Na+ with Ca2+ takes place and the clay particles 

become flocculated. On the other hand, when the Na+ concentration increases, the clay 

structure gets dispersed, resulting in a lower hydraulic conductivity. In presence of 

calcium ions, the increase in hydraulic conductivity can be attributed to a decrease in 

the DDL thickness due to replacement of the monovalent sodium ions by divalent 

calcium ions and formation of quasicrystals between exchangeable calcium ions and a 

pair of opposing siloxane cavities (Sposito, 1984). Among the smectite minerals, more 

changes occur in montmorillonite because of its greater SSA and CEC. The increase in 

hydraulic conductivity varies depending upon the quality of bentonite to be used in waste 

containment systems.  

 Precipitation- The precipitation of heavy metals, salts and carbonates bring changes in 

hydraulic conductivity. This precipitation blocks the soil pores and decrease the 

hydraulic conductivity. However, when the pH, solute concentration, temperature 

changes, the precipitation reverted. 

2.9.5. Adsorption 

Adsorption is the phenomenon of accumulation of large number of molecular species at 

the surface of liquid or solid phase in comparison to the bulk. The process of adsorption 

arises due to presence of unbalanced or residual forces at the surface of liquid or solid 

phase. These unbalanced residual forces have tendency to attract and retain the molecular 

species with which it comes in contact with the surface. Adsorption is essentially a surface 

phenomenon. Adsorption process involves two components adsorbent and adsorbate. 

Adsorbent is the substance on the surface of which adsorption takes place. Adsorbate is the 

substance, which is being adsorbed on the surface of adsorbent. Adsorption process takes 

place by adsorbate getting adsorbed on adsorbent. Forces of attraction exist between 
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adsorbate and adsorbent and due to these forces of attraction, heat energy is released. 

Therefore, adsorption is an exothermic process.  Adsorption on solid- solution interface is 

an important means for controlling the extent of pollution due to heavy metal ion. 

2.10. Review of published works on salt solutions  

Petrov and Rowe (1997) examined influence of NaCl on the hydraulic conductivity 

value of bentonite and found that hydraulic conductivity value of bentonite raised from 10-

9 to  ̴ 10-6 cm/s with the rise in concentration from 0 (DI water) to 2 N. Shackelford et al. 

(2000) examined the hydraulic conductivity of GCLs infused with salt solutions like ZnCl2, 

CaCl2 and NaCl and concluded that permeant solution containing high concentration of 

monovalent cations along with low concentration of divalent cations causes substantial rise 

in the hydraulic conductivity value. Jo et al. (2001) investigated the swelling characteristics 

and hydraulic conductivity value of non-prehydrated GCLs containing granular bentonite 

infused with salt solution of NaCl, KCl, CaCl2, LiCl, MgCl2, CuCl2, ZnCl2, HCl, and 

NaOH. They reported that with the rise in electrolyte concentration and cation valency of 

the pore fluid the hydraulic conductivity value of bentonite increased. Castellanos et al. 

(2008) examined the swelling, compressibility and hydraulic conductivity value of 

compacted FEBEX bentonite in presence of saline fluid (CaCl2 and NaCl). From the 

investigation they concluded that swelling capacity of bentonite decreases & the hydraulic 

conductivity of bentonite increases when high salinity permeants were used. Mishra et al. 

(2009) examined the influence of different concentration of CaCl2 and NaCl on hydraulic 

conductivity and liquid limit of different mixtures of bentonite and basalt soil and found 

that due to the infusion of CaCl2 and NaCl solution, the bentonite of superior quality which 

is categorized by an exchangeable sodium percentage, high swelling capacity and liquid 

limit experiences considerable variation in the hydraulic conductivity value. 

Thammathiwat and Chim-oye (2010) studied the impact of monovalent, divalent and 

trivalent salt solutions on hydraulic behaviour and swelling of geosynthetic clay liners 

(GCLs) and reported that for similar concentration, divalent and trivalent cation solutions 

shows less swelling and higher hydraulic conductivity value as compared to monovalent 

cations. 

Shirazi et al. (2011) studied the swelling characteristics of compacted bentonite in 

presence of saline solution (NaCl) and reported that rate of swelling is influenced by the 
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concentration of NaCl more as compared to loading impact and initial dry density. Impact 

of different inorganic salts such as NaCl, MgCl2 and CaCl2 was investigated by 

Shariatmadari et al. (2011) on the compressibility behaviour bentonite–clay admixtures and 

concluded that with the rise in the concentration of salt, the Cc of that reduced. Xue et al. 

(2012) investigated the influence of KCl, NaCl, MgCl2 and CaCl2 on hydraulic behaviour 

of Geosynthetic Clay Liner materials and concluded that hydraulic conductivity value of 

the liner material increased two orders of magnitude when saturated with salt solutions in 

comparison with water. Zhu et al. (2013) examined the impact of NaCl and CaCl2 solutions 

on the hydraulic conductivity value and swelling pressure of compacted bentonite. From 

the investigation they concluded that the hydraulic conductivity value increased and the 

swelling pressure of the bentonite reduced with rising concentration of permeants. Weimin 

et al. (2014) studied the influence of various concentration of NaCl solution on the swelling 

strain, hydraulic conductivity, compression index and secondary consolidation coefficient 

of highly compacted GMZ01 bentonite. They reported that swelling strain, compression 

index and secondary consolidation coefficient reduced and hydraulic conductivity value 

increased with the rise in concentration of NaCl solution. Dutta and Mishra (2015) 

examined the alteration in properties of bentonites in the existence of various salt solutions 

and they found a direct correlation between the NaCl and CaCl2 concentration and 

hydraulic conductivity, while an inverse correlation was established with swelling pressure, 

swelling volume, liquid limit. Dutta and Mishra (2016a) investigated the influence of NaCl 

and CaCl2 on the alteration in consolidation parameters of compacted bentonites and 

concluded that the compression index (Cc), coefficient of volume change (mv) and time for 

90% consolidation (t90) of the bentonites decreased, whereas, coefficient of consolidation 

(cv) increased with the increase in salt concentration. 
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Table 2.1. Summary of interaction of clay with salt solutions 

Sr. 

No 

Author & year Salt 

solutions 

Properties Conclusion 

1. Petrov and 

Rowe (1997) 

NaCl Hydraulic 

conductivity 

Hydraulic conductivity of 

bentonite increased from 

~10-11 to ~10-8 m/s with an 

increase in the NaCl 

concentration from 0 to 

2N.  

2. Shackelford et 

al. (2000) 

NaCl & 

CaCl2 

Hydraulic 

conductivity  

High concentration of 

monovalent cations as 

well as low concentration 

of divalent cations causes 

significant increase in the 

hydraulic conductivity. 

3. Jo et al. (2001) Single and 

diavalent 

salt 

solutions 

Hydraulic 

conductivity  

Hydraulic conductivity of 

bentonite increased with 

the increase in valency of 

the cations of the pore 

fluid. 

4. Castellanos et 

al. (2008) 

CaCl2 and 

NaCl  

Swelling capacity, 

hydraulic 

conductivity 

Swelling capacity of 

bentonite decreases & the 

hydraulic conductivity of 

bentonite increases when 

high salinity permeants 

were used. 

5. Mishra et al. 

(2009) 

NaCl & 

CaCl2 

Liquid limit, 

hydraulic 

conductivity 

Liquid limit of the 

mixtures decreases and 

hydraulic conductivity 

increases with an increase 

in the salt concentration. 
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6. Thammathiwat 

and Chim-oye 

(2010) 

Monovalent 

(LiCl, NaCl 

and KCl), 

divalent 

(CaCl2, 

MgCl2 and 

CuCl2) and 

trivalent 

cation 

(FeCl3) 

Hydraulic 

conductivity 

A higher value of 

hydraulic conductivity was 

observed for GCLs 

permeated with solutions 

containing divalent or 

trivalent cations in 

comparison with 

monovalent cations or 

distilled water. 

7. Shirazi et al. 

(2011) 

NaCl Swelling volume, 

liquid limit 

Liquid limit decreased 

remarkably from 497 % to 

112 % when the testing 

liquid changed from DI 

water to 0.5 M NaCl 

solution 

8. Shariatmadari 

et al. (2011) 

NaCl, CaCl2 

and MgCl2 

Swelling volume, 

liquid limit & 

hydraulic 

conductivity  

Increasing the salt 

concentration, the swelling 

volume and liquid limit of 

the mixtures decreased 

whereas the hydraulic 

conductivity increased. 

9. Xue et al. 

(2012) 

MgCl2, 

CaCl2, NaCl 

and KCl 

Hydraulic 

conductivity 

Hydraulic conductivity 

was found to be in the 

order CaCl2 > MgCl2 > 

KCl > NaCl. 

10. Zhu et al. 

(2013) 

NaCl and 

CaCl2 

Swelling pressure 

and hydraulic 

conductivity 

Swelling pressure of the 

bentonite decreased with 

increasing concentration of 

infiltrating solutions. 
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11. Dutta and 

Mishra (2015) 

NaCl and 

CaCl2 

Liquid limit, 

swelling 

characteristics & 

hydraulic 

conductivity 

Liquid limit, free swelling, 

swelling potential and 

swelling pressure of the 

bentonites decreased with 

an increase in the salt 

concentration. 

The hydraulic conductivity 

of the bentonite increased 

with an increase in the 

inorganic salt 

concentrations. 

12. Dutta and 

Mishra (2016a) 

NaCl and 

CaCl2 

Consolidation 

parameter 

At constant pressure, with 

rise in concentration, DDL 

decreases, Hydraulic 

conductivity increases 

(expulsion of water fast), 

cv increases, t90 decreases, 

mv increases 

Increase in pressure 

Clay particle come closer  

cv decreases, t90 increases 

mv decreases 

2.11. Heavy Metals 

Heavy metals are commonly found in several kinds of wastes, landfill leachates and 

accounted for much of the contamination found at hazardous waste sites. Concentration of 

heavy metals ranges from 0 to 100 ppm in municipal solid waste and residual agricultural 

waste and from 100 to 10000 ppm in sewage sludge, mining waste and industrial wastes 

(Yong and Di Perno, 1991).  

The heavy metals commonly found in landfill leachate include Pb, Cd, Cu, Ni, Fe and 

Se. Although the actual number and concentration of heavy metals in the leachate varies 
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from one landfill to another, the concentration of most of the heavy metals are considerably 

above the allowable concentrations. 

Metal species in leachate is of utmost concern because of the dangerous effects of heavy 

metals on the geo-environment. Heavy metals do not get degraded or destroyed and a small 

extent of them generally enters human and animal bodies via food, drinking water, and air. 

In trace amounts, some heavy metals (e.g., copper, nickel, zinc) are good for all organisms, 

to accomplish specific catalytic functions. However, when it exceeds the permissible limits, 

all metals can disturb the metabolism by binding non-specifically to biomolecules and 

inflicting oxidative damage, due to their ability to catalyse redox reactions, which may 

result in damage to cellular structures (especially membranes), and DNA modification 

(mutagenesis). If human beings are exposed to high levels of metals it can cause acute 

toxicity symptoms, while long-term exposure to lower levels can cause allergies and even 

cancers. 

2.11.1. Sources and Impact of heavy metal 

In recent years, human exposure has risen dramatically because of an exponential 

increase in the use of heavy metal in several industrial, agricultural, domestic and 

technological applications (Bradl, 2005). Sources of heavy metals in the environment 

include geogenic, industrial, agricultural, pharmaceutical, domestic effluents, and 

atmospheric sources (He et al., 2005). In point source areas such as mining, foundries and 

smelters, and other metal-based industrial operations environmental pollution is very 

prominent (Bradl, 2005; Ferguson, 1990; He et al., 2005). 

Human exposure to heavy metals result from anthropogenic activities such as mining 

and smelting operations, industrial production and use, and domestic and agricultural use 

of metals and metal-containing compounds (Goyer and Clarkson, 1996; He et al., 2005; 

Herawati et al., 2000; Shallari et al., 1998). 

Metals such as cobalt (Co), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), 

nickel (Ni), and zinc (Zn) are essential nutrients that are required for various biochemical 

and physiological functions. Inadequate supply of these micronutrients results in a variety 

of deficiency diseases or syndromes (WHO/FAO/IAEA, 1996). 

Excessive exposure to zinc causes various health issues in human body, generally 

entering through three ways; inhalation, dermal exposure and oral exposure. Some of the 

ill effects include lethargy and focal neuronal deficits (brain), disorders in (respiratory 

tracts) after inhalation of zinc smoke and fumes, nausea, vomiting, epigastric pain and 
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diarrhoea (gastrointestinal tracts), and elevated risks of prostate cancer (prostate) (Plum et 

al., 2010). Additionally, the zinc contamination is not only limited to human health 

disorders, it also adversely affects fish mortality and physiology when in excess amounts 

in the water environment (Giardina et al., 2009), decreases the bacterial diversity in soil 

thereby diminishing the effective fertility (Hiroki, 1992; Moffett et al., 2003), and seriously 

altering the earthworm population in soil (Spurgeon et al., 1994; Spurgeon and Hopkin, 

1996). Hence, zinc contamination is considered a serious concern in the field of 

environmental engineering, owing to the diversifying ill-effects on various components of 

the natural ecosystem. Cadmium is often used in various industrial activities. Production of 

alloys, pigments, and batteries are the major industrial applications of cadmium (Wilson, 

1988). Although the use of cadmium in batteries has shown substantial growth in recent 

years. Other sources of cadmium comprise emissions from industrial activities, including 

mining, smelting, and manufacturing of batteries, pigments, stabilizers, and alloys 

(ATSDR, 2008). Chronic inhalation exposure to cadmium particulates is generally 

associated with changes in pulmonary function and chest radiographs that are consistent 

with emphysema (Davison et al., 1988). Similarly, lead has many different industrial, 

agricultural and domestic applications. It is currently used in the production of lead-acid 

batteries, ammunitions, metal products (solder and pipes), and devices to shield X-rays. An 

estimated 1.52 million metric tons of lead were used for various industrial applications in 

the United Stated in 2004. Of that amount, lead acid batteries production accounted for 83 

percent, and the remaining usage covered a range of products such as ammunitions (3.5 

percent), oxides for paint, glass, pigments and chemicals (2.6 percent), and sheet lead (1.7 

percent) (Gabby, 2006; Norseth, 1986). The nervous system is the most vulnerable target 

of lead poisoning. Headache, poor attention spam, irritability, loss of memory and dullness 

are the early symptoms of the effects of lead exposure on the central nervous system 

(ATSDR, 1999; Harvey, 2002). In the human body, the greatest percentage of lead is taken 

into the kidney, followed by the liver and the other soft tissues such as heart and brain, 

however, the lead in the skeleton represents the major body fraction (Flora et al., 2006). 

Copper is one of the main constituents of discharge from mining, smelting, and various 

other chemical plants as well as landfill leachates (Ding et al., 2009; Kjeldsen et al., 2002). 

In trace amount, copper is considered essential for all organisms to perform their complete 

catalytic functions (WHO, 1996); however, amounts exceeding desirable limits can 

seriously disturb the metabolism and cause cellular damage and DNA modification 

(Bonsignore et al., 2018). Excessive exposure to copper has been linked to cellular damage 

TH-2771_156104018



Background and Literature Review 

 

32 Indian Institute of Technology Guwahati 

leading to Wilson disease in humans (Dorsey and Ingerman, 2004; Tchounwou et al., 

2008). 

2.11.2. Disposal of waste containing heavy metal in the landfills 

In landfill leachate, the presence of heavy metals poses a threat to the environment. 

Different kinds of wastes i.e., electronic waste, painting waste and utilized batteries are 

responsible for the increment of heavy metals in the landfills (Aderemi et al., 2011). 

Leachate are extracted, dissolved or suspended materials, which permeated through solid 

waste. Mostly it enters into the landfills through external sources, such as rainfall, surface 

drainage, and water from underground springs and percolates through solid wastes that are 

undergoing decomposition. Depending on the age of the landfill and the events before the 

time of sampling the chemical composition of the leachate will differ significantly 

(Tchobanoglous et al., 1993).  The recent increase in use and disposal of electronic gadgets 

like mobile phones and computers bring up the issue about the amount of metals they 

contain in waste disposal sites and their fate in the environment especially because such 

gadgets chiefly contain mercury, arsenic, lead, cadmium, copper, zinc and others 

(Agamuthu and Fauziah, 2010). Thus, heavy metals present in leachate can migrate a long 

way from the disposal site limits and may constitute a genuine contamination danger for 

the water table and the soil around the landfill (Yoshida et al., 2002; Zaı et al., 2004). 

Approximately 50% of the cadmium load was in the form of plastics as pigments or 

stabilizing agents (Prudent et al., 1996). However, data that is more recent shows that 75% 

of the cadmium in MSW today is in the form of batteries (Boehme and Panero, 2003). The 

presence of copper in landfill was mostly due to non-ferrous metal or metal scrap but also 

was associated with fine particles, paper and cardboard (inks). Chromium was mostly in 

the form of non-ferrous metal scrap but perhaps 25% of the load in waste was in leather. 

Nickel was found to be mostly associated with scrap metal, but also with glass and fine 

particles. Zinc and lead were mostly in the form of scrap metal (Prudent et al., 1996). In the 

year 2000, 65% of the lead in products discarded in MSW was in the form of lead-acid 

batteries, 30% was in consumer electronics, and 4% was in glass, ceramics, and plastics 

was estimated (USEPA, 1989). Mercury in waste is supposed to exist primarily within 

disposed products including batteries, fluorescent bulbs, thermostats and other switches, 

and measuring and control devices such as thermometers (NJDEP, 2002). 

In electronic devices toxic chemicals are used which include metals and Metalloids (e.g., 

arsenic, cadmium, chromium, copper, lead, And mercury) and organic chemicals such as 
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brominated Flame retardants (FWI, 2001; Hedemalm et al., 1995). Toxic chemicals will 

leach when these devices are disposed (Lee et al., 2000; Young, 2012). The printed wire 

boards also referred to as circuit boards may contain arsenic, cadmium, chromium, lead, 

and mercury are mostly found in e-waste (FWI, 2001; Hedemalm et al., 1995). One of most 

common component of discarded electronic is cathode ray tubes in computer monitors & 

television.  Cathode ray tubes (CRTs) may contain barium, cadmium, Copper, lead, zinc, 

and several rare earth metals (FWI, 2001). Due to their growing magnitude in municipal 

solid waste (MSW) & their role as a major source of lead in MSW, CRTs are facing disposal 

problem. Musson et al. (2006) reported that Lead leached from the CRT samples at an 

average concentration of 18.5 mg/L. This exceeded the regulatory limit of 5.0 mg/L. Lead 

is one heavy metal with known toxic properties that is found in large amounts in many 

electronic devices (Hedemalm et al., 1995). Electronic Devices, along with lead-acid 

batteries, are the major Contributors of lead in the municipal solid waste stream (USEPA, 

1989) Discarded electronic devices are characterised as hazardous waste due to the 

presence of lead (Spalvins et al., 2008). Other devices such as computers, cell phones, and 

electronic parts contain elements that can cause threat to human health and the environment 

at prominent exposure (Widmer et al., 2005; Wong et al., 2007). A plentiful of toxic 

chemicals are present in these devices comprising mercury, silver, cadmium, and flame-

retardants. Spalvins et al. (2008) determined the lead concentrations ranging from 7 to 66 

μg/L in the columns containing electronic waste. In India, leather tanning is a major 

industrial sector. This sector produces tons of solid waste every year and that waste are 

dumped in the open field and landfills. The presence of hexavalent chromium (Cr), a well-

known mutagenic carcinogenic metal, has already been reported in tannery waste– 

contaminated soils (IARC, 1990; Thangavel et al., 2002). The leachates from tannery solid 

waste (TSW), a major environmental pollutant. The chemical analysis of TSW samples 

revealed that the chief constituents were chromium and nickel, which may cause genetic 

abnormalities (Chandra et al., 2004). Chandra et al. (2005) revealed that both metal waste 

leachate (MWL) and dye waste leachate (DWL) contained high concentrations of 

chromium, nickel and iron that significantly induced cytogenetic alterations. Heavy metal 

composition from different sources as observed by different researchers have been 

summarized in Table 2.2. 
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2.11.3. Impact of heavy metal on liner material 

a. Sorption 

Clay minerals are good adsorbents for metal ions from aqueous solutions, owing to their 

high cation exchange capacity and high specific surface area associated with their small 

particle sizes, and have the advantage of being abundant and inexpensive; therefore they 

can find application as low-cost, effective materials for the removal of metal ions from 

various effluents, such as industrial and processing waters and wastewaters, or extracts 

resulting from the treatment of contaminated soils by soil washing (Adeyemo et al., 2017; 

Pawar et al., 2016). 

The key constituent of bentonites is montmorillonite, which is a 2:1 mineral with one 

octahedral sheet and two silica sheets, forming a layer. Layers are held together by van der 

Waals forces. Because of these weak forces and some charge deficiencies in the structure, 

water can easily penetrate these layers and cations balance the deficiencies. Sorption of 

metal ions by bentonite depends on charge characteristics of the adsorbent, including 

surface charge magnitude, type of charge (permanent or variable) and point of origin from 

tetrahedral or octahedral substitution in the case of a permanent charge (Baylan and 

Meriçboyu, 2016; Galindo et al., 2013) On the other hand, properties of metal ions like 

charge, ionic radius and their soft-hard acid-based characteristics are also known to regulate 

metal affinity for reactive bentonite surfaces. Other factors such as metal concentration, 

pH, ionic strength, type and concentration of competing ions, the liquid: solid ratio and 

temperature also affect sorption processes (Baylan and Meriçboyu, 2016; Pawar et al., 

2016) 

b. Impacts of heavy metal on bentonite in terms of DDL 

Clay soils that are used in landfill liners get exposed to physicochemical attacks by the 

leachates generated from the wastes. Metal species in leachate is of utmost concern because 

of the harmful impacts of heavy-metal contaminants on the geoenvironment. The presence 

of heavy-metal contaminants in the leachates affects the pore-fluid chemistry and controls 

the diffuse double layer (DDL) thickness of the clay particles.  

Although landfill leachates usually contain only modest concentrations, i.e., from traces 

to 1,000 mg/L (Kanmani and Gandhimathi, 2013; Prudent et al., 1996) of heavy-metal 

contaminants, it is quite essential for a geotechnical engineer to understand the engineering 

properties of clayey soils in the presence of contaminants. Because of their high 

contaminant adsorption capacity and low hydraulic conductivity, bentonites are frequently 
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used as a liner material at waste disposal sites. When montmorillonite, a dominant mineral 

present in bentonite, reacts with water, DDL develops (Mitchell and Soga, 2005), resulting 

in the swelling of bentonite. However, the presence of various contaminants in the leachate 

decreases the DDL thickness, resulting in a change in the swelling behavior of bentonite 

(Norrish and Quirk, 1954). 

As the thickness of the DDL is primarily controlled by factors such as clay mineralogical 

composition and concentration and type of salt present in the pore water (Bolt, 1956; 

Mitchell and Soga, 2005; Sridharan and Rao, 1973; Young, 2012), these same factors may 

affect the various consolidation parameters such as Cc, mv, cv, and t90 of the bentonite 

undergoing compression. Many investigations have been carried out in the past to study the 

influence of heavy metals on the behaviour of bentonite. Bentonites with different 

mineralogical composition may behave differently in the presence of heavy-metal 

contaminants, it is quite important to compare the behaviour of different bentonites in the 

presence of heavy metal contaminants. 

The heavy metal contaminants present in the leachates of the wastes affects the pore-

fluid chemistry and diffuse double layer (DDL) thickness of the clay particles. The heavy-

metal contaminants suppress the DDL thickness of bentonite, resulting in a decrease in its 

swelling capacity. 

2.11.4. Impact of heavy metals on engineering behaviour of liner 

material 

2.11.4.1. Atterberg limits 

The liquid limit of the bentonite decreased with increasing heavy metal concentrations 

(Dutta and Mishra, 2016b). Increasing the metal ion concentration decreases the inter-

particle repulsion that makes the particles free to move at lower inter-particle distances, 

resulting in the decrease in the liquid limit (Sridharan, 1975; Warkentin, 1961). 

The plastic limit of the bentonites decreased marginally with increasing heavy metal 

concentrations (Dutta and Mishra, 2016b). In plastic state, in order to take up a new 

position, the soil particles should able to move or slide past one another and retain this new 

equilibrium position; however, the cohesion between the particles should be low enough to 

permit this movement of the particles and strong enough to hold the particles in its new 

equilibrium position (Young, 2012). 
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2.11.4.2. Free swelling 

The free swelling of bentonite was found to be decreased significantly due to the 

increase in the metal ion concentration. A higher reduction in the free swelling of bentonite 

can be attributed to the significant reduction in the DDL thickness due to the addition of 

heavy metal solutions. 

2.11.4.3. Hydraulic conductivity 

Hydraulic conductivity of bentonites depends on a number of factors including mineral 

composition, permeant characteristics, void ratio, and structure of soil fabrics (Lambe, 

1958). Hydraulic conductivity of the bentonite increased with an increase in the heavy 

metal concentrations (Dutta and Mishra, 2016b). 

2.11.4.4. Compressibility 

Compressibility of the liner material is one of the most important properties that help in 

analysing the settlement of the clay liner (Mishra et al., 2010). As bentonite is a very highly 

compressible material, it gets compressed significantly because of the weight of the waste 

stacked in a waste disposal site. Consolidation is a process defined as compression that 

results when a surcharge load is applied to a saturated clay. The consolidation of a soil 

gives rise to a settlement, the magnitude of which is determined after the complete 

dissipation of the generated pore-water pressure (Young, 2012). 

The compressibility behavior of bentonite can be derived by using the DDL theory, as 

the compressibility of bentonite is primarily controlled by the physicochemical stresses 

generated in a clay-water system (Bolt, 1956; Sridharan and Jayadeva, 1982). The DDL 

theory was first proposed by Gouy (1910), and then it was modified by Chapman (1913). 

This theory was further derived and used by many researchers (Bolt, 1956; Dutta and 

Mishra, 2016a; Olphen, 1977; Ouhadi et al., 2006; Sridharan and Jayadeva, 1982) to 

analyse the compressibility of bentonite in the presence of various electrolyte solutions. 

2.11.4.5. Shear strength 

A liner should be strong enough to withstand the load exerted by the overlying body of 

waste. 

 

TH-2771_156104018



  Background and Literature Review 

 

Indian Institute of Technology Guwahati 37 

2.11.4.6. Consolidation characteristics 

Heavy metal contaminants can also influence the consolidation parameters such as 

coefficient of volume change (mv), coefficient of consolidation (cv), compression index 

(Cc), and time requires for the completion of 90% of consolidation (t90) in the presence. 

The Cc, mv, and t90 of the bentonites decreased, whereas, the cv increased with the increase 

in heavy-metal contaminants concentration (Dutta and Mishra, 2017). 

2.12. Review of published works on metal solutions 

Li and Li (2001) explored the impact of metal on bentonite–spruce bark, sand–bentonite 

and sand–bentonite–forest soil and observed that that forest soil admixture showed higher 

sorption capacity. Soil admixtures permeated with heavy metals exhibited higher hydraulic 

conductivity value in comparison to the blank solution (water). Abollino et al. (2003) 

examined sorption of seven heavy metals on bentonite and concluded that the sorption 

capacity of heavy metal declines with the decrease in pH. Li (2003) studied the adsorption 

capacity of kaolinite clay mineral in the presence of various combinations of cadmium, 

copper and zinc and observed that binary and ternary solutions of heavy metal ion showing 

lower adsorption capacity compared to the individual metal solution. Lo et al. (2004) 

studied the migration of cadmium lead and zinc in and Ottawa sand and bentonite-soil 

admixture and concluded that the hydraulic conductivity of bentonite-soil admixture 

increases noticeably when it is infused with the metal solution. Ouhadi et al. (2006) studied 

the consolidation behaviour of bentonite in the presence of heavy metal at different pH and 

observed that at low pH and high metal concentration the microstructural change in the soil 

occurs. They also concluded that heavy metals have the different onset of precipitation and 

the rheological performance of soil is controlled by the osmotic phenomenon. Nakano et 

al. (2008) conducted various tests to determine hydraulic conductivity and lead adsorption 

behaviour of three Japanese and one U.S. bentonite and concluded that carbonate 

precipitate as PbCO3 on the bentonites and it also shows a leading role in the low lead 

solution. Du et al. (2015) investigated the influence of various levels of lead concentration 

on calcium–bentonite backfills/bentonite clay and concluded that with the increase in the 

concentration of lead, the pH, liquid limit and compression index of the soil decreases. 

Bentonites with different mineralogical compositions were also examined by Dutta and 

Mishra (2016b) under varying concentration of heavy metals (Pb2+, Cu2+ and Zn2+). It was 
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found that with the rise in the concentration of the metal solution, Atterberg limits, free 

swelling, swelling pressure, and swelling potential of the soil decreased and the hydraulic 

conductivity increased. Dutta and Mishra (2017) examined the impact of various heavy 

metals of varying concentration on the consolidation parameters of bentonite. They 

concluded that coefficient of consolidation (cv) increases while, Cc, coefficient of volume 

change (mv), and time to achieve 90% of consolidation (t90) of the bentonites decreases with 

the rise in heavy metal concentration. 

Table 2.2. Summary of interaction of clay with heavy metals 

Sr. 

No 

Author & 

year 

Heavy 

metals 

Properties Conclusion 

1 Li and Li 

(2001) 

Cd, Pb, and 

Cu 

Sorption and 

Hydraulic 

conductivity 

behaviour of three 

types of bentonite 

admixes 

Soil used: sand bentonite, sand 

bentonite forest soil, sand 

bentonite spruce bark. 

Sand bentonite spruce bark: 

highest retention capacity and 

lowest hydraulic conductivity. 

2 Abollino 

et al. 

(2003) 

Cd, Cr, Cu, 

Mn, Ni, Pb 

and Zn 

 Adsorption Adsorption of metal ion 

decreases with decreasing in pH. 

3 Li (2003) Cd, Pb, and 

Cu  

binary Pb2+ 

+ Cu2+, 

Pb2+ + 

Cd2+, Cu2+ 

+ Cd2+ and 

ternary 

Pb2+ + Cu2+ 

+ Cd2+ 

Adsorptivity of heavy 

metal ions 

The adsorptivity of heavy metal 

ions was slightly lower in binary 

and ternary solutions than for 

single ion species in the solution. 

Soil used : kaolinite 

4 Lo et al. 

(2004) 

Pb, Zn, and 

Cd 

Batch sorption and 

column tests 

That the permeability of the 

compacted sand to be of six 
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orders of magnitude higher than 

that of bentonite soil admixture 

5 Ouhadi et 

al. (2006) 

Pb2+, Zn2+ Mechanical 

behaviour of 

bentonite soil 

pH variation in the presence of 

HMs has more effect on the 

compressibility behaviour of 

soil. 

6 Nakano et 

al. (2008) 

Pb2+ Batch adsorption test, 

and  hydraulic 

conductivity . 

Carbonate plays a major role at 

low Pb solution concentration 

and precipitate as PbCO3. 

Hydraulic conductivity: US 

bentonite was lowest in 

comparison to the Japanese 

bentonite due to its highest 

montmorillonite content and 

swelling capacity. Soil used: 3 

Japanese bentonite, 1 US 

bentonite. 

7 Du et al. 

(2015) 

Pb2+ Liquid limit, 

compression index,  

hydraulic 

conductivity & pH 

Liquid limit, compression index 

& pH decreased and the 

hydraulic conductivity increases 

as the Pb concentration 

increased. 

8 Dutta and 

Mishra 

(2016b) 

  

Zn2+, Pb2+, 

and Cu2+ 

Liquid limit, swelling 

characteristics & 

hydraulic 

conductivity 

  

Increase in the heavy metal 

concentration the liquid limit, 

free swelling, swelling pressure, 

and swelling potential of the 

bentonite decreased and the 

hydraulic conductivity 

increased. 

9 Dutta and 

Mishra 

(2017) 

Zn2+, Pb2+, 

and Cu2+ 

Consolidation 

parameter 

At constant pressure, with rise in 

concentration, DDL decreases, 

Hydraulic conductivity increases 

(expulsion of water fast), cv 
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increases, t90 decreases, mv 

increases 

Increase in pressure 

Clay particle come closer  

cv decreases, t90 increases 

mv decreases 

2.13. Review of published works on adsorption of Pb2+ 

Gong et al. (2006) studied adsorption capacity at various pH and kinetic model of Pb2+ 

and Cu2+ onto the organo-bentonite modified by 4-methyl benzo-15-crown-5 (MB15C5) 

and observed that with the increase in pH, adsorption of both the metal increased and stated 

that pseudo-second-order kinetic model fitted well in all cases. Ayari et al. (2007) 

investigated on retention of Pb2+ by using bentonite as an adsorbent and observed a greater 

potential of bentonite to adsorb Pb2+. Zhang and Hou (2008) investigated the adsorption of 

Pb2+ by using montmorillonite and reported that adsorption of Pb2+ is dependent on the pH 

of the solution, and the adsorption capacity upsurges with the increase in pH. Hefne et al. 

(2008) studied kinetic and isotherm study of sorption of Pb2+ by natural and treated 

bentonites. From the investigation they concluded that the adsorption of Pb2+ on the 

bentonite reaches equilibrium time after 5 min, and the data were fitted well by a Langmuir 

isotherm model. Gupta and Bhattacharyya (2008) examined the immobilization of Pb2+, 

Ni2+ and Cd2+ on montmorillonite and kaolinite clay and found that the adsorption capacity 

of heavy metals was in range of 21.1–31.1 mg/g for montmorillonite and 6.8–11.5 mg/g for 

kaolinite respectively. Adsorption of Pb2+ was investigated by Kul and Koyuncu (2010) by 

activated and native bentonites. They reported that with the increase in temperature the 

adsorption efficiency of both the bentonites were found to be increased. Fernández-Nava 

et al. (2011) examined the removal of Pb2+, Cd2+ and Hg2+ using granular bentonite and 

found an adsorption capacity of 19.45, 13.05 and 1.7 mg/g for Pb2+, Cd2+ and Hg2+ 

respectively for an initial capacity of 100 mg/L, respectively. Hamidpour et al. (2011) 

studied the use of the natural bentonite and zeolite for the sorption of Pb2+ and reported that 

removal of Pb2+ was higher for zeolite as compared to natural bentonite due to high CEC 

and specific surface area for zeolite. Pawar et al. (2016) studied removal of Pb2+ and Cu2+ 

by using bentonite as an adsorbent and concluded that removal of metal ions was favoured 
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by increases in the pH, heavy metal concentrations, contact time, and bentonite dosage. 

Baylan and Meriçboyu (2016) examined the adsorption study on bentonite and grapeseed 

activated carbon in the presence of single and binary solutions of copper and lead and 

observed a higher sorption capacity of bentonite in comparison to grapeseed activated 

carbon. They also concluded a greater affinity for Pb2+ in comparison to the Cu2+ solution. 

Deka and Sekharan (2017) investigated the contaminant retention characteristics of 

bentonite, fly ashes, and bentonite-fly ash mixes in the presence of Pb2+ and observed a 

good removal percentage (>90%) of Pb2+ for bentonite and all fly ash–bentonite mixes. 

Khan et al. (2017) examined the adsorption study on bentonite in the presence of lead and 

reported that maximum adsorption occurs within 5 minutes. Experimental data were fitted 

well to the Langmuir adsorption isotherm. The maximum lead removal was attained at 6 

g/L of bentonite clay at pH of 4. Zhu and Qin (2017) studied the sorption capacity of natural 

and composite bentonite in existence of lead aqueous solution and found that sorption of 

both the bentonites intensely governed by the pH values of the mixture.  

Table 2.3. Summary of interaction of clay with Pb2+ 

Sr. 

No 

Author & 

Year 

Heavy 

metal 

Properties Conclusion 

1. Gong et al. 

(2006) 

Pb, Cu Adsorption & 

Isotherm study 

For Pb-pH-5, 

0.4-10 mmol/L 

For Cu- pH-5, 

0.2-6 mmol/L 

The adsorption of Cu2+ and Pb2+ 

increases with increasing pH and the 

adsorption of Cu2+ and Pb2+ reaches a 

maximum at pH 3.5–6. Experimental 

data were fitted well to the Langmuir 

adsorption isotherm. The kinetics of 

sorption processes were best described 

by a pseudo-second-order kinetic model. 

2. Zhang and 

Hou (2008) 

Pb Adsorption & 

Isotherm study 

pH-6, 0-400 

mg/L 

Adsorption is dependent on the pH value 

of the medium, and the uptake of Pb(II) 

increases with the pH increasing in the 

pH range of 2.0–10.0. The adsorption 

kinetics is in better agreement with 

pseudo-second order kinetics, and the 
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adsorption data is a good fit with 

Langmuir isotherm. 

3. Hefne et al. 

(2008) 

Pb Isotherm, & 

Kinetic study 

pH-6, 500-1000 

mg/L 

The equilibrium time for Pb (II) 

adsorption on bentonite was 5 min, the 

processes conforming to second order 

kinetics. Experimental data were fitted 

well to the Langmuir adsorption 

isotherm. The kinetics of sorption 

processes were best described by a 

pseudo-second-order kinetic model. 

4. Gupta and 

Bhattacharyya 

(2008) 

Pb Isotherm, & 

Kinetic study 

pH-5.7, 10-50 

mg/L 

The uptake is rapid with maximum 

adsorption being observed within 180 

min. The data fitted well with both 

Langmuir and Freundlich isotherms. The 

kinetics of sorption processes were best 

described by a pseudo-second-order 

kinetic model. 

5. Kul and 

Koyuncu 

(2010) 

Pb Isotherm & 

Kinetic study 

5-10 mg/L 

The kinetics of sorption processes were 

best described by a pseudo-second-order 

kinetic model. Langmuir, Freundlich and 

Dubinin–Redushkevich (D–R) isotherm 

models were used to represent the 

experimental data, and the models fitted 

well. 

6. Hamidpour et 

al. (2011) 

Pb Adsorption, 

Isotherm, & 

Kinetic study 

5-10 mg/L 

The experimental data showed that 

bentonite used in this study exhibited a 

reasonable sorption capacity for Pb, and 

thus may be useful for the 

immobilization of Pb from polluted 

sites. 

7. Pawar et al. 

(2016) 

Pb, Cu Adsorption, 

Isotherm study 

Removal of these metal ions was 

favored by increases in the pH, initial 

metal concentrations, contact time, and 
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and Kinetic 

study 

pH-5, 1-20 

mg/L 

dose of the adsorbents. The data fitted 

well with both Langmuir and Freundlich 

isotherms. The adsorption process was 

fast and the kinetic data fit better to the 

pseudo-second order kinetic model. 

8. Baylan and 

Meriçboyu 

(2016) 

Pb, Cu Adsorption  

pH-5, 50-800 

mg/L 

The total adsorption capacity values of 

bentonite in binary ion system was lower 

than that of single Pb2+ ion system and 

was higher than that of single Cu2+ ion 

system. 

9. Deka and 

Sekharan 

(2017) 

Pb Adsorption & 

Isotherm study 

pH-5, 1.39-987 

ppm 

A good removal efficiency (>85%) was 

observed for bentonite. The data fitted 

well with both Langmuir and Freundlich 

isotherms. 

10. Khan et al. 

(2017) 

Pb Adsorption & 

Isotherm study 

pH-6.7, 1-180 

mg/L 

Maximum adsorption occurs in within 5 

minutes. Experimental data were fitted 

well to the Langmuir adsorption 

isotherm. 

11. Zhu and Qin 

(2017) 

Pb Adsorption & 

Isotherm study 

pH-4, 50-1000 

mg/L  

Adsorption of bentonites strongly 

depended on the pH values of the 

solution The data fitted well with both 

Langmuir and Freundlich isotherms 

2.14. Review of published works on adsorption of Cu2+ 

Al-Qunaibit et al. (2005) studied the adsorption of Cu2+ ions by Saudi clay mineral 

(bentonite) and found that the highest adsorption capacity attained was 909 mg Cu2+/g clay. 

Karapinar and Donat (2009) investigated the adsorption of Cu2+ and Cd2+ on bentonite and 

concluded that bentonite can efficiently be used for the removal of metal ions by opting 

adsorption process. Ding et al. (2009) examined the sorption capacity of Na- and Ca-

bentonite to eliminate Cu2+ under various conditions and concluded that the process of 

adsorption was intensely depending on pH of the solution, initial metal concentration and 

bentonite dosage. They reported that the maximum adsorption capacity was 26 mg/g and 
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12 mg/g for of Na- and Ca-bentonite, respectively. Liu and Zhou (2010) conducted 

adsorption study on Na-bentonite in the presence of single and binary copper and nickel 

solution and observed that at same pH a higher percentage of adsorption was observed for 

Cu2+ as compared to Ni2+. Olu-Owolabi and Unuabonah (2010) investigated adsorption 

kinetic and thermodynamic study of Zn2+ and Cu2+ by phosphate and sulphate modified 

bentonite clay and concluded that the process of adsorption was spontaneous in nature for 

both the heavy metals onto the bentonites. Maramis et al. (2012) studied the sorption of 

Cu2+ ions using modified bentonite at different temperature and at pH 5 and concluded that 

the Sips equation performs satisfactorily to represent the sorption equilibrium data. Aljlil 

and Alsewailem (2014) tested the capacity to adsorb copper (Cu2+) and nickel (Ni2+) by 

bentonite clay and concluded that the highest adsorption capacity achieved was 13.22 mg 

g-1 (Cu2+) and 9.29 mg g-1 (Ni2+). The equilibrium data fitted satisfactory with Langmuir, 

Freundlich and Langmuir-Freundlich isotherms. 

Table 2.4. Summary of interaction of clay with Cu2+ 

Sr. 

No 

Author & 

Year 

Heavy 

metal 

Properties Conclusion 

1. Al-Qunaibit 

et al. (2005) 

Cu Adsorption & 

Isotherm 

study 

60-100 ppm 

The sorption processes were relatively 

fast in the first few minutes and then 

became slow after reaching 80% of the 

total sorption. The maximum adsorption 

obtained was 909 mg Cu2+/g clay. The 

sorption of Cu2+ on the clay surface can 

be described by the high-affinity 

Langmuir isotherm. 

2. Karapinar and 

Donat (2009) 

Cu Adsorption & 

Isotherm 

study 

pH-3, 50-300 

mg/L 

The experimental results indicated that 

natural bentonite could be successfully 

used for the adsorption of Cd2+ and Cu2+ 

from aqueous solutions. The adsorption 

patterns of metal ions onto followed the 

Langmuir, Freundlich and Dubinin–

Radushkevich isotherms. 
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3. Ding et al. 

(2009) 

Cu Adsorption & 

Isotherm 

study 

pH-5.66, 10-

100 mg/L 

The results show that the adsorption 

process of bentonite accorded with the 

Freundlich isotherm model and that the 

sorption results of Na bentonite are better 

than those of Ca-bentonite. Adsorption 

behavior of both bentonites was strongly 

depending on pH, initial concentration 

and additional amounts of bentonites. 

4. Liu and Zhou 

(2010) 

Cu Adsorption, 

Isotherm, & 

Kinetic study 

5-10 mg/L 

The adsorption equilibrium for nickel and 

copper onto Na-bentonite is reached in 

200 min. The kinetic process of 

adsorption can be described by the 

pseudo-second-order kinetic equation 

excellently and the adsorption isotherm 

be fitted to the Langmuir model 

5. 

Olu-Owolabi 

and 

Unuabonah 

(2010) 

Cu, 

Zn 

Adsorption & 

Kinetic study 

pH-5.5 ± 0.2, 

200 mg/L 

The adsorption process for both metal 

ions onto the adsorbents was spontaneous 

in nature. kinetic data were found to show 

very strong fit to the pseudo-second order 

kinetic model. 

6. 

Aljlil and 

Alsewailem 

(2014) 

Cu 

Adsorption & 

Isotherm 

study 

50-1000 ppm 

The maximum adsorption capacity was 

13.22 mg g-1 for copper. The data fitted 

well with Langmuir,  Freundlich and 

Langmuir-Freundlich isotherms. 

2.15. Review of published works on adsorption of Zn2+ 

Kaya and Ören (2005) investigated the adsorption of zinc by Na-enriched and natural 

bentonite and concluded that pH is an important factor which strongly influence the 

adsorption behaviour. They reported that basic mechanism is an ion exchange process 

occurs between pH 4 and 7. Kubilay et al. (2007) studied adsorption properties of bentonite 

in the presence of Cu2+, Zn2+ and Co2+ at a concentration range from 15 to 70 mg/L at 

various pH and concluded that at 20 °C the order of adsorptivity was found to be Zn2+> 
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Cu2+ > Co2+ at pH 3.0, 5.0 and 7.0 and Zn2+ > Co2+ > Cu2+ at pH 9.0 on bentonite 

respectively. Sen and Gomez (2011) determined the adsorptive properties of natural 

bentonite in the removal Zn2+ and found that the adsorption was very rapid initially and the 

maximum adsorption could be attained within 20 minutes. They also reported that at an 

optimum pH of 6.76 the maximum adsorption of Zn2+ takes place. Araujo et al. (2013) 

examined the equilibrium and kinetic study of zinc on by Brazilian bentonite clay and 

concluded that it can eliminate zinc ion and it can replace other expensive adsorbent. They 

also reported that the equilibrium data are well fitted the Langmuir isotherm model. Freitas 

et al. (2017) studied adsorption capacity on Verde-lodo bentonite in the presence of the 

binary solution of silver and copper and observed that copper possessed greater adsorption 

capacity as compared to silver. 

Table 2.5. Summary of interaction of clay with Zn2+ 

Sr. 

No 

Author & 

Year 

Heavy 

metal 

Properties Conclusion 

1. Kaya and 

Ören 

(2005) 

Zn Adsorption 

& Isotherm 

study 

pH-4, 12.5-

100 mg/L 

The rate of zinc removal depends also on the 

solid concentration of the suspension. 

Reducing the slurry concentration allows 

particles to get in the more dispersed form, 

resulting higher available sorption sites for 

zinc. The adsorption performance of Na-

enriched bentonite is better than the natural 

bentonite in all physical and chemical changes. 

The data were fitted both Langmuir and 

Freundlich isotherms. 

2. Kubilay et 

al. (2007) 

Zn, 

Cu, 

Co 

Adsorption 

and 

Isotherm 

study 

pH-7, 15-

70 mg/L 

The order of adsorption of metals on bentonite 

at 20 °C is Zn(II) > Cu(II) > Co(II) at pH 3.0, 

5.0 and 7.0; Zn(II) > Co(II) > Cu(II) at pH 9.0. 

Adsorption isotherms are obtained and they 

are well described by the Langmuir and 

Freundlich equation. 
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3. Sen and 

Gomez 

(2011) 

Zn Adsorption, 

Isotherm 

and Kinetic 

study  

pH-6.64, 

10-90 mg/L 

The maximum adsorption takes place at an 

optimum pH of 6.76. The process is very fast 

initially and maximum adsorption is obtained 

within 20 min. Zinc adsorption process 

followed pseudo second-order kinetics. 

Langmuir isotherm is more applicable 

compared to Freundlich isotherm. 

4. Araujo et 

al. (2013) 

Zn Adsorption, 

Isotherm 

and Kinetic 

study  

pH- 4.5, 

0.1-0.6 

mEq/L 

These results show that Brazilian bentonite 

clays may be used for elimination of Zn2+ 

through adsorption mechanisms and can 

replace other adsorbents more expensive. The 

pseudo-second-order kinetic model best 

represented the mechanism of interactions 

involved during the adsorption. The 

experimental data at equilibrium satisfactorily 

fitted the Langmuir model. 

2.16. Generation of leachate from MSW 

Leachate is generated because of a cascade of chemical and biological reactions of solid 

waste within the landfill and produce harmful effect on the surrounding soil and 

groundwater if not controlled properly. Leachates are generally classified as aqueous 

liquids or solutions containing contaminants, which are miscible in water; non-aqueous 

liquids composed of organic compounds, which are immiscible in water; or mixtures of 

both aqueous and non-aqueous liquids that results in the formation of two separate liquid 

phases. An efficient and well-managed modern landfill prevents release of leachate into the 

environment. The liner serves as a barrier and prevents the potentially pollutant leachate 

from contaminating the underlying ground water resources. 

2.16.1. Composition of leachate 

Pollutants in MSW and industrial landfill leachate can be divided into four groups: 

a) Dissolved organic matter, quantified as Chemical Oxygen Demand (COD) or Total 

Organic Carbon (TOC), volatile fatty acids (which accumulate during the acid phase of the 
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waste stabilization) (Christensen and Kjeldsen, 1989) and more refractory compounds such 

as fulvic-like and humic-like compounds. 

b) Inorganic macro-components, which include calcium (Ca2+), magnesium (Mg2+), 

sodium (Na+), potassium (K+), ammonium (NH4+), iron (Fe2+), manganese (Mn2+), chloride 

(Cl-), sulfate (SO4
2-) and hydrogen carbonate (HCO3

-). 

c) Heavy metals, such as cadmium (Cd2+), chromium (Cr3+), copper (Cu2+), lead (Pb2+), 

nickel (Ni2+) and zinc (Zn2+). 

d) Xenobiotic organic compounds (XOCs) originating from household or industrial 

chemicals and present in relatively low concentrations (generally less than 1.0 mg/l of 

individual compounds). These compounds include among others a variety of aromatic 

hydrocarbons, phenols, chlorinated aliphatics and pesticides. 

The composition of these compounds in leachate vary due to a number of different 

factors such as the age and type of waste and operational practices at the site. Most of 

landfill leachate has high BOD, COD, ammonia, chloride, sodium, potassium, hardness and 

boron levels. Raw leachate contains concentrations of heavy metals in excess of the 

drinking water standards. Type of contaminants and their concentration depends on the 

nature of waste deposited in the landfills. 

2.16.2. Effect of leachate on liner material 

Chemicals in the landfill leachate with low dielectric constant, high electrolyte 

concentration, or high cation valence may cause the diffuse double layer of bentonite to 

shrink which in turn leads to an increase in hydraulic conductivity (Mishra et al., 2005; 

Olson and Mesri, 1970). Presence of various chemicals in waste could affect the 

contamination adsorption capacity of bentonite and in turn reduce its usefulness as barrier 

material. To properly design a clay barrier, it is important to understand the composition of 

contaminants, the extent of the accumulation of contaminants in liner material and 

influence on the clay structure, which in turn affect the swelling and hydraulic conductivity 

of the clay barrier. 

2.17. Review of published works on various leachates 

Ruhl and Daniel (1997) conducted experiments to determine the impact of simulated 

and real MSW leachate on geosynthetic clay liner (GCL). They found that the value of 
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hydraulic conductivity was higher in the presence of simulated MSW leachate. Vega et al. 

(2005) analysed the adsorption capacity of natural bentonites in presence of synthetic mine 

waste leachate and reported above 90% adsorption of metal ions at pH 5. Pivato and Raga 

(2006) investigated Ammonium attenuation from MSW landfill leachate on sorption 

capacity of bentonite. They found that Ammonium sorption is higher in bentonite. An 

impact of strong acidic leachates was analysed by Bouazza et al. (2013) on needle punched 

GCL and found that the value of hydraulic conductivity rises with the rise in concentration. 

Anna et al. (2015) investigated the impact of plating factory leachate on adsorption capacity 

of natural bentonite. They reported that bentonite has achieved 100% removal of Fe(II). 

The other ions including Zn(II), Ni(II) and Cu(II) were also removed and the removal 

percentages obtained were 73.78, 49.01 and 71.21%, respectively. Chen et al. (2018) 

examined the effect of hydraulic conductivity of Geosynthetic clay liner in presence of 

synthetic coal combustion product leachate and concluded that permeation with deionized 

(DI) water prior to permeation with leachate resulted in hydraulic conductivity up to three 

orders of magnitude. 

Table 2.6. Summary of interaction of clay with leachates 

Sr. 

No 

Author & 

Year 

Leachate Materials and 

Properties 

Conclusion 

1. Ruhl and 

Daniel 

(1997) 

Simulated and 

real MSW 

leachate 

Geosynthetic 

clay liner (GCL); 

Hydraulic 

conductivity 

They found that the value of 

hydraulic conductivity was 

higher in the presence of 

simulated MSW leachate. 

2. Vega et 

al. (2005) 

Synthetic mine 

waste leachate 

Natural 

Bentonites; 

adsorption study  

They found above 90% 

adsorption of metal ions at pH 

5. 

3. Pivato 

and Raga 

(2006) 

MSW landfill 

leachate 

(Ammonium 

attenuation) 

Bentonite; 

Adsorption 

Ammonium adsorption is higher 

in bentonite 

4. Bouazza 

et al. 

(2013) 

Strong acidic 

leachates 

Geosynthetic 

clay liner 

The value of hydraulic 

conductivity rises with the rise 

in concentration. 
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Hydraulic 

conductivity 

5. Anna et 

al. (2015) 

Plating factory 

leachate 

Natural 

Bentonite; 

Adsorption 

Bentonite has achieved 100% 

removal of Fe. The other ions 

including Zn(II), Ni(II) and 

Cu(II) were also removed and 

the removal percentages 

obtained were 73.78, 49.01 and 

71.21 %, respectively. 

6. Chen et 

al. (2018) 

Coal 

combustion 

product 

leachates 

(synthetic) 

Geosynthetic 

clay liner; 

Hydraulic 

conductivity 

Permeation with deionized (DI) 

water prior to permeation with 

trona leachate resulted in 

hydraulic conductivity up to 

three orders of magnitude. 

2.18. Summary and critical appraisal of the literature review  

A review of the literature emphasized that compacted bentonite can be used as an 

effective adsorbent due to its high cation exchange capacity, adsorption capacity, specific 

surface area, and low hydraulic conductivity. The bentonite's adsorption ability is generally 

determined by its pore structure and chemical nature. 

The utilization of swelling clays as a liner material or clay-based barriers brings attention 

to mechanical property changes and liner integrity when clay material interacts with 

different chemicals present in the leachate stream.  

Leachates generated from wastes inside the landfills decrease the efficacy of the liner 

material. These leachates also migrate towards the surrounding environment and 

groundwater, thereby polluting them. Therefore, to avoid the surrounding environment and 

groundwater being contaminated, a low-permeable liner is provided at the bottom of the 

landfill to separate the waste and groundwater. The clay soil's physico-chemical 

characteristics–water system will alter in the presence of heavy metal ions, causing in 

changes in the short- and long-term chemical and mechanical behaviour of the clay soil 

barrier materials. The existence of heavy metals in the leachate disturbs the bentonite clay 
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particles' pore-fluid chemistry and affects its diffuse double layer (DDL). Due to the 

presence of metal ions in the leachate, the swelling behaviour and the hydraulic 

conductivity may get altered significantly, reducing its efficiency. Furthermore, the time of 

contact between the contaminants and the adsorbent is essential in designing a liner material 

in a waste disposal system. The rapid uptake of contaminants and attaining equilibrium in 

a small interval shows the efficacy of that adsorbent as a liner material for its use in the 

waste disposal system. Adsorption kinetics are primarily employed to define the swiftness 

of the adsorption process.  

2.19. Research gap 

For designing a liner system, the hydraulic conductivity, adsorption and shear strength 

are the most critical parameters for consideration. The reviewed literature highlighted that 

previously, limited studies were conducted to determine the potential significance of 

bentonites on hydraulic conductivity and adsorption behaviour in the presence of various 

toxic pollutants. However, no detailed studies have been reported on the investigation of 

the change in compressibility, consolidation parameters, shear strength, hydraulic 

behaviour, and the sorption and sorption kinetics of different bentonites in the presence of 

heavy metals and various leachates. Since the bentonite varying in their mineralogical and 

chemical properties performs differently with different metal contaminants, it is needed to 

compare the alteration in behaviour of bentonites in the presence of various metal 

contaminants and leachates. Furthermore, no study has been performed to compare the 

effect of various heavy metals and leachates on the behaviour of bentonites differing in 

their mineralogical composition.  

2.20. Objectives of the study 

The objectives of the present investigation are as follows. 

I. Studying the effect of concentrations of heavy metals (Pb2+, Cu2+, Zn2+) on the liquid 

limit, free swelling, hydraulic conductivity, consolidation characteristics, shear 

strength and adsorption behaviours of two different bentonites. 
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II. Analyzing the impacts of municipal soil waste (MSW) leachate and synthetic MSW 

leachates on the changes in the behaviour of the bentonites (liquid limit, free swell, 

consolidation, shear strength, and adsorption study) 

III. Studying the impact of leachates from fly ash, sewage sludge, and paper mill sludge 

on the alteration in the behaviours of both the bentonites. 

2.21. Scope of the thesis 

The overarching objectives of the present thesis is to utilize bentonites as a landfill liner 

material to prevent the surrounding environment from deteriorating due to leaching. 

Therefore, the scope of this thesis is to test the efficacy of bentonites for landfill use upon 

exposure to different types of leachates and various heavy metals present in them. To 

achieve the overall objective, as a first step, collection and initial characterization of the 

bentonites were carried out. This required performing different laboratory experiments. The 

learning of standard protocols and the operation of instruments were performed 

simultaneously. Secondly, the changes in the physico-chemical characteristics of the 

bentonites were observed for various concentrations of heavy metals, which was then 

followed by different types of leachates to test their adsorption capacity. Further, to study 

the effect of shear strength on the behaviour of compacted bentonites in the presence of 

these solutions, UCS experiments were also carried out on bentonite samples. FESEM and 

FTIR studies were conducted to analyse the change in surface morphology and alteration 

in FTIR pattern in both the bentonites before and after sorption of metals and leachates. 

Finally, isotherm and kinetic modelling of the adsorption study was carried out on the 

research data. 
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3 

Materials and methodology 

 

3.1. Context 

This chapter explains in detail the materials used and experimental methodologies 

adopted to carry out the research. The methods for determining the hydraulic conductivity 

and swelling pressure from one-dimensional consolidation tests have also been conferred. 

3.2. Design of research work 

To achieve the objectives of the present investigation, the entire research work was 

carried out in four phases, as described below. The overall objective and its breakup into 

phases have been shown in Fig. 3.1. 

Phase I was associated with the collection of bentonites and their physical and chemical 

characterization.  

In Phase II, liquid limit, free swell, and shear strength study were performed in the 

presence of various concentrations of Pb2+, Cu2+, Zn2+. Some experimental parameters i.e., 

pH, adsorbent dose, initial concentration, and contact time has been used as a function to 

determine the capacity of bentonites to adsorb various metal ions. Consolidation tests were 
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also performed to evaluate the hydraulic conductivity and consolidation characteristics of 

both the bentonites. Different isotherm models were used to determine the best-fit 

equilibrium isotherms. Kinetic models were fitted to investigate the adsorption kinetics and 

mechanisms of Pb2+, Cu2+, and Zn2+ sorption on both the bentonites. The alteration in the 

behaviours of bentonites having diverse mineralogical and chemical characteristics was 

also compared in the presence of various metal contaminants. 

Phase III was associated with the analysis of the impact of municipal soil waste (MSW) 

leachate and synthetic MSW leachate on the change in behaviour of both the bentonites 

(liquid limit, free swell, consolidation, shear strength, and adsorption study) and its 

comparison. 

In Phase IV, the Effect of various other synthetic leachates, i.e., fly ash, sewage sludge 

and, paper mill on the alteration in the behaviours of both the bentonites (liquid limit, free 

swell, consolidation, shear strength, and adsorption study) was determined. 
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3.3. Procurement of bentonites and their characterization 

Bentonites (Bentonite-1 and -2) were procured in powdered form from the Barmer 

district of the Indian state of Rajasthan (Fig. 3.2). They were subjected to various chemical 

and mineralogical analyses, which are listed in Table 3.1. 

Ammonium acetate technique, described by Chapman (1965) and Pratt (1965), was 

followed for the analysis of the cation exchange capacity (CEC) of the soils. By using 

ASTM-D5890 (2006), the Atterberg’s limits (liquid limit and plastic limit) of the soils were 

determined. The free swelling experiment was carried out as per ASTM-D4318 (2010). 

The protocol given by Cerato and Lutenegger (2002) was used to compute the specific 

surface area (SSA) of both the soil. The maximum dry density (MDD) and the optimum 

moisture content (OMC) of both the soil were obtained by following ASTM-D698 (2012). 

By following ASTM-D854-92 (1994) the specific gravity of the soils was analyzed. The 

chemical composition of the soils listed in Table 3.2 was analyzed by using X-ray 

fluorescence (XRF) (AXIOS, PANalytical, Malvern, UK). 

Table 3.1. Chemical and mineralogical properties of Bentonites 

Property Bentonite-1 Bentonite-2 

Liquid limit (%) 480.0 305.0 

Plastic limit (%) 40.0 39.0 

Plasticity index  440.0 266.0 

Specific gravity 2.73 2.70 

Clay content 66.0% 61.0% 

Silt content 34.0% 39.0% 

Cation exchange capacity (CEC) (meq/100gm) 40.2 36.2 

Na+ 20.9 16.8 

K+ 2.2 2.9 

Ca2+ 15.2 14.2 

Mg2+ 1.9 2.3 

Specific surface area (m2/g) 396.3 340.4 

Optimum moisture content (OMC) 33.0 % 33.5 % 

Maximum dry density (MDD) g/cc 1.31 1.3 

pH 8.9 9.2 

Montmorillonite content (%) 72.0 64.0 
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The X-ray diffraction (XRD) experiment (28 Bruker AXS D8 model, Billerica, MA) 

was carried out to analyze the presence of other predominant minerals like montmorillonite, 

illite, kaolinite, and quartz in the bentonites. Materials were scanned at 5º to 35º, through a 

scanning speed of 2° 2θ/min with a step size of 0.03º (Fig. 3.3 a-b). The minerals present 

were determined using X’Pert HighScore software. 

  

Fig. 3.2. Bentonite images: (a) Bentonite-1 (b) Bentonite-2 

Table 3.2. Elemental composition expressed as weight percent of major element of both 

the bentonites. 

Major and minor element oxides Bentonite-1 Bentonite-2 

SiO2 48.79 50.70 

Al2O3 18.17 19.09 

Fe2O3 16.16 16.29 

MnO 0.45 0.31 

MgO 0.94 1.06 

CaO 1.20 1.10 

Na2O 4.67 3.59 

K2O 1.45 1.52 

TiO2 2.00 2.13 

P2O5 0.18 0.21 
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(a) 

 

(b) 

Fig. 3.3. XRD plot for (a) Bentonite-1 and (b) Bentonite-2 
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Fourier transform infrared spectroscopy (FTIR) analyses were performed at room 

temperature following the KBr pellet method over the spectral range of 450–4000 cm-1 to 

determine the chemical functional groups present on both bentonites (PerkinElmer, 

Spectrum Two, Waltham, Maine). Using KBr, having a 100∶1 ratio, the bentonite samples 

were homogeneously mixed. The stretching vibration bands were detected at 3,580-3,700 

and 3,601–3,710 cm-1, respectively, which shows the possibility of O–H stretching 

vibration of the silanol (Si-OH) groups and HO-H vibration of the water-adsorbed silica 

surface for Bentonites-1 and -2 (Fig. 3.4). The broad bands of Si-O were detected near 

691.9, 463.3, and 523.9 cm-1 from the IR studies of bentonites, which indicates the presence 

of quartz (Karapinar and Donat, 2009). 

 

Fig. 3.4 FTIR plot of both the bentonites 

Field emission scanning electron microscopy (FESEM) (Zeiss Sigma, Oberkochen, 

Germany) study was conducted on both the bentonites to analyse their surface morphology. 

The bentonite samples were oven-dried at 60°C and then crushed to fine powder forms 

using a pestle. Then it was sieved through a 75 μm Indian Standard (IS) sieve. The sieved 

samples were mounted on the aluminium stubs above double-sided carbon tape. By using 

a sputter coater (Quorum, SC7620, Quorum Technologies, Lewes, UK and Edwards, RV3, 

Czech Republic), double gold coating was done before the analysis. FESEM study was 

performed, and photomicrographs were obtained to visualize the surface morphology of 
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two bentonites. It can be seen from the Fig. 3.5 (a and b) that due to the presence of 

montmorillonite mineral, bentonites show a flaky dispersed structure with loose porous 

aggregates (Mitchell and Soga, 2005). 

 

  

(a) Bentonite-1 (b) Bentonite-2 

Fig. 3.5. FESEM images of the bentonites 

3.4. Permeant liquid 

3.4.1. Metal preparation 

For this investigation, lead (Pb2+), Copper (Cu2+), and Zinc (Zn2+) were selected, since 

these are the leading contaminants present in the leachate and can cause harmful effects to 

the human health and environment. Stock solutions of Pb2+, Cu2+, and Zn2+ were prepared 

by dissolving the required amount of lead nitrate [Pb(NO3)2], copper nitrate 

[Cu(NO3)2.3H2O] and zinc nitrate [Zn(NO3)2.6H2O] in deionized (DI) water. Different 

standard solutions of Pb2+, Cu2+, and Zn2+ were prepared by dissolving the desired amount 

of metal stock solution in DI water. Tests were carried out with bentonite in the presence 

of different concentrations of Pb2+, Cu2+, and Zn2+, i.e., 100, 500, 1000, and 2000 mg/L. 

The present study was limited to a concentration of 2000 mg/L, as Haan (1981) and  

Hazarika et al. (2017) reported the maximum metal concentration of 2330 mg/L present in 

leachate. So, for considering the worst situation, the above concentration range has been 

chosen for the present study. The pH value of the individual metal solution and the metal 

solution with bentonites are given in Tables 3.3 and 3.4. 
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Table 3.3. pH values of individual metal solutions 

Table 3.4. pH values of metal solutions with bentonites 

Concentration 

(mg/L) 

pH 

Bentonite-1 Bentonite-2 

Pb2+ Cu2+ Zn2+ Pb2+ Cu2+ Zn2+ 

0 (DI water) 8.90 8.90 8.90 9.20 9.20 9.20 

100 7.80 6.88 7.56 7.90 6.75 7.54 

500 6.66 6.36 6.72 6.53 5.52 6.62 

1000 6.40 5.39 6.47 5.96 5.37 6.46 

2000 6.13 5.12 6.02 5.41 5.08 5.98 

3.4.2. Leachate preparation 

(a) Municipal solid waste (MSW) leachate 

A large-scale landfill simulation reactor (LSR) was fabricated under the anaerobic 

condition to study the behaviour of fresh MSW leachate in the landfill. The landfill reactor 

of 1 m3 volume (1m height, depth and length) was fabricated using an iron sheet, and the 

inner walls were painted with non-corrosive materials to restrict any reaction between the 

iron sheet and the waste material. The LSR was then filled with unshredded mixed MSW. 

73% of wet waste (i.e., food waste) and 27% of dry waste (i.e., paper, plastic wood, and 

metals) were the major components considered in this study. The leachate was collected 

through a leachate collection system at the bottom of the reactor. The metal concentrations 

of the leachate were analysed by using an atomic absorption spectrophotometer (AAS) (55 

B, Spectra AA, Agilent Technologies, Santa Clara, CA), the details of which are tabulated 

in Table 3.5. 

(b) Synthetic leachates 

There are numerous other metals, microbes, and biological species present. Here, we 

tried to simulate the field condition by considering heavy metals that are present in 

maximum concentrations in leachates. Leachates prepared by this method are called 

Heavy metal 
pH 

100 mg/L 500 mg/L 1000 mg/L 2000 mg/L 

Pb2+ 4.75 4.66 4.08 3.80 

Cu2+ 5.31 4.92 4.65 4.39 

Zn2+ 5.78 5.55 5.47 5.08 
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synthetic leachates. Where actual field conditions cannot be achieved, but we try to 

resemble a laboratory-scale study close to real field studies of the leachates. These synthetic 

leachates were prepared in the laboratory by reviewing various works of literature and 

taking into consideration; the heavy metals found in the maximum number of respective 

leachates.  

Four synthetic leachates, i.e., Municipal solid waste, fly ash, paper mill, and sewage 

sludge leachates, were selected for the present study because of their familiarity in the 

environment. These leachates generally consist of higher concentration of metals which 

can contaminate the surrounding environment and cause serious health issues. The 

composition of the leachates and the salts used are tabulated in Tables 3.6 – 3.9. 

Table 3.6 illustrates the leachate concentration of MSW, which represents the abundance 

of calcium, magnesium, and Iron. However, Table 3.7 shows the leachate concentration of 

fly ash, which depicts the presence of zinc, lead, and copper in abundance. Paper mill 

leachate represents the existence of a higher amount of zinc and cadmium (Table 3.8) 

whereas, sewage sludge leachate confirms the presence of a higher quantity of zinc, 

manganese, and nickel. These synthetic leachates were prepared by dissolving the required 

amount of various salts in 1 L of DI water (Table 3.6 – 3.9). The pH (pH electrode, 

Systronics, Ahmedabad, Gujarat, India) values of all the leachates were listed in Table 3.10. 

Table 3.5. Composition of MSW leachate 

Sl. No. Constituents 
Concentration 

(mg/L) 
Salts used Type of leachate  

1 Pb2+ 2.8 Pb(NO3)2 

 

 

MSW leachate  

 

 

2 Cu2+ 1.1 Cu(NO3)2.3H2O 

3 Zn2+ 20.6 Zn(NO3)2.6H2O 

4 Fe2+ 150.0 FeCl2 

5 Mn2+ 19.0 MnCl2.4H2O 

7 Cd2+ 47.8 Cd(NO3)2.4H2O 

8 Ca2+ 3355.0 CaCl2.2H2O 

9 Mg2+ 222.9 MgCl2.6H2O 
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Table 3.6. Composition of synthetic MSW leachate 

Table 3.7. Composition of Fly ash leachate 

Table 3.8. Composition of Paper mill leachate 

Sl. No. Constituents 
Concentration 

(mg/L) 
Salts used 

Type of leachate & 

Reference  

1 Pb2+ 7.5 Pb(NO3)2 

Paper mill leachate  

(Hazarika et al., 

2017) 

2 Cu2+ 17.5 Cu(NO3)2.3H2O 

3 Zn2+ 2366.6 Zn(NO3)2.6H2O 

4 Fe2+ 65.4 FeCl2 

5 Mn2+ 126.0 MnCl2.4H2O 

6 Ni2+ 12.7 NiCl2.6H2O 

7 Cd2+ 520.8 Cd(NO3)2.4H2O 

 

Sl. No. Constituents 
Concentration 

(mg/L) 
Salts used 

Type of leachate & 

Reference 

1 Pb2+ 2.1 Pb(NO3)2 

Synthetic MSW 

leachate  

(Tatsi and Zouboulis, 

2002) 

2 Cu2+ 6.0 Cu(NO3)2.3H2O 

3 Zn2+ 36.0 Zn(NO3)2.6H2O 

4 Fe2+ 160.0 FeCl2 

5 Mn2+ 16.2 MnCl2.4H2O 

7 Cd2+ 6.5 Cd(NO3)2.4H2O 

8 Ca2+ 3324.0 CaCl2.2H2O 

9 Mg2+ 443.0 MgCl2.6H2O 

Sl. No. Constituents 
Concentration 

(mg/L) 
Salts used 

Type of leachate & 

Reference  

1 Pb2+ 3655.3 Pb(NO3)2 

Fly ash leachate 

(Li et al., 2007) 

2 Cu2+ 886.2 Cu(NO3)2.3H2O 

3 Zn2+ 13044.0 Zn(NO3)2.6H2O 

4 Ni2+ 26.9 NiCl2.6H2O 

5 Cd2+ 122.8 Cd(NO3)2.4H2O 
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Table 3.9. Composition of sewage sludge leachate 

Sl. 

No. 
Constituents 

Concentration 

(mg/L) 
Salts used 

Type of leachate & 

Reference  

1 Pb2+ 130.0 Pb(NO3)2 

Sewage sludge 

leachate  

(Nayak and 

Kalamdhad, 2014) 

2 Cu2+ 174.0 Cu(NO3)2.3H2O 

3 Zn2+ 967.2 Zn(NO3)2.6H2O 

4 Mn2+ 355.0 MnCl2.4H2O 

5 Ni2+ 278.0 NiCl2.6H2O 

6 Cd2+ 37.0 Cd(NO3)2.4H2O 

Table 3.10. pH values of different leachate solutions 

Sl. No. Type of leachate pH 

1 MSW leachate  5.21 

2 Synthetic MSW 4.87 

3 Fly ash 4.01 

4 Paper mill  4.27 

5 Sewage sludge 4.63 

3.5. Determination of hydraulic conductivity and Consolidation 

characteristics 

To estimate the hydraulic conductivity values, consolidation tests were performed as per 

the guidelines laid down in ASTM-D2435 (1996) (Fig. 3.6). The consolidation experiment 

is quick and provides hydraulic conductivity values at different void ratios. Several 

investigators (Budhu et al., 1991; Sivapullaiah et al., 2000) have followed this procedure, 

which offers quite satisfactory results of hydraulic conductivity as compared to the directly 

obtained values. 

Bentonites were mixed with water at their respective optimum moisture contents and 

were placed in a moisture-controlled desiccator for 24 h to achieve the moisture 

equilibrium. The moisture-equilibrated samples were then statically compacted in 

oedometer rings of a diameter of 60 mm to a thickness of 15 mm to its MDD. The whole 

assembly was then placed in the consolidation cell and positioned in the loading frame. The 

specimens were swamped in the DI water or to the respective various metal concentration 
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under the nominal pressure of 4.9 kPa and permitted to swell. The samples were 

consolidated by increasing the pressure slowly by an increment ratio of 1 (i.e., increased 

by 4.9, 9.8, 19.6 kPa at each step) to a maximum pressure of 784.8 kPa once the swelling 

was analysed. Then the change in the thickness of the soil sample was measured for each 

pressure increment from the dial gauge readings.  

 

Fig. 3.6. Consolidation setup in the laboratory and its schematic diagram 
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The change in the void ratio corresponding to the increase in the overburden pressure 

was calculated as given in Eq. 3.1. 

0(1 )H e
e

H

 
   (3.1) 

Where, e0 indicates the initial void ratio; H represents the initial thickness of the soil 

sample; while the alteration in the thickness of soil sample because of the rise in overburden 

pressure is denoted by ΔH.  

By applying Taylor square-root-of-time method (Taylor, 1948) at every load increment 

a time-settlement plot (example shown in Fig. 3.7) was plotted and then the coefficient of 

consolidation (cv) was calculated (Eq. 3.2). 

2

90

v
v

D T
c

t
  (3.2) 

Where,  

t90 = Time at 90% degree of consolidation (U) 

U = Degree of consolidation 

D = H/2 for double drainage 

= H for single drainage 

Tv = Time factor (0.848 for 90 % of consolidation). 

 

 

Fig. 3.7. Taylor’s square root-of time fitting method (Das, 2006) 
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The coefficient of volume change (mv) was computed by using Eq. 3.3, 

 01
v

e
m

e

  
  

   

 (3.3) 

Where, the change in pressure and change in void ratio are denoted by Δσ and Δe. 

Terzaghi's theory of consolidation (Terzaghi, 1943) was fitted and by using the cv and 

mv, the hydraulic conductivity values (k) was computed for the increment of pressure (Eq. 

3.4) 

wvv mck   (3.4) 

Where, γw denotes the unit weight of the pore fluid. 

The compressibility behaviour of the soil can be indicated by compression index (Cc) of a 

soil and was computed as the slope of the straight-line portion of the void ratio–pressure 

(e- log P) curve as 

log

i j

c
i

j

e e
C

p

p


  

(3.5) 

Where, ei and ej are the void ratio corresponding to the consolidation pressure of pi and 

pj at ith and jth steps of loading, respectively. 

3.6. Estimation of swelling pressure and swelling potential 

The swelling pressure and swelling potential of the samples were obtained from the 

oedometer test setup. A compacted specimen under a load of 4.9 kPa was inundated with 

respective salt concentration. As specimens start to absorb the liquid, it starts to swell. After 

the completion of swelling, the sample was consolidated by adding progressive pressure 

beginning with 4.9 kPa and finishing with 784.5 kPa. Then, swelling pressure was 

determined as the pressure applied to bring back the swollen specimen to its initial volume; 

whereas, the swelling potential determined as the percentage increase in the volume of the 

soil due to swelling. Sridharan and Gurtug (2004) have explained the minutiae of this 

procedure. 

The point SP in Fig. 3.8 corresponds to swelling pressure of the compression curve. 

Swelling potential (SP) for the samples was calculated as: 
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01

e
SP

e





 (3.6) 

Where, Δe is the change in the void ratio of the sample due to swelling and e0 is the 

initial void ratio before swelling. 

 

Fig. 3.8. Determination of swelling pressure and swelling potential 

3.7. Unconfined compression test 

Unconfined compressive strength (UCS) of the bentonite samples were performed as 

per ASTM-D2166 (2016). Bentonites were mixed with DI water and various permeants at 

OMC and MDD of DI water. Cylindrical bentonite samples of 38 mm diameter and 76 mm 

height were prepared. To simulate the un-drained condition, Unconfined compressive 

strength (σc) was conducted under a constant strain rate (1.25 mm/min) during the 

experiment. The unconfined compressive strength of the bentonite samples was analysed 

from the Eq. 3.7. 

c

P

A
   (3.7) 

Where, c Unconfined compressive strength (kPa), 

P = Applied load (kN) and 
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A = Corresponding average cross-sectional area (mm2) 

(1 )

A
A






 (3.8) 

Where, A  Initial average cross-sectional area of the specimen (mm2), Axial strain 

(%), 
l

l


  x100, l Change in length of the specimen (mm), l The initial length of the 

specimen (mm). 

 

Fig. 3.9. Unconfined compressive strength (UCS) testing machine 

3.8. pH Study 

The process of adsorption is controlled by the pH of the mixture. The pH is an important 

parameter, which governs the process of adsorption. Therefore, the adsorption of various 

metals at pH ranges from 2-8 was examined by both the bentonites (pH electrode, 

Systronics, Ahmedabad, Gujarat, India). The study was performed at 28 ± 1 °C at a 

concentration of 1000 mg/L. Bentonite weighing 5 gm was added to a conical flask having 
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100 mL of metal solutions.  Using 0.1M HNO3 and 0.1NaOH, the pH of the solution was 

balanced. The solution was then shaken at 150 RPM using a rotary shaker. The supernatant 

was separated by centrifugation (10 min at 3000 rpm). By using an atomic absorption 

spectrophotometer (AAS), metal concentration was analyzed (55 B, Spectra AA, Agilent 

Technologies, Santa Clara, CA). 

3.9. Batch Study 

The batch study was performed as per ASTM-D4646-03 (2008) to determine the 

sorption capacity of metals on two different bentonites. Different concentrations of metals 

ranging from 100 to 2000 mg/L were prepared from the stock solutions. In a 250 mL conical 

flask, 5g of soil sample was mixed with 100 mL of metal solution at different initial 

concentrations.  

 

Fig. 3.10. Batch adsorption study 
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The pH was adjusted to 5 ± 0.1 by adding NaOH and HNO3 of 0.1M. On a rotary shaker, 

the solution was agitated for 24 h at room temperature (28 ± 1ºC). The solution was then 

centrifuged at 3000 rpm for 10 minutes. The supernatant obtained was then filtered using 

Whatman 42 filter paper, and the concentration was analyzed in AAS. 

The amount of metal adsorbed on the bentonites was determined using the following 

equation (Eq. 3.9). 

0( )e
e

C C V
q

m




 
(3.9) 

Where, qe is the amount of metal ions adsorbed on bentonite clay (in mg/g), C0 is the 

initial concentration of metal (in mg/L), Ce is the aqueous concentration of metal in 

equilibrium solution (in mg/L), V is the volume of metal solution (in L), and m is the mass 

of the adsorbent (in g). All the tests were performed in triplicates. 

The percentage removal (PR) and the quantity of heavy metals adsorbed was calculated 

as, 

100i e

i

C C
PR

C


                                                                                                    (3.10) 

3.10. Sorption isotherm study 

Isotherm study is a noble path, to comprehend the behaviour of surface sorption. The 

Langmuir isotherm model (Langmuir, 1918) is a considerably followed isotherm model, 

which suspects monolayer adsorption on the surface incorporating a fixed number of 

sorption sites. Once the sites are packed, there is no additional sorption happens. The 

following expression represents the Langmuir isotherm model: 

1

max e
e

e

bq C
q

bC



 (3.11) 

Where, qmax is the maximum quantity of contaminant sorbed per unit mass of the 

adsorbent (bentonite) and b is a constant related to the affinity of binding sites.  

Whether the Langmuir adsorption process is favourable or not can be analyzed by using 

separation factor RL. 
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1

1
L

e

R
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 (3.12) 

Where, RL is dimensionless separation factor and Ce is the maximum initial 

concentration of the metal ion (mg/L). 
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The Freundlich isotherm model (Freundlich, 2002) is the frequently used model based 

on the assumption that the adsorption can take place on a heterogeneous surface. Freundlich 

model does not predict limited surface coverage. It, however, specifies the exponential 

distribution of active adsorption sites and their energies. The Freundlich isotherm model 

can be denoted by the following equation. 

1/n

e f eq K C  (3.13) 

Where, n and Kf are constants which denotes the retention intensity and the relative 

retention capacity of solid surface, respectively. 

3.11. Kinetic study 

In batch mode, the kinetic study was conducted on both bentonites. Five gram of 

bentonite soil was mixed with 100 mL of 500 mg/L of the metal solution in a conical flask. 

The pH of the solution was adjusted to 5 ± 0.1 by using 0.1M HNO3 and 0.1 M NaOH 

solution. The test was carried out at room temperature. The solution was shaken in a rotary 

shaker for a shaking time ranges from 5 to 200 minutes at 150 rpm. Then the solution was 

centrifuged and was analyzed by AAS. It is essential to understand the mechanism of the 

adsorption process and the rate-controlling steps while designing adsorption systems. 

Numerous kinetic models are existing, and the pseudo-first-order kinetic model and 

pseudo-second-order kinetic model are the most extensively used for explaining the kinetic 

data. 

Lagergren (1898), in the 19th century, proposed Pseudo-first-order kinetic model, also 

known as the first-order rate equation. The equation of Pseudo-first-order kinetic model 

can be expressed as; 
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  1 –    –  t e eln q q lnq k t  (3.14) 

Where, qt (mg/g) is adsorbed amount of metal on bentonite in contact time, t (min); k1 

is the first-order rate constant (min-1). 

The pseudo-second order kinetic model was first derived by Blanchard et al. (1984). The 

pseudo-second order kinetic model is commonly applied when overall sorption kinetics is 

controlled by the rate of adsorption process. The equation of pseudo-second-order kinetic 

model can be expressed as 

2

2

1 1
( )

( )t e e

t
t

q k q q
   (3.15) 

Where, k2 (g/mg min) is the rate constant of the second order equation, and qe is the 

amount of adsorption equilibrium (mg/g). 
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Environmental pollution is 

an incurable disease. It can 

only be prevented. 

- Barry Commoner 

 

 

4 

Influence of heavy metals on 

the behaviour of bentonites 

4.1. Introduction 

Metal pollution is a serious issue worldwide due to rapid increase in industrial activity. 

Several toxic metals have been released in the system as industrial pollutants, triggering 

severe environmental pollution. Metal contaminants pollute the environment and can cause 

severe health issues. Some of the heavy metal like zinc, copper, nickel and iron are 

important for human beings in trace amounts for proper catalytic functions. However, 

excess use of these heavy metals may disturb the metabolism of the human being. 

In many countries, the most accepted way of discarding the waste is landfilling.  

Leachates produced from the waste materials change the physico-chemical properties of 

bentonite clay that is generally considered as a liner material in a landfill. Bentonite is an 

extensively utilized as a liner material in landfill because of its lower hydraulic 

conductivity, high swelling capacity, adsorption capacity, montmorillonite content, 

chemical stability and low cost (Dutta and Mishra, 2016; Pawar et al., 2016). Metals present 

in the leachate is of most significant concern since it can cause detrimental impacts on the 

ecosystem. The existence of heavy-metal pollutant in the leachates disturbs the pore-fluid 

chemistry of the bentonite clay particles and affects its diffuse double layer (DDL). Due to 
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the presence of metal ions in the leachate, the swelling behaviour and consequently, the 

hydraulic conductivity may get altered significantly (Dutta and Mishra, 2016). 

The most critical parameters which should be considered while designing a liner system 

for the landfill are hydraulic conductivity, compressibility, shear strength and adsorption. 

Harmful pollutant present inside the landfill may alter the properties of liner material, 

causing a reduction in efficiency. As a result, the flow path opens, and consequently, the 

hydraulic conductivity rises. Hence, it is crucial to investigate the variation in hydraulic 

behaviour along with sorption in the existence of heavy metal. Several well-documented 

studies have reported for effective removal of heavy metals such as Cu2+ (Freitas et al., 

2017; Glatstein and Francisca, 2015; Karapinar and Donat, 2009), Pb2+ (Baylan and 

Meriçboyu, 2016; Deka and Sekharan, 2017; Pawar et al., 2016), Zn2+ (Araujo et al., 2013; 

Kaya and Ören, 2005; Kubilay et al., 2007) and Ni2+ (Futalan et al., 2011; Liu and Zhou, 

2010; Vhahangwele and Mugera, 2015; Vieira et al., 2010) employing bentonite. 

Numerous research groups have concentrated on the hydraulic characteristics of bentonite 

clays and their uses in landfills as a barrier material in the existence of several chemicals 

(Dutta and Mishra, 2015; Dutta and Mishra, 2016; Ören and Akar, 2017).  In the past, very 

few investigations have been reported on the effect of various metals, leachate and 

mineralogical parameters on swelling, hydraulic conductivity, compressibility, shear 

strength and sorption behaviour of bentonite together. Since chemical and mineralogical 

properties in bentonite vary depending on its source of origin, its behaviour may differ 

considerably depending on its mineralogical composition. Hence, it is essential to compare 

the alteration in the characteristics of bentonites in the incidence of various metal ions.  

The objective of this research was to study the hydraulic conductivity, compressibility, 

shear strength and adsorption characteristics of heavy metals (Pb2+, Cu2+, Zn2+) on two 

different Indian bentonites having diverse mineralogical and chemical characteristics. Two 

bentonites with different mineralogical composition, which was reflected in their different 

liquid limit, CEC, montmorillonite content and free swelling value, were evaluated for their 

change in free swelling, liquid limits, hydraulic conductivity, swelling potential, swelling 

pressure and various consolidation parameters such as compression index (Cc), coefficient 

of consolidation (cv) and time to complete 90% of the consolidation (t90) due to the presence 

of various concentrations of Pb2+, Cu2+, and Zn2+ ions. Further, to study the effect of shear 

strength on the behaviour of compacted bentonites in the presence of these solutions, UCS 

experiments were also carried out on bentonite samples. Some experimental parameters, 

i.e. pH, bentonites dose, initial concentration and contact time have been used as a function 
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to determine the capacity of bentonites to adsorb metal ions. Different isotherm and kinetic 

model have been fitted. This investigation will be beneficial to design the practical and 

economic barrier system to prevent the pollutant leaching in the landfills. This study also 

contributes a new data set within a concentration ranges from 100 to 2000 mg/L of the 

metal ion. 

4.2. Results and discussions 

4.2.1. Influence of heavy metals on Liquid limit 

The impacts of various Pb2+, Cu2+, and Zn2+ concentrations on the bentonite’s liquid 

limit are represented in Fig. 4.1. The plot reveals that the liquid limit decreased 

correspondingly to an increment in the heavy metal ion concentration. The decrease was 

more prominent for Bentonite-1 than Bentonite-2. The liquid limit of Bentonite-2 lowered 

from 305.0% with DI water to 200.0%, 204.0%, and 197.0% for Zn2+, Pb2+, and Cu2+ 

solutions with 2000 mg/L concentration, respectively; while, for a similar increase in 

concentration, the liquid limit of Bentonite-1shrank from 480.0% with DI water to 297.0%, 

306.0%, and 292.0% for Zn2+, Pb2+, and Cu2+ solutions, respectively. The principal cause 

for this remains the development of a comparatively huge diffuse double layer (DDL) 

thickness for Bentonite-1 than Bentonite-2. A diminishing interparticle repulsion, 

attributed to an increase in metal ion concentrations, decreases the liquid limit as the 

particles transport freely at lesser water content or interparticle distances (Sridharan, 1975; 

Warkentin, 1961). 

An assessment of the liquid limit values for both bentonites at the same concentration 

levels indicates that Bentonite-1, with greater amounts of CEC, ESP, and SSA, compared 

to Bentonite-2, exhibited a higher liquid limit value. Also, Bentonite with Pb2+ as pore fluid 

displayed the highest liquid limit value compared to other heavy metal ions. 
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Fig. 4.1. Liquid limits of Bentonite-1 and -2 in the presence of different concentrations 

of heavy metals 

4.2.2. Influence of heavy metals on free swelling 

The influence of various concentration of lead, zinc, and copper ions on bentonites' free 

swelling is presented in Fig 4.2. A decline in the bentonite's free swelling corresponding to 

an increase in the heavy metals concentration was observed, with a steeper decline for 

Bentonite-1 than Bentonite-2. Furthermore, Bentonite-1 displayed an insignificant 

reduction for the concentration increment from 0 to 100 mg/L; however, a significant 

decline was observed for higher concentrations, i.e., from 100 to 2000 mg/L. For instance, 

for Bentonite-1, the free swelling values lowered to 31.0 mL/2g at Pb2+ value of 100 mg/L, 

from an initial amount of 32.5 mL/2g for DI water. However, when the Pb2+ value reached 

2000 mg/L from 100 mg/L, the free swelling values decreased to 8.5 mL/2g from 31.0 

mL/2g. Similarly, for Bentonite-2, the free swelling values lowered to 19.0 mL/2g at Pb2+ 

value of 100 mg/L, from an initial value of 20.0 mL/2g for Pb2+ value at 0 mg/L. However, 

when the Pb2+ value reached 2000 mg/L from 100 mg/L, the free swelling values decreased 

to 6.5 mL/2g from 19.0 mL/2g. A more significant drop in the free swelling for Bentonite-

1 may be associated with a higher decline in DDL thickness, principally because of heavy 

0

100

200

300

400

500

600

0 500 1000 1500 2000

L
iq

u
id

  
li

m
it

 (
%

)

Heavy metal ion concentration (mg/L)

Lead Copper Zinc

Solid line for Bentonite-1

Dashed line for Bentonite-2

TH-2771_156104018



  Influence of heavy metals on the behaviour of bentonites 

 

Indian Institute of Technology Guwahati 79 

metals. The plot shows that the bentonite swelled to a higher value in the presence of Pb2+ 

solution, followed by Zn2+ and Cu2+ solutions. 

 

Fig. 4.2. Plots for the free swelling of Bentonite-1 and -2 in the presence of different 

concentrations of heavy metals 

4.2.3. Influence of heavy metals on Swelling pressure 

Table 4.1. Swelling Pressure of Bentonite-1 and -2 in the presence of heavy metals 

 

The influence of metal ion concentrations on the swelling pressure of bentonite 

compacted at OMC-MDD, is represented through Table 4.1, showing an inverse 
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Concentration 

(mg/L) 

Swelling Pressure (kPa) 

Bentonite-1 Bentonite-2 

Cu2+ Pb2+ Zn2+ Cu2+ Pb2+ Zn2+ 

0 (DI water) 460.9 460.9 460.9 392.6 392.3 392.3 

100 380.6 425.0 370.6 310.8 322.8 297.8 

500 320.6 335.0 300.8 280.0 290.5 277.4 

1000 250.2 270.0 247.6 244.1 260.8 240.4 

2000 228.7 237.9 210.1 230.1 239.9 223.6 
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relationship between the swelling pressure and metal ion concentrations in the pore fluid 

for both bentonites. 

Similar to the free swelling and liquid limit, the swelling pressure of Bentonite- 1was 

also observed to have a more considerable impact than Bentonite-2 due to the presence of 

heavy metal ions in the pore fluid. For samples representing Bentonite-1, when compacted 

at OMC-MDD, a reduction in the swelling pressure from 460.9 kPa with DI water to 228.7 

kPa (i.e., 50.4% reduction) due to the presence of 2000 mg/L of Cu2+ solution was obtained. 

Similarly, with an equivalent increment in concentration, Bentonite - 2's swelling pressure 

declined to 230.1 kPa from an initial value of 392.6 kPa (i.e., a 41.4% reduction). Since the 

DDL reduction as a result of metal additions was also higher for Bentonite-1 compared to 

Bentonite-2, a more substantial decrease in the swelling pressure was observed for 

Bentonite-1. Table 4.1 also reveals that Pb2+ ions shows higher value of swelling pressure 

than Cu2+ ions, followed by Zn2+ ions. Additionally, the contrast in effect was more 

prominently observed for 2000 mg/L compared to 100 mg/L. 

4.2.4. Influence of heavy metals on Swelling potential 

Table 4.2 presents the influence of heavy metals and initial water content on the 

bentonites' swelling potential. It was observed that the swelling potential reduced with an 

increment in metal concentration. A more significant swelling potential value was obtained 

for the solution containing Pb2+ than Cu2+ and Zn2+ solutions. pH conditions affect the 

adsorption rate, which increases as the solution becomes more acidic. The pH values of 100 

mg/L Pb2+, Cu2+, and Zn2+ solutions were measured to be 4.75, 5.31, 5.78, respectively; 

whereas, for 2000 mg/L Pb2+, Cu2+, and Zn2+ solutions the pH were 3.80, 4.39, 5.08, 

respectively. The Pb2+ solution was found to have the highest pH among all three solutions, 

resulting in the least adsorption rate. Thus, when permeated with lead solution, the 

bentonite's swelling potential was the highest, primarily because of insufficient interaction 

between Pb2+ ions and bentonite, thus resulting in the precipitation of Pb2+ (Ouhadi et al., 

2006). Samples representing Bentonite-2, when compacted at OMC - MDD, displayed a 

swelling potential value of 23.7% with DI water, further reducing to 16.0, 15.9, and 13.2% 

with 2000 mg/L of Pb2+, Zn2+, and Cu2+ solution, respectively. Similarly, for Bentonite-1, 

the samples displayed the swelling potential of 34.3% with DI water, with a further 

reduction to 14.3, 12.7, and 9.5% after permeation with 2000 mg/L of Pb2+, Zn2+, and Cu2+ 

solution, respectively. 
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Table 4.2 Swelling potential of Bentonite-1 and -2 in the presence of heavy metals 

4.2.5. Influence of heavy metals on Time swelling relationship 

Fig. 4.3 - 4.8 explain the relation between bentonite swelling, denoted by percentage, 

and time elapsed for samples due to various Pb2+, Zn2+, and Cu2+ concentrations. The time-

swelling plot, irrespective of initial compaction condition as well as saturating fluid, was 

observed to follow an “S” shaped curve, wherein the bentonite's initial swelling was 

gradual, followed by a steep rise and finally reached an asymptotic point. The plots show 

that the samples with heavy metals ions swelled in three distinct stages of swelling, i.e., 

initial, primary, and secondary (Mishra et al., 2009; Rao et al., 2006). Initial swelling is 

primarily associated with the macrostructure swelling, whereas, microstructure swellings 

contribute primary and secondary swellings (Rao et al., 2006).  

Fig. 4.3 - 4.8 indicate a decline in the time needed to complete primary swelling with 

the increase in the heavy metal ion concentrations. A comparison between both bentonites 

showed that for the same time elapsed, the swelling percentage was more extensive for 

Bentonite-1 than Bentonite-2. Besides, Pb2+ played a more significant role in the swelling, 

compared to Zn2+ and Cu2+ solutions, irrespective of the bentonite types. 

Concentration 

(mg/L) 

Swelling Potential (%) 

Bentonite-1 Bentonite-2 

Cu2+ Pb2+ Zn2+ Cu2+ Pb2+ Zn2+ 

0 (DI water) 34.3 34.3 34.3 23.7 23.7 23.7 

100 27.0 32.7 23.2 22.0 21.5 23.1 

500 20.5 25.7 21.1 17.9 20.6 21.1 

1000 12.3 22.3 16.5 14.5 17.9 16.5 

2000 9.5 14.3 12.7 13.2 16.0 15.9 
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Fig. 4.3. Time–swelling plot for Bentonite-1 compacted at MDD-OMC in the presence 

of various Pb2+ concentration 

 

Fig. 4.4. Time–swelling plot for Bentonite-2 compacted at MDD-OMC in the presence 

of various Pb2+ concentration 
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Fig. 4.5. Time–swelling plot for Bentonite-1 compacted at MDD-OMC in the presence 

of various Zn2+ concentration 

 

Fig. 4.6. Time–swelling plot for Bentonite-2 compacted at MDD-OMC in the presence 

of various Zn2+ concentration 
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Fig. 4.7. Time–swelling plot for Bentonite-1 compacted at MDD-OMC in the presence 

of various Cu2+ concentration 

 

Fig. 4.8. Time–swelling plot for Bentonite-2 compacted at MDD-OMC in the presence 

of various Cu2+ concentration 
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4.2.6. Influence of heavy metals on Hydraulic conductivity 

Several factors, such as characteristics of the permeant, soil structure, and void ratio, 

can affect the hydraulic conductivity of bentonites (Lambe, 1955). To investigate the effect 

of heavy metals (Pb2+, Cu2+, Zn2+) on hydraulic conductivity at different void ratios, the 

hydraulic conductivity value of both bentonites at different void ratios were computed from 

the oedometer test results. The plot in Fig. 4.9 to 4.11 shows the relationship between 

hydraulic conductivity and void ratio of two different bentonites in the presence of heavy 

metal solution. It shows that the hydraulic conductivity of both the bentonites rises with the 

rise in heavy metal concentration. The hydraulic conductivity rises marginally when the 

metal concentration rises from 0 to 100 mg/L. With a further rise to 2000 mg/L, the 

hydraulic conductivity value increased significantly. This is primarily due to the reduction 

in the repulsive forces between the clay particles with the increase in metal concentration, 

thereby triggering a decline in the diffuse double layer thickness (Dutta and Mishra, 2016). 

 

Fig. 4.9. Void ratio-hydraulic conductivity plots for Bentonite-1 and -2 compacted at 

MDD-OMC in presence of various concentration of Pb2+ 
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Fig. 4.10. Void ratio-hydraulic conductivity plots for Bentonite-1 and -2 compacted at 

MDD-OMC in presence of various concentration of Cu2+ 

 

Fig. 4.11. Void ratio-hydraulic conductivity plots for Bentonite-1 and -2 compacted at 

MDD-OMC in the presence of various concentrations of Zn2+ 
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At a void ratio of 1.3, the hydraulic conductivity values at different Pb2+ and Zn2+ 

concentrations were determined and tabulated in Table 4.3 and 4.4. It can be observed from 

Table 4.3 that the hydraulic conductivity value is prominent at higher levels of Pb2+ 

concentration of the solution. With the increase in Pb2+ concentration from 0 to 100 mg/L, 

the hydraulic conductivity value increased from 7.10×10-10 to 8.76×10-10 cm/sec for 

Bentonite-1. The hydraulic conductivity value increased further to 2.09×10-8 cm/sec, with 

a further increase in the concentration to 2000 mg/L. Similarly, for Bentonite-2 with the 

increase in Pb2+ concentration from 0 to 100 mg/L, the hydraulic conductivity value 

increased from 1.53×10-9 to 2.62×10-9 cm/sec, but with a further rise in the concentration 

to 2000 mg/L, the hydraulic conductivity value increased up to a value of 7.49×10-10 

cm/sec.  

Table 4.3 Hydraulic conductivity of bentonites at a void ratio of 1.3 for Pb2+ 

Concentration (mg/L) 
Hydraulic conductivity (cm/sec) 

Bentonite-1 Bentonite -2 

DI Water 7.10×10-10 1.53×10-09 

100 8.76×10-10 2.62×10-09 

500 1.37×10-09 3.16×10-09 

1000 3.90×10-09 4.39×10-09 

2000 2.09×10-08 7.49×10-09 

Table 4.4. Hydraulic conductivity values of bentonites at a void ratio of 1.3 for Zn2+ 

Concentration (mg/L) 
Hydraulic conductivity (cm/sec) 

Bentonite-1 Bentonite -2 

DI Water 7.10×10-10 1.53×10-09 

100 1.30×10-09 2.70×10-09 

500 3.30×10-09 5.00×10-09 

1000 6.20×10-09 9.30×10-09 

2000 2.80×10-08 1.30×10-08 

Likewise, it was found that with the rise in concentration in Zn2+ the value of hydraulic 

conductivity raised from 1.53×10-09 to 2.70×10-09 cm/sec for Bentonite-2 at an initial 

concentration ranges from 0 to 100 mg/L; whereas, at 2000 mg/L, 1.30×10-08 cm/sec of 

hydraulic conductivity value was observed (Table 4.4). Similarly, Bentonite-1 showed that 
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an increment of hydraulic conductivity value from 7.10×10-10 to 1.30×10-09 cm/sec at 

concentration ranges from 0 to 100 mg/L and 2.80×10-08 cm/sec with further increase in 

Zn2+ concentration to 2000 mg/L. 

Furthermore, similarly the hydraulic conductivity value was evaluated for both the 

bentonites permeated with different concentration of Cu2+ solution at a void ratio of 1.1. 

From Table 4.5, it can be observed that Bentonite-1 shows a hydraulic conductivity value 

of 5.30×10-10 cm/sec with the increase in Cu2+ concentration from 0 to 100 mg/L. With 

further increase in concentration to 2000 mg/L, the hydraulic conductivity value was 

1.89×10-8 cm/sec. Similarly, Bentonite-2 shows a hydraulic conductivity value of 1.03×10-

9 cm/sec and 5.41×10-9 cm/sec with the increase in Cu2+ concentration from 0 to 100 and 

2000 mg/L, respectively. 

Table 4.5. Hydraulic conductivity of bentonites at a void ratio of 1.1 for Cu2+ 

Concentration (mg/L) 
Hydraulic conductivity (cm/sec) 

Bentonite-1 Bentonite -2 

DI Water 3.25×10-10 6.73×10-10 

100 5.30×10-10 1.03×10-9 

500 7.32×10-10 1.21×10-9 

1000 3.41×10-9 1.91×10-9 

2000 1.89×10-8 5.41×10-9 

The two bentonites were compared for a given void ratio and concentration and the 

outcome depicts that, in the presence of heavy metals, Bentonite-1 indicates significant 

influence in comparison to Bentonite-2. With the rise in Pb2+, Cu2+, Zn2+concentration from 

0 to 100 mg/L, Bentonite-1 shows a 1.23, 1.8, 1.63 times increase in hydraulic conductivity 

values; whereas, for Bentonite-2 it increased by 1.71, 1.76, 1.53   times. However, with 

elevated concentration levels of Pb2+, Cu2+, Zn2+ from 0 to 2000 mg/L, the hydraulic 

conductivity was found to increase by 29.4, 39.43, 58.15 times of Bentonite-1 and 4.9, 8.50, 

8.04 times for Bentonite-2, respectively. 

4.2.7. Influence of heavy metals on compressibility behaviour of bentonite 

The void ratio - pressure relation for both bentonites at varying heavy metal 

concentration levels is depicted through Fig. 4.12-4.14. Under any designated consolidation 

pressure, a lower value of the void ratio was observed for samples with heavy metals 
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compared to DI water. This reduction in the void ratio values corresponds to the higher 

adsorption of ions on the clay surfaces, making them closer to each other as the repulsive 

forces diminish, thus, eventually, decrease the DDL thickness. A marginal decrement in 

the void ratio was observed for Zn2+ and Cu2+, compared to the Pb2+ solution. 

The void ratio of Bentonite-1 was reduced to a more significant extent compared to 

Bentonite-2, signifying a higher compressibility value for the higher swelling bentonite in 

the presence of heavy metals. The higher void ratio reduction was principally attributed to 

the dispersion of a considerable number of cations in montmorillonite's interlayer, reducing 

the inter-particle counterforces. 

 

Fig. 4.12. Void ratio-pressure plots for Bentonite-1 and -2 in the presence of various 

Pb2+ concentration at OMC-MDD 
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Fig. 4.13. Void ratio-pressure plots for Bentonite-1 and -2 in the presence of various 

Cu2+ concentration at OMC-MDD 

 

Fig. 4.14. Void ratio-pressure plots for Bentonite-1 and -2 in the presence of various 

Zn2+ concentration at OMC-MDD 
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4.2.8. Coefficient of consolidation (cv) 

The cv implies the consolidation rate of a saturated specimen on the application of a 

surcharge load. The cv value is used to evaluate the settlement rate and hydraulic 

conductivity of the soil. A higher value of cv indicates a quicker consolidation rate and vice 

versa. 

Fig. 4.15, 4.16 and 4.17 indicate that with a rise in the consolidating pressure, the cv of 

bentonites decreases implying a slow consolidation rate at a more considerable pressure. 

As the pressure increases, the void ratio of the clay particles come closer to each other 

because of a reduction in DDL thickness and causing an increase in repulsive forces among 

clay particles. With a further increase in the load, the net decrease in void ratio decrease as 

the repulsion between the particles prevent further movement. This results in the decline in 

cv value by inhibiting the further movement of the clay particles. Though, for sand-

bentonite mixtures, a reverse trend was detected by Mishra et al. (2010). Fig. 4.15 to 4.17 

also demonstrates that as the heavy metal concentration increases in the pore fluid, the cv 

value of the bentonite also increases. The increase in the cv with the increase in the 

concentration is due to a reduction in the DDL thickness. As the compressibility of the 

bentonite particles primarily depends upon the repulsive pressure which are controlled by 

physicochemical factors (Olson and Mesri, 1970), any change in these physicochemical 

factors such as consolidation pressure and salt concentration also brings a difference in the 

repulsive force. As the repulsive pressure between the particles decreases, the particles 

move to a closer spacing quickly on the addition of consolidating pressure causing an 

increase in cv. Presence of metal ions in pore fluid, the DDL thickness is reduced, causing 

a reduction of a higher range of repulsive forces and as a result the settlement of the samples 

occurs at a faster rate. The data also indicate that the influence of different concentrations 

of metal ion considerably affects the decrease in cv value with the rise in consolidation 

pressure. 
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Fig. 4.15. Plot between the coefficient of consolidation and pressures of Bentonite-1 

and -2 in the presence of various concentrations of Pb2+ 

 

Fig. 4.16. Plot between the coefficient of consolidation and pressures of Bentonite-1 

and -2 in the presence of various concentrations of Cu2+ 
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Fig. 4.17. Plot between the coefficient of consolidation and pressures of Bentonite-1 

and -2 in the presence of various concentrations of Zn2+ 
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reduces and due to that, the repulsion among clay plates increases. This will avoid further 

movement of the clay plates and results in a reduction in the cv value and rise in t90.  

The data also indicate that the influence of concentration on the t90 as well. With the 

decrease in heavy metal concentration, the t90 value increased. As the concentration of 

heavy metal decreases, the rate of consolidation decreases, subsequently time required to 

complete the consolidation increases causing an increase in t90. 

The t90 value increased from 225.0 to 900.0 minutes and 96.0 to 645.2 minutes when 

Bentonite-1 and-2 were permeated with DI water and exposed to a consolidation pressure 

range from 49.0 to 784.5 kPa. However, at 2000 mg/L concentration of Pb2+, it increased 

from 53.3 to 368.6 minutes and 35.4 to 576.0 minute. Similarly, the t90 rose from 12.3 to 

547.56 minutes and 49.0 to 424.4 minutes in the presence of 2000 mg/L of Cu2+ solution.  

Likewise, the plot in Fig. 4.20 also reveals that for Zn2+ infused with 2000 mg/L of Zn2+ 

solution the t90 value raised from 17.6 to 368.6 minutes and 17.6 to 342.3 minutes for 

Bentonite-1 and -2, respectively. 

 

Fig. 4.18. Plot between the time for 90% of consolidation and consolidation pressures 

of Bentonite-1 and -2 in the presence of various concentrations of Pb2+ 
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Fig. 4.19. Plot between the time for 90% of consolidation and consolidation pressures 

of Bentonite-1 and -2 in the presence of various concentrations of Cu2+ 

 

Fig. 4.20. Plot between the time for 90% of consolidation and consolidation pressures 

of Bentonite-1 and -2 in the presence of various concentrations of Zn2+ 
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4.2.10. Compression index (Cc) 

The Cc, which indicates the compressibility nature of the soil, is used for settlement 

analysis of the soil sample. The impact of heavy-metal contaminants on the bentonites' 

compression index (Cc) is depicted in Table 4.6. The Cc of the bentonites was observed to 

decrease due to the infusion of heavy metals, although both bentonites displayed variations 

in behaviours. Bentonite-2 illustrated a decrease of Cc to 0.57, 0.60, 0.57 from 0.72 for 

Cu2+, Pb2+ and Zn2+ concentrations from 0 to 2,000 mg/L, while a considerable abatement 

was observed for Bentonite-1 (from 0.79 to 0.63, 0.60, 0.60 with a similar increase in Cu2+, 

Pb2+ and Zn2+ concentrations), respectively. With the rise in the Cu2+, Pb2+ and Zn2+ 

concentration from 0 to 2000 mg/L, Bentonite-1 shows a 20.3, 24.1, 24.1% reduction in Cc 

values; whereas, for Bentonite-2 it declined by 20.8, 16.7, 20.8%.  The more significant 

decrement in the Cc value for Bentonite-1 is attributed to a more considerate reduction in 

the DDL thickness with the increase in the heavy-metal concentration levels, thereby, 

resulting in the agglomeration of clay particles. 

 

Table 4.6. Compression index of Bentonite-1 and -2 for various concentrations of Zn2+, 

Cu2+ and Pb2+solution 

Concentration 

(mg/L) 

Compression Index (Cc) 

Bentonite-1 Bentonite-2 

Cu2+ Pb2+ Zn2+ Cu2+ Pb2+ Zn2+ 

0 0.79 0.79 0.79 0.72 0.72 0.72 

100 0.76 0.78 0.73 0.64 0.69 0.7 

500 0.72 0.75 0.72 0.63 0.67 0.66 

1000 0.69 0.70 0.62 0.60 0.66 0.62 

2000 0.63 0.60 0.60 0.57 0.60 0.57 

 

4.2.11. Unconfined compressive strength (UCS) of Bentonites 

Fig. 4.21 shows the unconfined compressive strength (UCS) of Bentonite-1 and-2 in the 

presence of DI water and heavy metals (Cu2+, Pb2+, Zn2+). It can be depicted that with the 

rise concentration level (0 to 1000 mg/L) of heavy metals, the strength of both the 

bentonites decreases. With a further rise in concentration level from 1000 to 2000 mg/L, 

the strength of both the bentonite marginally increased. 
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Fig. 4.21. Unconfined compressive strength (UCS) of Bentonite-1 and-2 in the 

presence of DI water and heavy metals 

In the present study, all the samples, irrespective of permeating heavy metal types, are 

compacted corresponds to OMC and MDD obtained for DI water.  The OMC value of 

bentonites mixed with heavy metal lies in the wetter side of the optimum. Therefore, soil 

sample permeated with heavy metal (compacted with OMC and MDD of water) exhibits 

lower OMC and higher MDD value (Shariatmadari et al., 2011). Thus even though the 

MDD value increases, the ultimate strength decreases as the water content shifted towards 

the wetter side. However, it can be observed that in the presence of 2000 mg/L of heavy 

metal solutions (Cu2+, Pb2+, Zn2+) the UCS value marginally increased. The reason may be 

at higher concentration agglomeration of clay particles occurs, which results of a close 

interaction between the grains and consequently the effect of an increase in MDD is more 

than that of reduction in OMC value. 

Samples prepared with Bentonite-2, when compacted at OMC – MDD of water, 

displayed a reduction in strength value of 10.1, 11.7 and 11.2% with the rise in 

concentration from 0 to 2000 mg/L of Cu2+, Pb2+ and Zn2+ solution, respectively. Similarly, 

for Bentonite-1, the samples displayed 8.5, 9.7 and 9.3% with reduction with the increase 

in the concentration from 0 to 2000 mg/L of solution (Table 4.7), respectively.  

Higher-strength for Bentonite-2 is observed as a result of a close interaction between the 

grains, which eventually leads to the lowering of liquid limit and DDL thickness values. 
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Table 4.7 Unconfined compression test of bentonite in presence of heavy metals 

 

The Fig 4.22 to 4.27 represents the stress-strain relationship of Bentonite-1and-2 in the 

presence of DI water and heavy metals (Cu2+, Pb2+ and Zn2+). It can be depicted that, in the 

presence of DI water, the failure occurs at 6.32 and 5.53% of strain level for Bentonite-1 

and -2, respectively. However, in the presence of 2000 mg/L of Cu2+, Pb2+ and Zn2+, the 

failure was detected at 5.2, 4.5, and 4.7% of strain level for Bentonite-1. Similarly, for 

Bentonite-2, the failure strain rate was found to be 5, 5 and 4.21%, respectively. 

 

Fig. 4.22. Axial stress (kPa) vs. strain (%) relationship of the Bentonite-1 in the 

presence of various concentrations of Cu2+ 
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Fig. 4.23. Axial stress (kPa) vs. strain (%) relationship of the Bentonite-2 in the 

presence of various concentrations of Cu2+ 

 

Fig. 4.24. Axial stress (kPa) vs. strain (%) relationship of the Bentonite-2 in the 

presence of various concentrations of Pb2+ 
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Fig. 4.25. Axial stress (kPa) vs. strain (%) relationship of the Bentonite-2 in the 

presence of various concentrations of Pb2+ 

 

Fig. 4.26. Axial stress (kPa) vs. strain (%) relationship of the Bentonite-1 in the 

presence of various concentrations of Zn2+ 
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Fig. 4.27. Axial stress (kPa) vs. strain (%) relationship of the Bentonite-2 in the 

presence of various concentrations of Zn2+ 

4.2.12. pH study  

The plot in Fig. 4.28 to 4.30 shows the relationship between the removal percentage of 

heavy metal and the pH of the solution for two different bentonites. It was observed from 

plots that the pH of the solution, considerably affects the removal percentage of heavy 

metal. Fig. show that with the rise in pH of the solution, the percentage removal of metal 

increased. 
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increase in pH from 5 to 6, the removal percentage of Pb2+ was increased from 90.5% to 

97.3% for Bentonite-1. For Bentonite-2, the removal percentage was found to be increased 

from 88.2% to 96.3%, respectively. Similarly, Fig. 4.29 depicts that the removal of Cu2+ 
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Fig. 4.28. Effect of pH on Pb2+ sorption on bentonites 

 

Fig. 4.29. Effect of pH on Cu2+ sorption on bentonites 
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Fig. 4.30. Effect of pH on Zn2+ sorption on bentonites 
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adsorption and ion exchange of the metals was favoured and removal percentage increased. 

Beyond pH 5, this negative charge density on the surface of bentonite decreased, resulting 

in the lower adsorption of metal ions (Inglezakis et al., 2007). A sharp increase in removal 

percentage was observed due to the formation of metal hydroxyl complexes which 

precipitate on the bentonite structure. Various researchers observed a similar kind of trend 

(Kerisit et al., 2016; Maramis et al., 2012; Pawar et al., 2016; Saha et al., 2003).  

Bentonite -1 showed a higher removal rate as compared to Bentonite - 2 due to its high 

CEC and high SSA The study indicates that for all metals the sorption was observed at pH 

ranges from 4 – 6. Therefore, to avoid precipitation, pH 5 was carefully chosen for further 

studies as an ideal condition. The pH study indicates that in the adsorption process pH of 

the solution is an essential parameter.  

4.2.13. Batch adsorption study  

Fig. 4.31 to 4.33 shows the relationship between the amount of heavy metals (Pb2+, Cu2+, 

Zn2+) adsorbed (qe) on both bentonites for different initial concentrations (Ci) ranging from 

100 to 2,000 ppm. The plots indicate that with the rise in heavy metal concentration, the 

adsorption capacity of the bentonites increased. A very marginal difference in adsorption 

capacity was observed up to 750 mg/L of initial concentration for both the bentonites. 

However, with the rise in concentration beyond 750 mg/L, the adsorption capacity 

increased significantly. The reason can be attributed to the fact that at a lower 

concentration, a considerable number of sorption sites are available on the surface of 

bentonites. With an increase in concentration, these sorption sites are filled up. A higher 

amount of adsorption was observed in Bentonite-1 as compared to Bentonite-2. The 

maximum adsorption capacity of Pb2+, Cu2+ and Zn2+at pH 5 for Bentonite-1 was found to 

be 34.41, 22.80 and 15.32 mg/g for 2000 mg/L of initial concentration; however, for 

Bentonite-2 it was 32.20, 20.40 and 13.82 mg/g, respectively. Variation in the physical and 

chemical characteristics of the adsorbents such as cations associated with the exchangeable 

sites, swelling capacity, specific surface area (SSA), and montmorillonite content causes 

the difference in their sorption capacity (Deka and Sekharan, 2017; Vimonses et al., 2009). 

The study indicated a higher removal of Pb2+, followed by Cu2+ and Zn2+ for both the 

bentonite. The adsorbent’s affinity concerning the metal ions is considerably affected by 

properties of ions such as the ionic radius, hydrated ionic radius, and electronegativity. 
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Table 4.8 depicts the fundamental ionic properties of Pb2+, Cu2+ and Zn2+, indicating a 

higher ionic radius and electronegativity for Pb2+, compared to Cu2+ and Zn2+. Furthermore, 

a smaller hydrated ionic radius also means that the adsorbing capacity of the ions is more. 

This is primarily due to the ease of passage of the smaller ions having smaller hydrated 

ionic radius into the inner pores of the adsorbent surface. Thus, all the governing factors 

resulted in a more significant number of ions adsorbed on the adsorbents pertaining to Pb2+, 

compared to Cu2+ and Zn2+ (Baylan and Meriçboyu, 2016; Milojković et al., 2014). 

Table 4.8. Metal ion characteristic parameters. 

Metal ions Electronegativity Ionic radius (Aº) Hydrated radius (Aº) 

Pb2+ 2.33 1.12 4.01 

Cu2+ 1.9 0.73 4.19 

Zn2+ 1.65 0.74 4.30 

 

 

Fig. 4.31. Effect of initial concentration of Pb2+ on bentonites 

0

5

10

15

20

25

30

35

40

0 500 1000 1500 2000 2500

q
e

(m
g
/g

)

Ci (mg/L)

Bentonite-1

Bentonite-2

TH-2771_156104018



Influence of heavy metals on the behaviour of bentonites 

 

106 Indian Institute of Technology Guwahati 

 

Fig. 4.32. Effect of initial concentration of Cu2+ on bentonites 

 

Fig. 4.33. Effect of initial concentration of Zn2+ on bentonites 
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tendency of the montmorillonite was due to its ability to adsorb water molecules between 

its unit layers. Montmorillonite also adsorbs various metal ions on its surface as a result of 

the existence of negative charge. Adsorption occurs because of the exchange of cations, 

and it happens by the formation of Si–O and Al–O groups on the external surfaces. Since 

the amount of layer charges is higher in the internal surfaces than the edge charges on the 

external surfaces, the cation exchange is generally found differentiated in the inward 

surfaces and the adsorption in outward surfaces (Baylan and Meriçboyu, 2016; Galindo et 

al., 2013). 

In the inside surfaces, the crystal form of montmorillonite includes one octahedral and 

two tetrahedral layers. The central tetravalent silicon (Si4+) can be reconstituted by trivalent 

aluminium particles (Al3+) in the tetrahedral layers, and the trivalent aluminium particles 

(Al3+) can be reconstituted by divalent cations (typically Mg2+ and Fe2+) in the octahedral 

layers. Along these lines, the layers end up being negatively charged. The negatively 

charged layers are consistently adjusted by the hydrated cations within the surfaces. The 

cations being bonded by electrostatic forces for these inside surfaces can be supplanted by 

other cations. When the cation size resembles the pore sizes in the structure of 

montmorillonite, cations can be strengthened into the crystal lattice section, which 

eventually leads to the reduction of the negatively charged layer (Baylan and Meriçboyu, 

2016). Sheta et al. (2003) investigated the sorption properties of natural zeolite and 

bentonite in the presence of zinc and iron and concluded that metal uptake was strongly 

dependent on the mineralogical properties of the soil and type of metals. 

The plot in Figs. 4.34 to 4.36 depicts the removal percentage versus the initial 

concentration of Pb2+, Cu2+ and Zn2+. With the rise in initial metal concentration, the 

removal percentage declined. Primarily, at a lower concentration of heavy metals, an 

enormous amount of sorption sites was present on both the bentonite surfaces. With the rise 

in initial metal concentration, these sorption sites get occupied. Thus, the removal 

percentage of heavy metals declined at higher initial concentrations. The removal 

percentage of Pb2+ obtained for Bentonite-1 was 97.5% at 100 mg/L of initial 

concentration; however, the removal percentage was found to be 85.9% at 2000 mg/L. For 

Bentonite-2, the removal percentage was obtained 97.3% and 80.6% for 100 and 2000 

mg/L of initial Pb2+ concentration, respectively. Likewise, for Cu2+, it was 93.4 and 57.1 % 

by Bentonite-1 and 89.9 and 51.1 % by Bentonite-2 at 100 and 2000 mg/L of the initial 

metal concentration. Similarly, for Zn2+, the removal percentage achieved was 88.8 and 

38.3% for Bentonite-1 and 86.3 and 34.5 % for Bentonite-2, respectively. 
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Fig. 4.34. Percentage removal of the Pb2+ at various initial concentrations 

 

Fig. 4.35. Percentage removal of the Cu2+ at various initial concentrations 
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Fig. 4.36. Removal percentage of the Zn2+ at different initial concentrations 

4.2.14. Isotherm study  
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(a) Langmuir isotherm 

 

(b) Freundlich isotherm 

Fig. 4.37. Linearized Langmuir and Freundlich isotherms for Pb2+ removal by 

bentonites 
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(a) Freundlich isotherm 

 

(b) Langmuir isotherm 

Fig. 4.38. Linearized isotherm models for Cu2+ removal by bentonites 
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(a) Freundlich isotherm 

 

(b) Langmuir isotherm 

Fig. 4.39. Linearized isotherm models for Zn2+ removal by bentonites 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 0.5 1 1.5 2 2.5 3 3.5

lo
g
 q

e
(m

g
/g

)

log Ce (mg/L)

Bentonite-1

Bentonite-2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.02 0.04 0.06 0.08 0.1

1
/q

e
(m

g
/g

)

1/Ce (mg/L)

Bentonite-1

Bentonite-2

TH-2771_156104018



  Influence of heavy metals on the behaviour of bentonites 

 

Indian Institute of Technology Guwahati 113 

Table 4.9. The sorption isotherms parameters for different models for Pb2+, Cu2+ and Zn2+ 

Isotherm 

model 
Parameters 

Pb2+ Cu2+ Zn2+ 

BE-1 BE-2 BE-1 BE-2 BE-1 BE-2 

Langmuir 

Isotherm 

qmax  (mg/g) 20.44 18.55 15.17 14.94 14.06 13.64 

b (L/mg) 0.04 0.04 0.02 0.01 0.02 0.02 

R2 0.98 0.97 0.98 0.97 0.99 0.99 

RL 0.01 0.01 0.03 0.02 0.22 0.21 

Freundlich 

Isotherm 

kf 1.66 1.74 0.91 0.78 0.92 0.85 

1/n 0.93 0.90 0.51 0.54 0.42 0.44 

R2 0.99 0.99 0.99 0.99 0.93 0.92 

BE-1 and BE-2 indicate Bentonite 1 and 2, respectively 

Hence, it specifies that sorption of Pb2+ and Cu2+ takes place in multilayer on the surface 

of the adsorbent and indicates infinite surface coverage. However, for Zn2+, it can be 

observed from Table 3 that the R2 value of the Freundlich isotherm model is lower than the 

Langmuir isotherm model (R2= 0.99), which indicates that the sorption data are fitted 

efficiently with the Langmuir isotherm. Therefore, it shows that sorption of Zn2+ occurs in 

a monolayer on the surface of the bentonite and specifies infinite surface coverage. Ayari 

et al. (2007) reported that for favourable sorption process 0 < R2 < 1; while R2 > 1 indicates 

unfavourable adsorption, and R2 = 1 signifies linear adsorption. 

4.2.15. Dose study 

A dose study was conducted at different bentonite dosages ranging from 0.2 to 5.0 g in 

100 mL of heavy metal solution at a concentration of 100mg/L (Pb2+) and 500 mg/L (Cu2+ 

and Zn2+) for the contact period of 3 h at room temperature (28 ± 1 ºC) maintaining an 

agitation speed of 150 rpm. The plot in Fig. 4.40-4.42 indicates that with the rise in the 

adsorbent dose, the removal rate (%) increased promptly. With the increase in bentonite 

dose, there was an increase in the availability of adsorption site on the bentonite surface. 

As the bentonite dosage increased, Fig. 4.40 demonstrated a gradual rise in Pb2+ removal 

from 50.4 to 98.0% and 28.7 to 97.3%, for Bentonite-1 and -2. Likewise, Fig. 4.41 shows 

that for 5 g of bentonite dose, the removal rates (%) of Cu2+ were 84.8 and 75.5. Similarly, 

the removal of Zn2+ raised from 25.2 to 78.9% and 24.4 to 75.8 % for Bentonite-1 and -2, 

respectively, with the gradual increase in bentonite dose Fig. 4.42. 
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Fig. 4.40. Removal percentage of the Pb2+ at different bentonite dosage 

 

Fig. 4.41. Removal percentage of the Cu2+ at different bentonite dosage 
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Fig. 4.42. Removal percentage of the Zn2+ at different bentonite dosage 
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Fig. 4.43. Quantity of Pb2+ adsorbed at various bentonite dose 

 

Fig. 4.44. Quantity of Cu2+ adsorbed at various bentonite dose 
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Fig. 4.45. Quantity of Zn2+ adsorbed at various bentonite dose 
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were obtained for Bentonite-1 and -2 in 5 minutes. After 80 minutes, the plot of contact 

time for both the bentonite becomes steady-state, and a plateau was observed. 

 

Fig. 4.46. Adsorption kinetics for Pb2+ 

 

Fig. 4.47. Adsorption kinetics for Cu2+ 
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Fig. 4.48. Adsorption kinetics for Zn2+ 
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to the experimental ones, which also confirm the excellent agreement with the sorption 

model.  

 

(a) Pseudo-first-order adsorption kinetics of Pb2+ at pH 5 

 

(b) Pseudo-second-order adsorption kinetics of Pb2+ at pH 5 

Fig. 4.49. Kinetic study of bentonites in presence of Pb2+ 
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(a) Pseudo-first-order adsorption kinetics of Cu2+ at pH 5 

 

(b) Pseudo-second-order adsorption kinetics of Cu2+ at pH 5 

Fig. 4.50. Kinetic study of bentonites in presence of Cu2+ 
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(a) Pseudo-first-order adsorption kinetics of Zn2+ at pH 5 

 

(b) Pseudo-second-order adsorption kinetics of Zn2+ ion at pH 5 

Fig. 4.51. Kinetic study of bentonites in the presence of Zn2+ 
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The outcome of the study also concluded that the mechanism of the adsorption process 

mainly depends on adsorbent (bentonites) and adsorbate (Pb2+, Cu2+, and Zn2+). It also 

concludes that the overall rate-limiting step of the metal sorption process appeared to be 

governed by chemisorption on both the bentonites, which comprises valence forces by 

exchange and sharing of the electron (Barbier et al., 2000; Vimonses et al., 2009). 

Table 4.10. Parameters for adsorption of heavy metals on Bentonites derived from the 

pseudo-first- and second-order kinetic models. 

Kinetic 

model 
Parameters 

Pb2+ Cu2+ Zn2+ 

BE-1 BE-2 BE-1 BE-2 BE-1 BE-2 

Pseudo 1st  

order 

kinetics 

qe  (mg/g) 9.41 9.39 8.07 7.54 7.59 7.48 

K1 (min-1) 0.81 1.11 0.31 0.39 0.42 0.33 

R2 0.84 0.82 0.74 0.90 0.89 0.91 

Pseudo 2nd  

order 

kinetics 

qe  (mg/g) 9.51 9.49 8.48 8.02 7.93 7.66 

K2 (g/ mg min) 0.01 0.01 0.01 0.01 0.01 0.02 

R2 0.99 0.99 0.99 0.99 0.99 0.99 

BE-1 and BE-2 indicate Bentonite-1 and -2, respectively. 

4.2.18. FESEM Study 

FESEM study was performed and photomicrographs were obtained to visualize the 

change in the surface morphology of two bentonites. It can be seen from the Figs. 4.52-

4.54 [(a) and (c)] that because of the presence of montmorillonite mineral, pure bentonites 

show a flaky dispersed structure with loose porous aggregates (Mitchell and Soga, 2005). 

Fig. 4.52 - 4.54 [(b) and (d)] display the surface morphology of Cu2+, Pb2+ and Zn2+ 

adsorbed bentonites, which shows that the pore space gradually diminishes after adsorption 

of heavy metals since the metal ions were adsorbed and trapped in the pore spaces of 

bentonites and adsorption sites presents on the bentonites gets saturated. 
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(a) Bentonite-1 before adsorption (b) Bentonite-1 after batch equilibrium study with 1000 mg/L 
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(c) Bentonite-2 before adsorption (d) Bentonite-2 after batch equilibrium study with 1000 mg/L 

Fig. 4.52. FESEM images of bentonites in presence of Cu2+ 
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(a) Bentonite-1 before adsorption (b) Bentonite-1 after batch equilibrium study with 1000 mg/L 
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(c) Bentonite-2 before adsorption (d) Bentonite-2 after batch equilibrium study with 1000 mg/L 

Fig. 4.53. FESEM images of bentonites in presence of Pb2+ 
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(a) Bentonite-1 before adsorption (b) Bentonite-1 after batch equilibrium study with 1000 mg/L 
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(c) Bentonite-2 before adsorption (d) Bentonite-2 after batch equilibrium study with 1000 mg/L 

Fig. 4.54. FESEM images of bentonites in presence of Zn2+ 
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4.2.19. FTIR study 

FTIR spectra identify the interaction among functional groups existing in the bentonites 

and heavy metal ions. It helps in the identification of different forms of minerals present in 

the clay. The FTIR spectra of both the bentonites before and after adsorption of 1000 mg/L 

of Cu2+, Pb2+ and Zn2+ solution is displayed in Figs. 4.55-4.57 (a) and (b). A detailed band 

analysis is listed in Tables 4.11-4.12. The broad bands observed at 3620.49 cm-1 and 3620.9 

cm-1, which shows the possibility of O–H stretching vibration of the Silanol (Si–OH) 

groups and HO–H vibration of the water adsorbed silica surface for Bentonite-1 and -2 

prior to adsorption. The band at 3700.0 and 3418.5 cm-1 for Bentonite-1 and 3706.41 and 

3439.2 cm-1 for Bentonite-2 also resembles to the O-H stretching vibration (De Oliveira et 

al., 2016). A band at 1637.3 and 1636.2 cm-1 was observed in the FTIR spectra which is 

accredited to the angular vibration of the O-H group and also associated to the adsorbed 

water and the hydration water existing in the bentonite clay. Fig. 4.55-4.57 (a) and (b) 

indicate a strong band near 999.2 and 999.4 cm-1 and also in the region between 1131.6 and 

1037.4 cm-1 is because of Si–O stretching vibration in tetrahedral sheets, which resembles 

to the characteristic band of mineral montmorillonite before adsorption. It also shows 

vibrational frequencies to the band correspond to 795.3 and 911.0 cm-1 conforming to the 

octahedral layers of the alumino-silicate for Bentonite-1. Similarly, for Benonite-2, the both 

frequencies were observed near bands 795.8 and 910.9 cm-1, respectively (Akpomie and 

Dawodu, 2015; De Oliveira et al., 2016; Mudasir et al., 2020). The bending vibration of 

Si–O–Al and Si-O was observed near 691.9 and 523.9 cm-1 from the IR studies of 

bentonites that indicates the presence of quartz (Karapinar and Donat, 2009). 

However, an alteration in the pattern of FTIR was observed after adsorption study which 

attributed to adsorption of Cu2+, Pb2+ and Zn2+ on both the bentonites [Figs. 4.55-4.57 (a) 

and (b)]. An alteration in the broad bands pattern was detected for Cu2+ [Figs. 4.55 (a) and 

(b)] and there were shifts in the frequency of absorption from 3700.0 to 3698.4 cm-1, 3620.4 

to 3616.9 cm-1 and 3418.5 to 3446.8 cm-1 for Bentonite-1. Similarly shift in the frequency 

of absorption from 3706.4 to 3698.7 cm-1, 3620.4 to 3617.7 cm-1 and 3439.2 to 3450.3 cm-

1 was observed in case of Bentonite-2. For Bentonite-1, participation of Si–O group in 

adsorption process can be detected by their alterations in absorption frequency from 1131.6 

to 1115.8 cm-1 and 999.2 to 996.3 cm-1. In case of Bentonite-2, shifts in absorption 
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frequency from 1137.4 to 1116.9 cm-1 and 999.4 to 996.7 cm-1, respectively. Likewise, the 

alteration in the absorption frequency from 795.3 to 793.6 cm-1, 691.9 to 686.5 cm-1 and 

523.9 to 518.7 cm-1 for Bentonite-1 and 795.3 to 794.3 cm-1, 691.9 to 684.8 cm-1 and 523.9 

to 518.7 cm-1 for Bentonite-2 also specifies the involvement of the Si–O–Al linkage in the 

process of adsorption. The shifts in these adsorption bands in FTIR spectra confirm the 

occurrence of the adsorption of Cu2+ in both the bentonites (Akpomie and Dawodu, 2015; 

Mudasir et al., 2020). Similar to Cu2+, alteration in the pattern of FTIR was observed and 

there were shifts in the frequency was detected in presence of Pb2+ and Zn2+, respectively 

(Tables 4.11 and 4.12). 

Table 4.11. FTIR spectra bands of Bentonite-1 before and after adsorption of heavy metals. 

Wavenumber (cm-1) 

Attribution 
Bentonite-1 

(Before 

adsorption) 

Bentonite-1 

(After Cu2+ 

adsorption) 

Bentonite-1 

(After Pb2+ 

adsorption) 

Bentonite-1 

(After Zn2+ 

adsorption) 

3700.0 3698.4 3697.4 3695.5 O-H stretching 

3620.4 3616.9 3612.0 3620.2 O-H asymmetric stretching 

3418.5 3446.8 3403.5 3378.1 O-H asymmetric stretching 

1637.3 1633.9 1626.9 1633.8 H-O-H Bending 

1131.6 1115.8 1115.8 1115.2 Si-O stretching 

999.2 996.3 991.3 996.2 Si-O stretching 

911.0 910.9 911.0 910.9 Octahedral sheet 

795.3 793.6 795.0 790.6 Octahedral sheet 

691.9 686.5 691.9 684.0 Si-O-Al Bending 

523.9 518.7 522.9 517.7 Si-O Bending 
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Table 4.12. FTIR spectra bands of Bentonite-2 before and after adsorption of heavy metals. 

Wavenumber (cm-1) 

Attribution 
Bentonite-2 

(Before 

adsorption) 

Bentonite-2 

(After Cu2+ 

adsorption) 

Bentonite-2 

(After Pb2+ 

adsorption) 

Bentonite-2 

(After Zn2+ 

adsorption) 

3706.4 3698.7 3698.3 3695.5 O-H stretching 

3620.9 3617.7 3616.6 3620.5 O-H asymmetric 

stretching 

3439.2 3450.3 3412.7 3382.4 O-H asymmetric 

stretching 

1636.2 1633.0 1623.5 1633.7 H-O-H Bending 

1137.4 1116.9 1115.6 1114.3 Si-O stretching 

999.4 996.7 994.7 996.7 Si-O stretching 

910.9 910.9 910.9 910.0 Octahedral sheet 

795.8 794.3 795.8 790.6 Octahedral sheet 

691.9 684.8 691.9 688.0 Si-O-Al Bending 

523.9 518.7 522.3 518.6 Si-O Bending 
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(a) Bentonite-1 (b) Bentonite-2 

Fig. 4.55. FTIR Spectra for both bentonites in DI water and Cu2+ solutions 
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(a) Bentonite-1 (b) Bentonite-2 

Fig. 4.56. FTIR Spectra for both bentonites in DI water and Pb2+ solutions 
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(a) Bentonite-1 (b) Bentonite-2 

Fig. 4.57. FTIR Spectra for both bentonites in DI water and Zn2+ solutions 
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4.3. Summary 

This study was carried out to investigate the effect of heavy metal ions on the behaviour 

of bentonites. Two bentonites with different mineralogical properties were studied for their 

change in the index properties, free swelling, swelling potential, swelling pressure, 

hydraulic conductivity, consolidation parameters and shear strength in the presence of 

heavy metal ions of various concentrations. Further, the investigation was conducted to 

analyze the influence of heavy metals on the adsorption capacity of bentonites. pH, 

Adsorption, dose, isotherm, contact time and kinetic studies were carried out on two 

bentonites. Based on the test results, the conclusions are summarised below. 

 The study revealed that with the increase in heavy metal concentration, there is a 

decrease in Liquid limit and free swell value. The decline in free swelling and liquid 

limit value is caused by the substantial reduction in the DDL thickness because of the 

rise in metal concentration. 

 The investigation showed that with a rise in heavy metal concentration, swelling 

potential and swelling pressure decreases. A maximum decline in the swelling 

potential and swelling pressure value showed with 2000 mg/L of Pb2+, Cu2+ and Zn2+ 

solution with respect to DI water. 

 The study showed that the value of the void ratio, for any given consolidation pressure, 

reduced with a rise in heavy metal concentration. The samples with different 

concentrations of Pb2+, Cu2+ and Zn2+ solution revealed a lesser value of void ratio in 

comparison with the sample with DI water. On the surface of the clay, more Cu2+ ions 

are adsorbed due to the increase in Cu2+ concentration in the pore fluid. Consequently, 

clay particles come closer distance and repulsive force reduced, causing a reduction in 

DDL thickness. 

 The Time - swelling relationship study indicated that, with the increase in the heavy 

metal concentrations, the time taken for the primary swelling reduces.  

 The hydraulic conductivity value of bentonite increases with the increase in heavy 

metal concentration. The investigation reveals that the hydraulic conductivity rises 
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marginally when the Pb2+ concentration increases from 0 to 100 mg/L. With a further 

rise to 2000 mg/L, the hydraulic conductivity value increased significantly. Similar 

kind of trend was observed for Cu2+ and Zn2+. 

 The results indicated that with an increase in consolidation pressure, the cv values 

decreased. This signifies a slow consolidation rate at a more considerable pressure. On 

the contrary, with the rise in heavy metal concentration, the cv increases, which 

suggests a higher rate of consolidation when the soil sample is permeated with various 

metal solutions. With the increase in metal concentration, the thickness of DDL 

reduces, causing the decrease in repulsive forces between the clay particles, 

subsequently, soil sample consolidated more rapidly, which increases the cv value. 

 The study revealed that by the increase in the concentration of Pb2+, Cu2+ and Zn2+, t90 

for the bentonite sample decreases. Since the cv increases with an increase in the metal 

concentration, the time required to achieve the desired degree of consolidation 

decreases resulting in a reduction in t90. On the contrary, t90 increase with the increase 

in consolidation pressure. With an increase in the consolidation pressure, the clay 

plates move to a closer distance because of which the repulsion between clay plates 

increases, which prevents further movement of the plates and results in a decrease in 

the cv and increase in t90. 

 The Cc of the sample decreased with the rise in heavy metal concentration. This is 

because, with the increase in the concentration of heavy metal, the thickness of DDL 

is reduced. Subsequently, the clay particles come closer to each other becoming more 

flocculated, thus, resisting settlement of the material/liner and causing a lesser value 

of Cc. 

 UCS value decreases due to increase in metal ion concentration up to the value to 1000 

mg/L for almost all the heavy metals in both the bentonites, but at 2000 mg/L the values 

increased slightly. 

 pH study shows that with the rise in pH of the solution, the percentage removal of 

heavy metal increased. The research indicates that for all metals, the sorption was 

observed at pH ranges from 4 – 6. Therefore, to avoid precipitation, pH 5 was carefully 

chosen for further studies as an ideal condition. 
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 The result indicates that with the rise in heavy metal concentration, the adsorption 

capacity of the bentonite increased. Higher adsorption of Pb2+ was observed, followed 

by Cu2+ and Zn2+. On the contrary, the removal percentage of heavy metals decreased 

with the increase in initial metal concentration. The study indicated that Pb2+ showed 

higher removal, followed by Cu2+ and Zn2+ for both the bentonite. A higher amount of 

adsorption was observed in Bentonite-1 as compared to Bentonite-2 in the presence of 

all the heavy metals. 

 The experimental data obtained from the batch study has been fitted by Langmuir and 

Freundlich isotherm models. The study showed that for Pb2+ and Cu2+, the adsorption 

data fitted well with the Freundlich isotherm. However, for Zn2+, the adsorption data 

fitted well with Langmuir Isotherm for both the bentonites. 

 A dose study was conducted at different bentonite dosages ranging from 0.2 to 5.0 g 

in 100 mL of heavy metal solution maintaining an agitation speed of 150 rpm at 28 ± 

1 ºC and contact time of 3 h constant. The study showed that with the rise in adsorbent 

dose, the removal rate (%) increased promptly whereas, the adsorption capacity (mg/g) 

of all the metals reduced for both the bentonites. 

 The influence of contact time for the sorption of heavy metals was investigated for a 

period of 3 hours for initial heavy metal concentrations of 500 mg/L at 28 ± 0.5 C. The 

study indicated that initially at 5 minutes, Bentonite-1 showed 83.1 and 68.1% removal 

for Pb2+ and Zn2+, whereas, 81.3 and 79.1% removal was obtained for Bentonite-2 

respectively. The adsorption rate of Cu2+ on both the bentonites reached equilibrium 

within 120 min. The removal percentages were found to be 83.0% and 79.1% for 

Bentonites-1 and -2, respectively. Bentonite-1 with higher montmorillonite content and 

specific surface area showed a higher adsorption rate as compared to Bentonite-2. 
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 Two kinetic models were fitted comprising pseudo-first- and second-order equations 

to study the potential rate-controlling steps and mechanisms of adsorption. For all 

metals, Pseudo second-order kinetic model was found to be an ideal fit for both the 

bentonites with the significantly higher value of R2 > 0.99. 

 FESEM images and FTIR studies confirm the change in surface morphology and 

alteration in FTIR pattern, in both the bentonites after sorption of heavy metals. 
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If you set your goals 

ridiculously high and 

it's a failure, you will fail 

above everyone else's 

success 

- James Cameron 

 

5 

Effect of MSW and synthetic 

MSW leachate on the behaviour 

of bentonites 

5.1. Introduction 

In recent years, the world has witnessed a considerable elevation in the generation of 

municipal solid wastes (MSWs) as a result of enormous population growth and improvised 

living standards. This has increased significant pressures on the landfills, as most of the 

generated wastes get disposed of into them. This is primarily because landfilling is the most 

suitable and extensively employed technique for waste disposal (Qian et al., 2001). Over 

time, these wastes undergo biological as well as chemical transformations inside the 

landfills, thereby producing leachates (Kjeldsen et al., 2002). These leachates, when come 

in contact with rainwater, migrate into the sub-surface layer, thus contaminating the 

groundwater as well as the surrounding environment. Therefore, an impermeable liner is 

usually provisioned at the base of a landfill to avoid groundwater as well as soil 

contamination in the proximate region (Daniel, 1984). 
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Among the natural clays, the bentonite is found to possess massive potential as an 

adsorbent for removing heavy metals from aqueous solutions. Various works of literature 

are available, citing the relevance of the natural bentonite's efficiency as a low-cost 

adsorbent for eliminating trace heavy metals from water and wastewater systems (Baylan 

and Meriçboyu, 2016; Freitas et al., 2017). Various studies have been conducted in the past, 

proving bentonite as one of the most suitable landfill liner materials for preventing heavy 

metal percolation to the sub-surface strata (Daniel, 1984; Dutta and Mishra, 2016b; Pawar 

et al., 2016). Bentonite properties such as high swelling tendency, large specific surface 

area (SSA), lower hydraulic conductivity, massive cation exchange, and sorption capacity 

help achieve such high appropriateness as a liner material. Montmorillonite, consisting of 

phyllosilicate, forms the primary component of bentonite. It comprises one octahedral unit 

sandwiched betwixt two tetrahedral units. The layers are bound together by weak van der 

Waals force of attraction, which allows the water to infiltrate easily, thus resulting in the 

formation of a diffuse double layer (DDL) followed by the swelling of bentonite (Madsen 

and Müller-Vonmoos, 1989; Mitchell and Soga, 2005; Norrish, 1954; Norrish and Quirk, 

1954). 

When found in the leachates, the non-degradable and persistent nature of the heavy 

metals (such as Pb, Cu, Zn, Ni, Cd, Cr, As, and Fe) mark them as a threat to the groundwater 

and nearby fields. This renders them as significant pollutants, the toxicity of whose is a 

predicament for each of the ecological, evolutionary, nutritional, and environmental 

reasons (Atkovska et al., 2016). The existence of heavy-metal pollutants in leachates 

disturbs the pore-fluid chemistry of bentonite clay particles, affecting the DDL. Besides, 

due to the presence of metal ions, the mineral composition of bentonite also gets altered, 

which consequently affects the swelling and influences the hydraulic conductivity (Dutta 

and Mishra, 2016a). Their toxicity is not only limited to the soil, but it has been found to 

have a significant impact on the water bodies (both surface and sub-surface) as well, thus 

rendering them a potential threat to all living entities in the natural ecosystem. Various 

authorities have set regulatory norms to limit the discharge of heavy metals in the 

environment. However, the concentrations of these elements discharged into the 

environment barely meet those specifications. This leads to several health hazards and 

environmental deterioration, necessitating the quintessential elimination of heavy metals 

from the water and wastewater systems. 

Furthermore, estimation of the settlement of the liner material is predicted by its 

compressibility. The liner system gets compressed, and eventually, settle as a result of the 
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overloading of the wastes at the disposal sites. However, bentonite, being a highly 

compressible material, can get consolidated substantially. Physico-chemical and 

mechanical factors measure the clay particle’s compressibility nature (Bolt, 1956). Short-

range particle interactions such as sliding, bending, and rolling are controlled by physical 

properties. However, long-range particle interactions through the DDL thickness are 

governed by the physico-chemical properties (Mitchell and Soga, 2005). Numerous 

bentonite's consolidation parameters like cv, mv, Cc, and t90 are of principal concern due to 

their consolidation behaviour. Mishra et al. (2011) noticed a reduction in soil-bentonite 

mixtures' compressibility with NaCl and CaCl2 solutions. 

Moreover, hydraulic conductivity is an essential factor while designing a liner system. 

The liner material properties may change upon contact with leachate, which might upsurge 

the hydraulic conductivity value by opening the flow path and decreasing the bentonite 

strength as a liner material. Hence, it is quintessential to examine the variation in bentonite 

properties in the presence of leachate. 

An extensive literature review indicates that few studies have been conducted to 

determine the effect of heavy metals and inorganic salts on the changes in bentonite 

characteristics. Most previous studies have primarily focused on the study of the hydraulic 

conductivity of bentonite and sorption of bentonite in the presence of various salts and 

metals only. Furthermore, no researches have been conducted to examine and compare the 

effect of fresh and synthetic MSW leachate on bentonite characteristics. As leachate 

produced from MSW waste comprises numerous heavy metals and inorganic salts; 

therefore, in comparison to single metal ions, leachate interaction will cause more 

complexity in the behaviour of different bentonites. Also, bentonites are observed to behave 

differently with the contaminants as a result of the variations in their mineralogical and 

chemical properties; hence, there exists a need to have a comparative assessment of their 

behaviours in the presence of leachates.  Hence, this investigation aims at studying the 

effect of MSW and synthetic MSW leachates on two different bentonites possessing 

different chemical and mineralogical composition. Bentonites were evaluated for their 

liquid limit, free swell, swelling potential, swelling pressure, hydraulic conductivity, 

consolidation parameters, shear strength and adsorption capacity in the presence of 

leachates. 
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5.2. Results and discussion 

5.2.1. Effect of MSW and synthetic MSW leachates on Liquid limit 

The impact of leachates on the liquid limit of Bentonites-1 and -2 is illustrated in Fig. 

5.1. The presence of leachates significantly influences the liquid limit of both the 

bentonites. The liquid limit decreased in the presence of synthetic MSW and MSW 

leachates. Bentonite-1 having a higher CEC and SSA showed a reduction in the liquid limit 

from 480% with DI water to 213.6% and 187.4% with Synthetic MSW and MSW leachates, 

respectively. However, Bentonite-2, which had a lower CEC and SSA value, the liquid 

limit reduced from 305 with DI water to 167.3% and 129.1% with synthetic MSW and 

MSW leachates, respectively. Data also illustrates that MSW leachates show a higher 

decrease in the value of liquid limit for both the bentonites. 

 

Fig. 5.1 Liquid limit of bentonites in the presence of leachates 

Due to the presence of various cations in the leachates, the inter-particle repulsion force 

reduced, resulting in lesser inter-particle spaces and reduction in diffuse double layer 

thickness, causing a decline in the liquid limit. Sridharan (1975), Dutta and Mishra (2015) 

and Dutta and Mishra (2016b) also obtained a similar trend in the presence of various 

contaminants.  
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A comparison in the liquid limit values of both the bentonites revealed that the 

Bentonite-1 exhibited a higher reduction in liquid limit value in comparison to Bentonite-

2 (Fig. 5.1). For Bentonite-1, a 55.5 and 65.1% decline in the liquid limit was observed for 

synthetic MSW and MSW leachates, respectively. However, for Bentonite-2, it was found 

to be 38.56 and 57.67%, respectively.  

5.2.2. Effect of MSW and synthetic MSW leachates on Free swell 

The influence of synthetic MSW leachate and MSW leachate on free swelling of the 

bentonites are illustrated in Fig. 5.2, which depicts that in the presence of both the leachates, 

the free swelling decreased.  The higher decrease in swelling value was observed in the 

presence of MSW leachate for both the bentonites. Bentonite-1 showed a decline in the free 

swell from 32.5 mL/2g with DI water to 7.5 mL/2g and 5.5 mL/2g with synthetic MSW 

and MSW leachates, whereas, for Bentonite-2 it was found to be 20 mL/2g with DI water 

to 6.5 mL/2g and 5.0 mL/2g, respectively. Interaction of various chemicals present in the 

leachates with bentonites causes a decline in DDL thickness and subsequently triggering a 

reduction in free swell (Abd El-Aal, 2017; Dutta and Mishra, 2015; Dutta and Mishra, 

2016b). 

 

Fig. 5.2 Free swell of bentonites in presence of leachates 
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Bentonite-1 showed a higher reduction in swelling value as compared to Bentonite-2. A 

76.9% and 83.1% decrease in the amount of free swelling was observed in the presence of 

synthetic MSW leachate and MSW leachate for Bentonite-1, however, for Bentonite-2 it 

was found to be 67.5 and 75.0%, respectively. 

5.2.3. Effect of MSW and synthetic MSW leachates on swelling potential 

and Swelling pressure of bentonites 

Table 5.1 displays the impact of synthetic MSW and MSW leachate on the swelling 

potential and swelling pressure of the two bentonites. It shows that both the bentonites’ 

swelling potential reduced in the presence of both the leachates. The decline in swelling 

potential for leachates is owed to the decrease in DDL thickness. The swelling potential of 

Bentonites-1 reduced from 34.3% with DI water to 14.6 and 18.1% when permeated with 

synthetic MSW and MSW leachate, respectively. However, a reduction from 23.7% with 

DI to 13.9 and 12.7% was observed for Bentonites-2 with synthetic MSW and MSW 

leachate, respectively. Table 5.1 also illustrates a higher reduction in the swelling potential 

in the presence of both the leachates for Bentonite-1 compared to Bentonite-2. 

Table 5.1. Swelling Potential and Swelling Pressure of bentonite in the presence of 

leachates. 

 

Similar to the swelling potential, the swelling pressure also decreased in the presence of 

both the leachates (Table 5.1). In the presence of Bentonite-1, the decrease in swelling 

pressure was from 460.9 kPa with DI water to 215.3 kPa for synthetic MSW leachate; 

whereas, for Bentonite-2 it was reduced from 392.6 kPa with DI water to 229.5 kPa. 

Similarly, for MSW leachate, the swelling pressure decreased to 201.6 kPa and 215.0 kPa 

in the presence of Bentonite-1 and -2, respectively. Bentonite-1, having a higher liquid 

limit, CEC, and SSA experienced a higher reduction in the swelling pressure in the presence 

of leachates as compared to Bentonite-2. Bentonite-1 experiences swelling pressure 

reduction by 53.3% and 56.4% when permeated with synthetic MSW and MSW, 

Leachates                               Swelling Potential (%) Swelling Pressure (kPa) 

 Bentonite-1 Bentonite-2 Bentonite-1 Bentonite-2 

DI water 34.3 23.7 460.9 392.6 

Synthetic MSW leachate 14.6 13.9 215.3 229.5 

MSW leachate 18.1 12.6 201.6 215.0 
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respectively. However, a 41.7% and 45.2% reduction was obtained for Bentonite-2 when 

permeated with synthetic MSW and MSW, respectively. A similar trend was obtained by 

Dutta and Mishra (2016b) for heavy metals ( Zn2+, Pb2+ and Cu2+). 

5.2.4. Effect of MSW and synthetic MSW leachates on Time swelling 

relationship 

As the bentonite swells the inter-layer structure of the bentonite alters due to the 

particle–water–cation interactions. The plot in Fig. 5.3 depicts the plot between percentage 

swelling of bentonite and time (minute) in the presence of synthetic MSW and MSW 

leachate. The swelling of the expansive clay at any time was computed as the ratio of the 

total increase in the sample height at that time and the initial height and expressed in 

percentage. 

 

Fig. 5.3. Time–swelling plot in the presence of leachates 

Regardless of the type of permeant, the plot in Fig. 5.3 followed the ‘‘S’’ curve. This is 

attributed to the fact that in the beginning, the bentonite swells gradually, and then it rises 

sharply and finally achieves an asymptotic value. Three stages of sample swelling, namely 

initial, primary, and secondary swelling (Dutta and Mishra, 2016b) were observed. The 

initial swelling (IS) stage comprehends only a modest increase in the swelling for all the 
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samples irrespective of their initial conditions, i.e., saturating liquid. On the other hand, a 

significant quantum of swelling was observed in the primary swelling (PS) stage. In 

contrast, the secondary swelling (SS) stage again witnessed marginal swelling of the 

samples (Fig. 5.3). The initial swelling is primarily contributed by the swelling of the 

macrostructure, whereas the primary and secondary swellings are attributed to the swelling 

of the microstructure (Dutta and Mishra, 2015). Fig. 5.3 indicates the reduction in the time 

taken for the initial, primary, and secondary swelling in the presence of leachates as 

compared to DI water. 

Table 5.2. Initial swelling (IS) and Primary swelling (PS) of bentonites in the presence of 

leachates 

Permeant 

SWELL (%) 

Bentonite-1 Bentonite-2 

IS 

(%) 

Time 

(minute) 

PS 

(%) 

Time 

(minute) 

IS 

(%) 

Time 

(minute) 

PS 

(%) 

Time 

(minute) 

DI water 1 10 33.86 17280 0.42 10 23.48 17280 

Synthetic MSW 

leachate 
0.32 2 18.16 7200 0.27 1 14.00 8200 

MSW leachate 0.75 0.46 14.20 8640 0.28 1 12.55 8640 

 

Table 5.2 clearly shows that the initial swelling for synthetic MSW and MSW leachate 

was decreased from 10 minutes with DI water to 2 and 0.46 minutes in the presence of 

Bentonite-1; whereas, for Bentonite-2 it was reduced from 10 minutes with DI water to 1 

minute for both leachates, respectively. Similarly, in the presence of synthetic MSW and 

MSW leachate, Bentonite-1 showed a reduction in the primary swelling from 17280 

minutes with DI water to 7200 and 8640 minutes; however, for Bentonite-2 it was 

decreased from 17280 minutes with DI water to 8200 and 8640 minutes, respectively. 

A comparison between both bentonites reveals that, for the same time, the swelling 

percentage was higher for Bentonite-1 compared to Bentonite-2 in the presence of both the 

leachates. This is probably due to higher CEC, SSA, and montmorillonite contents in 

Bentonite-1 compared to Bentonite-2. 
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5.2.5. Effect of MSW and synthetic MSW leachates on Hydraulic 

conductivity 

The hydraulic conductivity has been considered as a critical parameter affecting the 

operation of liners and cover (Daniel and Benson, 1990). A design value of less than 1×10-

7 cm/s for compacted clay liner has been designated by several environmental regulators 

(Daniel, 1984). The hydraulic conductivity of bentonites is believed to be affected by 

various factors, including permeant characteristics, the structure of the soil, and the void 

ratio (Lambe, 1958). Investigation of the hydraulic conductivity values for both the 

bentonites conducted at varying void ratios to determine the effects of leachates on 

hydraulic conductivity. 

 

Fig. 5.4. Hydraulic conductivity of bentonites in the presence of leachates  

 

The plot in Fig. 5.4 depicts the relationship between hydraulic conductivity and void 

ratio for the two bentonites in the presence of synthetic MSW and MSW leachates. The 

hydraulic conductivity was found to increase in the presence of both the bentonites for both 

the leachates. Dutta et al. (2018) observed similar kinds of trend for bentonites due to 

various heavy metals and salt solutions. This is attributed to a reduction in the repulsive 

forces among the particles of clay when it is permeated with the leachates. This decline in 

1.0E-10

1.0E-09

1.0E-08

1.0E-07

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

H
y

d
ra

u
li

c 
co

n
d

u
ct

iv
it

y
 (

cm
/s

ec
)

Void ratio (e)

DI water

Synthetic MSW Leachate

MSW leachate

Solid line for Bentonite-1

Dotted line for Bentonite-2

TH-2771_156104018



Effect of MSW and synthetic MSW leachate on the behaviour of bentonites 

 

150 Indian Institute of Technology Guwahati 

the repulsive forces triggers a deterioration of the DDL thickness (Dutta and Mishra, 

2016b). The plot in Fig. 5.4 depicts that the impact of leachate is more prominent in 

Bentonite-1. A more considerable influence of leachate on Bentonite-1 can be associated 

with a more significant measure of exchangeable Na+ ions on its substitution site with 

respect to Bentonite-2 (Quirk and Schofield, 1955). The liquid limit, free swelling potential, 

and swelling pressure of both the bentonites also exhibited similar behaviours. 

Furthermore, the higher value of hydraulic conductivity can be attributed to a 

considerable decrease in the diffuse double layer due to a higher exchange capacity of Ca2+ 

(Sposito, 1981) in the presence of MSW leachate. Bentonite pores accommodate both 

mobile (free to transport under the influence of hydraulic conductivity) as well as immobile 

water (bound by the clay layer). The increase in hydraulic conductivity as a result of the 

decrease in the size of the diffuse layer increases the flow of immobile water by the opening 

of the flow channel. This is because the amount of immobile water present depends on the 

thickness of the diffuse double layer of the clay surface. Hence, the reduction in the 

thickness in the diffuse double layer increases the hydraulic conductivity (Madsen and 

Mitchell, 1989; Quirk and Schofield, 1955). 

Table 5.3. Hydraulic conductivity of bentonites at a void ratio of 1.2 for leachates 

Permeant  
Hydraulic conductivity (cm/sec) 

Bentonite-1 Bentonite-2 

DI Water 4.49×0-10 1.01×10-09 

Synthetic MSW leachate 5.86×10-09 1.15×10-08 

Fresh MSW leachate 2.22×10-08 2.55×10-08 

 

In order to compare both the soils in the presence of synthetic MSW and MSW leachate, 

hydraulic conductivity value at a void ratio of 1.2 was evaluated (Table 5.3). A comparative 

assessment for both the bentonite at a certain void ratio reveals that Bentonite-1 has a more 

significant impact than Bentonite-2. Table 5.3 indicates that for Bentonite-1 the hydraulic 

conductivity increased from 4.49×10-10 to 5.86×10-09 cm/sec (13.1 times) and 2.22×10-08 

cm/sec (49.4 times) in the presence of synthetic MSW and MSW leachate; whereas, for 

Bentonite-2 the hydraulic conductivity value found to be increased from 1.01×10-09 to 

1.15×10-08 cm/sec (11.4 times) and 2.55×10-08 cm/sec (25.2 times), respectively. 
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5.2.6 Void ratio versus pressure (e–log P) relationships in the presence of 

leachates 

The mechanical and physicochemical characteristics of the soil determine its 

compressibility characteristics. Physical characteristics of the soil like bending, sliding, 

rolling, and crushing are typically influenced by particle-to-particle interaction (Mukherjee 

and Mishra, 2019). The void ratio (e) and pressure (P) relationship in the presence of DI 

water, synthetic MSW, and MSW leachates for both the bentonite is depicted in Fig. 5.5, 

which reveals that the void ratio of both soils reduced with the gradual increment in 

pressure. The MSW leachate shows a higher reduction in the void ratio than synthetic 

leachate and DI water. 

 

Fig. 5.5. Void ratio and Pressure relationship of bentonites in the presence of leachates 

 

This was attributed to the inhibition of the thickness of the diffused double layer as a 

result of the presence of heavy metal contaminants in the leachates. The presence of pore 

fluid heavy metals results in more ions getting adsorbed to the clay surface, thereby, 

decreasing the repulsive forces. This brings the particles nearer, hence, a decline in the 

DDL thickness. 
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Comparative assessment of the compressibility of the two bentonites, as a result of the 

permeation of both the leachates, indicates a significant reduction in the void ratio (due to 

the application of pressure) for bentonite with synthetic leachate. This was primarily due 

to the attainment of a higher void ratio in the bentonite post saturation due to DDL growth. 

However, a higher concentration of heavy metals in the MSW leachate decreases the inter-

particle repulsive forces, therefore, compressing the bentonite to attain a lower void ratio 

(Sridharan et al., 1986). 

A comparative evaluation of the compressibility of the two bentonites revealed a higher 

void ratio reduction for Bentonite-1, compared to Bentonite-2, thus implying a higher 

compressibility of the superior-quality bentonite (marked by higher swelling tendency) 

induced by heavy-metal exposure present in the leachates. With an increase in the 

concentrations of the heavy metals in the pore fluid, a considerable number of cations gets 

dispersed in the interlayer of montmorillonite. This causes a reduction of the inter-particle 

counteracting forces between montmorillonite particles, resulting in the bentonite being 

compressed to a smaller void ratio. 

5.2.7 Influence of leachates on the coefficient of consolidation (cv) 

The graph shown in Fig. 5.6 represents the relationship between the coefficient of 

consolidation (cv) and consolidation pressure in the presence of leachates and DI water. 

Fig. 5.6 depicts that with the rise in consolidation pressure, the cv decreases gradually. This 

implies a slower consolidation rate at more significant consolidating pressures. In other 

terms, the consolidation rate augments with the consolidation pressure application due to 

the existence of pore fluid heavy metals. This induces a more rapid settlement of the liner 

material at the waste disposal facility upon interaction with the leachate. Test results 

suggest that the interaction of the heavy metal ions present in the leachate with the soil pore 

fluid increases the degree of consolidation of the soil matrix at various loading stages. 
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Fig. 5.6. Coefficient of consolidation (cv) and pressure relationship for bentonites in the 

presence of leachates 

Fig. 5.6 illustrates that, with the increase in vertical consolidation pressure from 98.1 

kPa to 784.5 kPa, cv value for Bentonite-1 and -2 permeated with DI water declined from 

3.5×10-5 to 3.6×10-6 cm2/sec (9.7 times) and 4.9×10-5 to 1.3×10-5 cm2/sec (3.8 times). 

However, for Bentonite-1 & -2 the cv value dropped from 1.9×10-4 to 1.8×10-5 cm2/sec 

(10.5 times) and 5.4×10-4 to 2.6×10-5 cm2/sec (20.8 times) in presence of synthetic MSW 

leachate. Similarly, for Bentonite-1 and -2 infused with MSW leachate, the cv value reduced 

from 4.7×10-4 to 3.5×10-5 cm2/sec (13.4 times) and 7.4×10-4 to 5.2×10-5 cm2/sec (14.2 

times), respectively. Physico-chemical factors of pure bentonite cause a high range of 

repulsive and attractive forces that control the bentonite’s compressibility nature. The 

increase in vertical consolidation pressure results in a decrease in the DDL thickness as the 

clay plates come closer to each other. This closeness of the clay plates increases their 

repulsion, thereby, preventing further consolidation, thus decreasing the cv value (Dutta 

and Mishra, 2016a). 

Fig. 5.6 illustrates that the cv value increases when the soil samples are permeated with 

leachates, indicating a significant rise in the consolidation rate. The DDL thickness lessens 

with the increase in the metal concentration, thereby reducing the clay particles' repulsive 

forces. This subsequently aids in the rapid consolidation of the soil samples and thus, 
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increasing the cv value. A similar trend was observed by Demdoum et al. (2020) for 

bentonite admixtures and Dutta and Mishra (2016b) for natural bentonites. However, an 

utterly reverse trend was noticed by Mishra et al. (2010) for sand-bentonite mixtures. 

5.2.8 Influence of leachates on Time for 90% of Consolidation (t90) 

The graph displayed in Fig. 5.7 shows the relationship between t90 of different bentonites 

and vertical consolidation pressure in the presence of MSW and synthetic MSW leachates. 

It indicates that the t90 value rises corresponding to a rise in the vertical consolidation 

pressure. With the consolidation pressure increment, there is a movement of the clay plates 

towards each other. As the clay surface is negatively charged, this makes the clay plates 

repel from each other, thereby preventing any further movement, thus, decreasing the cv 

values and increasing the t90 values Dutta and Mishra (2016b). With a rise in vertical 

consolidation pressure from 9.8 to 784.5 kPa, the t90 value rises from 51.8 to 353.4 minutes 

and 18.5 to 249.6 minutes for Bentonite-1 and -2 in the presence of synthetic MSW 

leachate. Similarly, in MSW leachate's presence, the t90 rises from 20.2 to 179.6 minutes 

and 12.9 to 132.2 minutes for Bentonite-1 and -2, respectively. The graph represents that 

the reduction in t90 value was more in the case of MSW leachate. 

The graph in Fig. 5.7 also depicts that in the presence of both the leachates, t90 of both 

the bentonites reduced. Since, in the presence of leachate, cv value rises, the time needed 

for accomplishing the desired degree of consolidation falls, thereby falling the t90 values. 

Dutta and Mishra (2017) observed a similar pattern in the presence of various metal ions. 

Comparing both bentonites reveals that Bentonite -1 is highly influenced by the presence 

of leachates compared to Bentonite-2. In the presence of synthetic MSW and MSW 

leachates, at 784.5 kPa the t90 value reduced from 900.0 minutes with DI water to 353.4 

and 179.6 minutes (60.7% and 80.0% reduction) for Bentonite-1; whereas, for Bentonite-2 

it was found to be declined from 564.1 minutes with DI water to 249.6 and 132.2 minutes 

(55.7% and 76.5% reduction), respectively. The graph in Fig. 5.7 illustrates that t90 value 

of the soil sample is influenced not only by the bentonite type but also on the permeants. 

Bentonite -1 having higher SSA, CEC, liquid limit, and montmorillonite content show a 

higher value of t90 as compared to Bentonite-2. 
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Fig. 5.7. Time for 90% consolidation (t90) and pressure relationship for bentonites in 

the presence of leachates 

5.2.9 Impact of leachate on compression index (Cc) of bentonites 

Table 5.4 shows the compression index (Cc) value of the bentonites in the presence of 

DI water, MSW, and synthetic MSW leachates.  

Table 5.4. Compression index of Bentonites-1 and -2 in presence of various leachate. 

Permeant 
Compression Index (Cc) 

Bentonite-1 Bentonite-2 

DI water 0.79 0.72 

Synthetic MSW leachate 0.58 0.54 

MSW leachate 0.56 0.52 

 

Table 5.4 shows that in the presence of leachates, the Cc value is reduced. Heavy metal 

contaminants in leachates aid in decreasing the DDL, thereby resulting in the agglomeration 

of clay particles. This resists settlement, thus lowering the Cc value. Table 5.4 shows that 

Cc of the Bentonite-1 and -2 in the presence of DI water was found to be 0.79 and 0.72. In 

the presence of synthetic leachates, the Cc of Bentonite-1 and-2 are declined by 26.6% and 
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25.0%. However, in the presence of MSW leachate, the Cc value was reduced by 29.1% 

and 27.7% for Bentonite-1 and-2, respectively. 

As compared to Bentonite-2, the decrease in Cc value was more prominent in the case 

of Bentonite-1. A higher SSA, CEC, and montmorillonite content in Bentonite-1 resulted 

in a thicker DDL with DI water. However, the thickness reduced considerably due to metal 

content in leachates, thus suppressing the clay particles to a lower void ratio. 

5.2.10 Influence of leachates on unconfined compressive strength of both 

bentonites 

The plot in Fig. 5.8 depicts the stress-strain relationship for different bentonites in the 

presence of DI water and leachates. It illustrates that in DI water’s presence, at an extreme 

strain level of 6.32% and 5.53%, the failure occurs for Bentonite-1 and -2. However, in 

synthetic leachate, the failure was observed at 3.68% and 3.15% strain level for Bentonite-

1 and -2. Similarly, for MSW leachate, the failure strain level was 3.94 and 3.95% for the 

bentonites, respectively. 

 

Fig. 5.8. Axial stress (kPa) vs strain (%) relationship of the bentonites in the presence 

of leachates 
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The unconfined compressive strength of both the bentonites in the presence of DI water 

and leachates is tabulated in Table 5.5. Table 5.5 clearly shows that the strength of the 

bentonite reduced in the presence of both the leachates. The strength of Bentonite-1 reduced 

by 8.3 and 8.5% in the presence of synthetic MSW and MSW leachate; whereas, the 

corresponding reduction for Bentonite-2 was 10.2 and 11.3%, respectively. The reduction 

in the unconfined compressive strength due to leachate can be attributed to a decrease in 

the density of the specimen. Since the MDD of specimen increases due to the permeation 

of contaminant (Abd El-Aal, 2017) and samples were compacted at MDD corresponding 

to DI water, the specimens permeated with leachate were in loosen state. Therefore, the 

unconfined compressive strength of the specimen decreased with the permeation of the 

leachate. 

Table 5.5. Unconfined compressive strength of both bentonites in the presence of leachates. 

Higher strength for Bentonite-2 is observed. The reason is the lower liquid limit value 

and DDL thickness of Bentonite-2, causing a closer grain to grain contact and hence 

exhibits higher strength value. Table 5.5 also depicts that bentonites with MSW leachate 

exhibit lower strength value. 

5.2.11. Adsorption of MSW and synthetic MSW leachate 

In the same landfill system, a various number of heavy metals always present 

collectively. Thus, the adsorption behaviour of bentonites for MSW and synthetic MSW 

leachate was investigated in a competitive system. The composition of both the leachates 

is presented in Table 5.6 and 5.7. 

The removal percentage of individual metal ions is depicted in Fig 5.9. In the present 

study, most of the metal ions present in real and synthetic leachates are found to be 

effectively removed by both the bentonites. Above 80% removal was observed for Pb, Cu, 

Fe and Mg for MSW and synthetic MSW leachate in the presence of both the bentonites. 

The study was conducted at a controlled temperature of 28 ± 1°C and at pH 5.0 ± 0.2 for 

Permeant 
Unconfined compressive strength (kPa) 

Bentonite-1 Bentonite-2 

DI water 270.5 282.1 

Synthetic MSW leachate 248.0 253.4 

MSW leachate 247.4 250.1 
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MSW and synthetic MSW leachate. Highest removals were observed in Fe followed by 

Mg, Cu, Zn, Pb, Mn and Ca for both the bentonites (Table 5.6). Anna et al. (2015) reported 

that for disposed wastewater of a locally plating factory, 100% removal was obtained for 

Fe by using natural bentonite. They also observed a 73.7, 71.2 and 49.0% removal for Zn, 

Cu and Ni, respectively.  

 

Fig. 5.9. Removal of heavy metal from MSW and synthetic MSW leachate by 

bentonites 

In the present investigation, a higher amount of Ca was present in both the leachates, 

i.e., 4781 (MSW leachate) and 3324 mg/L (synthetic MSW leachate). Presence of higher 

concentrations of calcium may suppress other metal ions to adsorb on the surface of 

bentonites. It was observed that for MSW leachate, the concentrations of Ca reduced from 

4781.0 mg/L to 3996.3 and 4079.9 mg/L in the presence of Bentonite -1 & 2, respectively. 

Likewise, for synthetic leachate, it decreased from 3324.0 mg/L to 2813.7 and 2827.7 

mg/L, respectively. Fig. 5.9 depicts a 16.4 and 14.6% Ca removal for MSW leachate in the 

presence of Bentonite -1 and -2, respectively. Similarly, for synthetic MSW leachate 15.3 

and 14.9% of removal was observed in the presence of Bentonite -1 and -2, respectively. 

The detailed removal of heavy metals from MSW and synthetic MSW leachate by both the 

bentonites are listed in Tables 5.6 and 5.7. 
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A higher amount of removal was observed in the presence of Bentonite-1 as compared 

to Bentonite-2 for synthetic and MSW leachate. The removal of Cu2+, Zn2+, Fe2+, Ca2+, 

Pb2+, Mn2+ and Mg2+ were found to be 3.8, 11.9, 1.2, 10.6, 1.8, 14.9, and 2.3% higher for a 

Bentonite-1, respectively, as compared to Bentonite-2. Likewise, for synthetic leachate 0.2, 

3.5, 0.7, 2.7, 3.9, 8.9, and 5.3% higher removal for Cu2+, Zn2+, Fe2+, Ca2+, Pb2+, Mn2+ and 

Mg2+ was obtained by Bentonite-1 in comparison to Bentonite-2, respectively. The overall 

adsorption capacity of Bentonite-1 was found to be 17.9 and 21.4 mg/g in the presence of 

MSW and synthetic MSW leachate; whereas, 16.6 and 20.7 mg/g of adsorption capacity 

was obtained for Bentonite-2, respectively. 

Table 5.6. Removal of heavy metal from MSW leachate by bentonites. 

MSW 

Leachate 

Heavy 

metal 
pH 

Concentration (mg/L) 
Removal      

(%) 

Adsorption 

capacity 

(mg/g) 

Initial 

Concentration 

After 

adsorption 

Bentonite-1 Cu 5.4±0.2 1.14 0.11 90.2 0.02 

 Zn  20.62 7.98 61.3 0.25 

 Fe  150.00 3.61 97.6 2.85 

 Ca  4781.00 3996.31 16.4 10.68 

 Pb  2.86 0.50 82.5 0.05 

 Mn  19.04 13.28 30.2 0.11 

 Mg  222.90 16.26 92.7 4.02 

Bentonite-2 Cu 5.4±0.2 1.14 0.15 86.7 0.01 

 Zn  20.62 9.48 54.0 0.21 

 Fe  150 5.34 96.4 2.82 

 Ca  4781 4079.98 14.6 9.55 

 Pb  2.86 0.54 80.9 0.01 

 Mn  19.04 14.14 25.7 0.09 

 Mg  222.90 21.12 90.5 3.93 

 

Variation in the physical and chemical characteristics of the adsorbents such as cations 

associated at the exchangeable sites, swelling capacity, specific surface area (SSA) and 

montmorillonite content causes the difference in their sorption capacity ((Vimonses et al., 

2009). Montmorillonite adsorbs water molecules within its layers due to the higher sorption 
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capacity. This inherent characteristic of montmorillonite causes significant swelling of 

bentonite clay (aluminium phyllosilicate) for which it is a primary mineral. Various metal 

ions also get adsorbed on the outer and inner surfaces of the montmorillonite. Sorption 

through the cation exchange takes place in the internal surface of the montmorillonite; 

whereas, at the external surface of the montmorillonite, sorption happens due to formation 

Al–O and Si–O groups. 

Table 5.7. Removal of heavy metals from synthetic MSW leachate by bentonites. 

Synthetic 

MSW 

Leachate 

Heavy 

metal 
pH 

Concentration (mg/L) 
Removal      

(%) 

Adsorption 

capacity 

(mg/g) 

Initial 

concentration 

After 

adsorption 

Bentonite-1 Cu 5.2±0.2 6 0.69 88.4 0.09 

 Zn  36 7.44 79.3 0.53 

 Fe  153 3.24 97.9 3.02 

 Ca  3324 2813.75 15.3 9.61 

 Pb  2.1 0.36 82.8 0.03 

 Mn  16.2 12.11 25.2 0.08 

 Mg  443 31.82 92.8 8.06 

Bentonite-2 Cu 5.2±0.2 6 0.71 88.2 0.09 

 Zn  36 8.42 76.6 0.51 

 Fe  153 4.32 97.2 2.99 

 Ca  3324 2827.68 14.9 9.35 

 Pb  2.1 0.43 79.5 0.03 

 Mn  16.2 12.48 22.9 0.07 

 Mg  443 53.47 87.9 7.63 

 

Cation exchange is predominant in the inter surfaces due to the presence of a higher 

quantity of surface layer charges within the inner surfaces compared to the quantity charges 

on the edge of the outer surfaces. Two tetrahedral and one octahedral layer built the crystal 

structure of the montmorillonite where the central tetravalent silicon (Si4+) within the 

tetrahedral layers could be swapped by trivalent aluminium ions (Al3+), whereas, divalent 

cations like Mg2+ and Fe2+ could exchange the trivalent aluminium ions (Al3+) in the 

octahedral layers. This phenomenon causes the negatively charged layers within the inner 
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surfaces, which are mainly neutralized by the hydrated cations. Electrostatic forces help to 

bind the cations to the internal surfaces which can be substituted with other cations. 

Suppose the size of the cation is alike to the pore size of the montmorillonite crystal 

structure. In that case, the cations bind into the crystal structure resulting reduction in the 

negatively charged layer (Vimonses et al., 2009).  

5.2.12. Effect of MSW and synthetic MSW leachate on dose of bentonites 

The adsorbent dosage studies were carried out for varying bentonite amounts, ranging 

from 0.2 to 5.0 g/ 100 mL leachate solution, the results of which are depicted in Fig. 5.10-

5.13. It was observed that the adsorbed metal ions (i.e. their removal efficiencies) increased 

with increasing adsorbent dosage, primarily attributing to an increase in the clay 

concentration that increases the surface area of the adsorbent, which in turn, increases the 

number of binding sites for the same liquid volume (Anna et al., 2015; Sen and Gomez, 

2011). The removal efficiency was found to be increased from 59.3 to 83.3 (Pb), 29.7 to 

91.2 (Cu), 12.1 to 62.5 (Zn), 4.5 to 31.6 (Mn), 18.6 to 97.6 (Fe), 2.6 to 18.8 (Ca) and 18.9 

to 92.8 (Mg) % for Bentonite-1 and 55.7 to 81.6 (Pb), 28.8 to 87.3 (Cu), 10.1 to 59.7 (Zn), 

2.9 to 26.9 (Mn), 16.8 to 95.1 (Fe), 2.1 to 16.1 (Ca) and 16.7 to 90.9 (Mg) % with the 

gradual increase in bentonite dose of 0.2 to 5 g for MSW leachate in the presence of 

Bentonite-2, respectively. Likewise, for synthetic MSW leachate, the removal efficiency 

raised from 72.1 to 88.3 (Pb), 18.8 to 89.6 (Cu), 16.6 to 82.8 (Zn), 12.6 to 24.2 (Mn), 50.7 

to 99.5 (Fe), 1.8 to 15.9 (Ca) and 31.7 to 92.2 (Mg) % in the presence of Bentonite-1 and 

71.9 to 85.9 (Pb), 19.9 to 87.9 (Cu), 15.4 to 78.9 (Zn), 11.9 to 23.9 (Mn), 44.9 to 98.1 (Fe), 

1.4 to 15.5 (Ca) and 30.2 to 88.4 (Mg) % for Bentonite-2, respectively. Bentonite-1 showed 

higher removal and adsorption capacity as compared to Bentonite-2. 
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Fig. 5.10. Removal % of MSW leachate at different bentonite dosage for Bentonite-1 

 

Fig. 5.11. Removal % of MSW leachate at different bentonite dosage for Bentonite-2 
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Fig. 5.12. Removal % of synthetic MSW leachate at different bentonite dosage for 

Bentonite-1 

 

Fig. 5.13. Removal % of synthetic MSW leachate at different bentonite dosage for 

Bentonite-2 

 

0

20

40

60

80

100

120

0 1 2 3 4 5 6

R
em

o
v

a
l 

(%
)

Bentonite dose (g)

Pb Cu Zn Mn Fe Ca Mg

0

20

40

60

80

100

120

0 1 2 3 4 5 6

R
em

o
v
a
l 

(%
)

Bentonite dose (g)

Pb Cu Zn Mn Fe Ca Mg

TH-2771_156104018



Effect of MSW and synthetic MSW leachate on the behaviour of bentonites 

 

164 Indian Institute of Technology Guwahati 

Furthermore, it was observed (Fig. 5.14 - 5.17) that the number of metal ions adsorbed 

per unit mass reduced progressively with an increase in the bentonite content. This shows 

that during the initial phase, a vast number of active sites are available for sorption. At high 

mineral concentrations, the available metal concentration is insufficient to cover the 

exchangeable sites on the adsorbent completely, usually resulting in low metal adsorption 

capacity (Anna et al., 2015; Yang et al., 2010). Besides, with an increase in the clay fraction 

increases the likelihood of collision between solid particles. It is, therefore, may create 

particle aggregation, causing a decrease in the total surface area and an increase in 

diffusional path length, both of which contribute to the decrease in the sorption capacity of 

metal ions on bentonite (Anna et al., 2015; Shukla et al., 2002). The same behaviour of 

other adsorbent material on metal ion adsorption has also been described (Anna et al., 2015; 

Chen et al., 2012; Gupta and Bhattacharyya, 2008; Vieira et al., 2010).  
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(b) 

Fig. 5.14. Amount of MSW leachate adsorbed by Bentonite-1 at various bentonite dose 
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(b) 

Fig. 5.15. Amount of MSW leachate adsorbed by Bentonite-2 at various bentonite dose 
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(b) 

 

(c) 

Fig. 5.16. Amount of synthetic MSW leachate adsorbed by Bentonite-1 at various 

bentonite dose 
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(c) 

Fig. 5.17. Amount of synthetic MSW leachate adsorbed by Bentonite-2 at various 

bentonite dose 

5.2.13. Kinetic study of MSW and synthetic MSW leachate 
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77.2 (Zn), 67.5 (Mn) and 14.1% (Ca) due to Bentonite-1 and 94.3 (Fe), 83.4 (Mg), 84.7 

(Cu), 77.1 (Pb), 76.3 (Zn), 71.3 (Mn) and 13.1% (Ca) due to Bentonite-2, respectively.   

 

Fig. 5.18. Adsorption kinetics for MSW leachate in the presence of Bentonite-1 

 

Fig. 5.19. Adsorption kinetics for MSW leachate in the presence of Bentonite-2 
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Fig. 5.20. Adsorption kinetics for synthetic MSW leachate in the presence of 

Bentonite-1 

 

Fig. 5.21. Adsorption kinetics for synthetic MSW leachate in the presence of 

Bentonite-2 
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The observed results were found to comply with the previous investigations where rapid 

adsorption rates were reported (Anna et al., 2015; Bourliva et al., 2013; Vieira et al., 2010). 

A further increase in the contact time, however, did not increase the amount of adsorbed 

metal ions. This is because, during the initial adsorption stage, a large number of vacant 

sites are available, which in due course of time gets occupied and owing to the repulsive 

forces, filling of the remaining vacant sites becomes a challenge. 

5.2.13.2. Kinetic model 

Pseudo first- and second-order kinetics plot were displayed in Fig. 5.22 - 5.25. The 

calculated kinetic parameters of heavy metals present in MSW and synthetic MSW leachate 

sorption for both the bentonites are detailed in Table 5.3 and 5.4. It can be perceived from 

Fig. 5.22 - 5.25 that for both the bentonites, Pseudo-first-order kinetic plots do not show a 

straight line. The R2 value of the model for both the soil was also lower (Table 5.8 and 5.9) 

signifying that sorption of heavy metals on bentonites does not fit for Pseudo-first order 

kinetic model. On the contrary, the R2 values of the pseudo-second-order kinetic equation 

were very high (R2 > 0.98 for Bentonite-1 and Bentonite-2) for both the leachates. The 

experimental values of qe were also similar to the calculated values, which furthermore 

confirms the excellent agreement with the Pseudo-second order kinetic model. The output 

of the investigation directed that the process of adsorption mechanism mostly depends on 

adsorbate (metal ions) and adsorbent (bentonites). The study also concludes that the overall 

rate-limiting step of the metal sorption mechanism on both the adsorbent appeared to be 

ruled by chemisorption which includes valence forces by exchange and sharing of an 

electron. 
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(i) 

 

(ii) 

(a) Pseudo-first-order adsorption kinetics of MSW leachate 

-7

-6

-5

-4

-3

-2

-1

0

0 50 100 150 200 250
ln

 (
q

e
-q

t)

Time (minute)

Pb Cu Zn Mn

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

ln
 (

q
e
-q

t)

Time (minute)

Fe Ca Mg

TH-2771_156104018



Effect of MSW and synthetic MSW leachate on the behaviour of bentonites 

 

174 Indian Institute of Technology Guwahati 

 

(i) 

 

(ii) 

(b) Pseudo-second-order adsorption kinetics of MSW leachate  

Fig. 5.22. Kinetic study of Bentonite-1 in the presence of MSW leachate 
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(i) 

 

(ii) 

(a) Pseudo-first-order adsorption kinetics of MSW leachate 
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(i) 

 

(ii) 

(b) Pseudo-second-order adsorption kinetics of MSW leachate 

Fig. 5.23. Kinetic study of Bentonite-2 in the presence of MSW leachate 
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(a) Pseudo-first-order adsorption kinetics of synthetic MSW leachate 
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(ii) 

 

(iii) 

(b) Pseudo-second-order adsorption kinetics of synthetic MSW leachate 

Fig. 5.24. Kinetic study of Bentonite-1 in the presence of synthetic MSW leachate 
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(a) Pseudo-first-order adsorption kinetics of synthetic MSW leachate 
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(ii) 

 

(iii) 

(b) Pseudo-second-order adsorption kinetics of synthetic MSW leachate 

Fig. 5.25. Kinetic study of Bentonite-2 in the presence of synthetic MSW leachate 
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Table 5.8. Parameters for adsorption of heavy metals present in MSW leachate on bentonites derived from the pseudo-first- and second-order 

kinetic models 

 

 

 

 

 

 

Real MSW 

Pseudo 1st order Pseudo 2nd order 

Bentonite-1 Bentonite-2 Bentonite-1 Bentonite-2 

qe (mg/g) K1(min-1) R2 qe (mg/g) K1(min1) R2 qe (mg/g) 
K1 

(g/mg min) 
R2 qe (mg/g) 

K1 

(g/mg min) 
R2 

Pb 0.052 0.07 0.45 0.044 0.68 0.85 0.047 447.99 0.99 0.046 469.85 0.99 

Cu 0.019 0.04 0.81 0.018 0.03 0.89 0.023 1952.84 0.99 0.023 1971.18 0.99 

Zn 0.202 0.06 0.87 0.184 0.05 0.91 0.266 14.13 0.98 0.224 19.89 0.99 

Mn 0.093 0.03 0.91 0.079 0.03 0.90 0.127 61.84 0.98 0.114 76.50 0.94 

Fe 2.667 0.03 0.87 2.779 0.03 0.83 3.281 0.09 0.97 3.284 0.09 0.98 

Ca 7.640 0.05 0.85 7.131 0.04 0.81 9.434 0.01 0.98 8.993 0.01 0.97 

Mg 4.602 0.01 0.87 5.027 0.02 0.84 4.948 0.04 0.94 5.797 0.03 0.94 
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Table 5.9. Parameters for adsorption of heavy metals present in synthetic MSW leachate on bentonites derived from the pseudo-first- and 

second-order kinetic models. 

Synthetic MSW 

Pseudo 1st order Pseudo 2nd order 

Bentonite-1 Bentonite-2 Bentonite-1 Bentonite-2 

qe (mg/g) K1(min-1) R2 qe (mg/g) K1(min1) R2 qe (mg/g) 
K1 

(g/mg min) 
R2 qe (mg/g) 

K1 

(g/mg min) 
R2 

Pb 0.031 0.37 0.34 0.036 0.06 0.28 0.032 978.63 0.99 0.031 1045.75 0.99 

Cu 1.673 0.001 0.71 0.080 0.04 0.91 0.093 114.28 0.99 0.094 112.98 0.99 

Zn 2.652 0.05 0.80 2.723 0.12 0.84 0.580 2.97 0.97 0.558 3.21 0.95 

Mn 0.199 0.09 0.89 0.213 0.10 0.87 0.268 13.91 0.99 0.297 11.37 0.97 

Fe 2.708 0.04 0.92 2.639 0.04 0.89 3.367 0.09 0.98 3.293 0.09 0.97 

Ca 6.984 0.41 0.91 6.530 0.27 0.86 10.081 0.01 0.98 9.294 0.01 0.98 

Mg 7.691 0.03 0.84 6.911 0.02 0.91 11.389 0.09 0.97 10.132 0.01 0.95 
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5.3. Summary 

This investigation was conducted to study the influence of metal ions present in MSW and 

synthetic MSW leachate on the behaviour of bentonites. Two bentonites with different 

mineralogical properties were examined for their change in the index properties, free swelling, 

swelling potential, swelling pressure, hydraulic conductivity, consolidation parameters and 

shear strength in the presence of various metal ions. Further, the investigation was conducted 

to analyse the influence of different metals on the adsorption capacity of bentonites. 

Adsorption, dose, contact time and kinetic studies were carried out on two bentonites. Based 

on the test results, the conclusions are summarised below. 

 The result indicated that liquid limit and free swelling decreased in the presence of both the 

leachate. MSW leachates show a higher decrease in the value of liquid limit and free swell 

for both the bentonites. 

 The study reveals that the swelling potential of both the bentonites reduced in the presence 

of both the leachates. The decline in swelling potential in the presence of leachates is due 

to the reduction in DDL thickness. Similar to swelling potential, swelling pressure of both 

the bentonites decreased in the presence of both the leachates. Bentonite-1, having a higher 

liquid limit, high CEC, SSA experiences a higher reduction in swelling potential and 

swelling pressure in the presence of leachates compare to Bentonite-2. 

 Comparative assessment of the compressibility of the two bentonites, as a result of the 

permeation of both the leachates, indicates a significant reduction in the void ratio (due to 

the application of pressure) for bentonite with synthetic leachate.  

 Time – swelling relationship study showed that of bentonites reveals that, for the same 

period, the swelling percentage was higher for Bentonite-1 in comparison to Bentonite-2 in 

the presence of both the leachates. 

 A rise in the hydraulic conductivity value was observed for both the bentonites in the 

presence of both the leachates. MSW leachates show a higher rise in the value of hydraulic 

conductivity for both the bentonites. A comparative assessment for both the bentonite at a 

certain void ratio reveals that Bentonite-1 has a more significant impact than Bentonite-2. 

 The results indicated that with the rise in consolidation pressure, the cv decreases gradually. 

Test results also suggest that the interaction of the heavy metal ion present in the leachate 

with the soil pore fluid increases the degree of consolidation of the soil matrix. 
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 The study indicated that, in the presence of both the leachates t90 of both the bentonites 

reduced. On comparing both the bentonites, it reveals that Bentonite -1 is positively 

influenced in the presence of leachates as compared to Bentonite-2.  

 The result suggested that as compared to Bentonite-2, the decrease in Cc value was more 

prominent in the case of Bentonite-1.  

 UCS study reveals that the strength of the bentonite reduced in the presence of both the 

leachates. The strength of Bentonite-1 is reduced by 8.3 and 8.5% in presence synthetic and 

fresh MSW leachate, whereas, the decrease in strength was found to be 1.7 and 3.9% for 

Bentonite-2. A higher reduction in strength was observed in the case of Bentonite-1 as 

compared to Bentonite-2. 

 A higher amount of removal was observed in Bentonite-1 as compared to Bentonite-2 in 

the presence of synthetic and fresh MSW leachate. The adsorption capacity of Bentonite-1 

was found to be 17.98 and 21.42 mg/g in the presence of MSW and synthetic MSW 

leachate, whereas, 16.62 and 20.67 mg/g of adsorption capacity was obtained for Bentonite-

2 respectively. 

 The dose study revealed that with the rise in adsorbent dose, the removal rate (%) increased 

whereas, the adsorption capacity (mg/g) of all the metals present in the leachates reduced 

for both the bentonites. 

 Kinetic study showed that for all metals present in the leachate, Pseudo second-order kinetic 

model was found to be an ideal fit for both the bentonites. 
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The way to get started is 

to quit talking and begin 

doing. 

- Walt Disney 

 

6 

Influence of various leachates 

on the behaviour of bentonites 

 

6.1. Introduction 

The rapid growth of human population over the past decades has also witnessed 

significant growth of the change in living patterns. This has led to the migration of a large 

population to the urban regions in search of a better way of life. With growing number of 

cities around the world, the problem of a growing concern of proper waste management 

has evolved. Nowadays, the wastes collected from the residential complexes are no longer 

limited to biological (kitchen/food) wastes; rather, the waste characteristics have undergone 

drastic changes (Yoada et al., 2014). Huge amounts of inorganic and plastic wastes, as well 

as electronic wastes are also generated, which eventually end up in the landfills. These 

wastes contain significant amounts of heavy metals and other polymer compounds, which 

are usually rendered toxic or in some cases, carcinogenic (Needhidasan et al., 2014). 

The primary problems associated with landfills has always been leachate and gas 

management (Swati et al., 2018). However, leachate remains the primary concern, as the 

dreadful effects of leaching from the landfills can not only cause problems to the landfill, 

but also to the nearby environment. Furthermore, if leachates come in contact with the 

nearby aquifer or any surrounding surface water body, it may have a permanent detrimental 
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effect on them, thus making them virtually irreparable. Hence, arresting leachates from 

coming in contact with the surrounding soil and water body is a necessity while designing 

any landfill (Daniel, 1984). To serve this purpose, liners are usually provided, which act as 

barriers to the landfill and the surrounding environment. Several landfill liner materials are 

available, based on their nature, i.e., synthetic or natural. Synthetic liners include the use 

of HDPE materials that have proved to be excellent materials. However, they are too 

expensive and thus, deem unsuitable for small landfills (Sharma and Reddy, 2004). Hence, 

for this purpose, natural liner materials are considered which have exceptional arresting 

capabilities. Among all, several studies have recommended bentonite as a landfill liner, 

owing to its excellent chemical stability and adsorption characteristics (Daniel, 1984; Dutta 

and Mishra, 2016; Nakano et al., 2008). Several studies have been conducted on various 

kinds of leachates (Anna et al., 2015; Chen et al., 2018; Li et al., 2015; Pivato and Raga, 

2006; Vega et al., 2005). However, there exist three key leachates that are becoming 

increasingly dangerous with time; they are fly ash, sewage sludge, and paper mill sludge 

leachates. 

With increasing industrialization and urbanization, space in metro cities have become a 

major concern. Hence, wastes are generally incinerated and the generated fly ash are 

disposed of to the landfills. The residues of the incinerated wastes contain various toxic 

chemicals such as dioxins and heavy metals which are rendered dangerous when in contact 

with any water source (Li et al., 2007). Furthermore, with the increasing population, the 

amount of wastewater generated in the form of sewage has increased manifolds. This has 

given rise to increasing sewage treatment units in the urban regions, which generate huge 

quantities of sludge. This sludge is then dried and disposed of to the landfills. This 

destabilized sludge also possesses considerable amounts of heavy metals that are rendered 

harmful to the environment (Nayak and Kalamdhad, 2014). Lastly, with increasing paper 

consumption in the urban provinces, the generation of paper mill sludge has also seen a 

significant growth. The paper mill sludge is rich in heavy metal concentrations, owing to 

which, possess hazard to the natural environment after being disposed to the landfills 

(Hazarika et al., 2017). 

Based on the published literature through various studies, it was seen that no study is 

available assessing the influence of fly ash, sewage sludge and paper mill leachates on the 

physical and chemical properties of bentonites. Hence, this investigation targets studying 

the influence of different leachates on two different bentonites possessing distinct chemical 
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and mineralogical composition. Bentonites were evaluated for their liquid limit, free swell, 

swelling potential, swelling pressure, hydraulic conductivity, consolidation parameters, 

shear strength and adsorption capacity in the presence of leachates. 

6.2. Results and discussions 

6.2.1. Impact of leachates on liquid limit and free swell 

The liquid limit and free swell of bentonites are listed in Table 6.1. It was seen that in 

the presence of various synthetic leachates, both the parameters declined, compared to the 

values in the presence of DI water. In the presence of fly ash, sewage sludge and paper mill 

leachate the liquid limit value reduced by 73.5, 61.7 and 69.2%, respectively for Bentonite-

1. In the case of Bentonite-2, it was reduced to 62.5, 46.8 and 55.6%, respectively. 

It was also observed that in the presence of DI water, Bentonite-1and -2 expanded to 32 

and 20 mL/g, respectively; however, in the presence of all the leachates, the free swelling 

value reduced. The reduction in the free swell of Bentonite-1 was found to be 80.0, 73.8 

and 76.9% in the presence of fly ash, sewage sludge and paper mill leachate, respectively. 

Similarly, for Bentonite-2 a decline in 75.0, 72.5 and 72.5% was obtained for fly ash, 

sewage sludge and paper mill leachate, respectively. 

The reason can be attributed to the fact that the existence of higher concentrations of 

heavy metals shrinks the DDL thickness of bentonite soil (Dutta and Mishra, 2016b). Fly 

ash leachate showed a higher impact on both the bentonites. The reduction in DDL 

thickness was more significant in fly ash leachate as compared to sewage sludge and paper 

mill leachate due to the presence of high levels of metal concentrations. Bentonite-1 

showed a higher reduction in liquid limit and free swell as compared to Bentonite-2. 

Table 6.1. Liquid limit and free swell of bentonites in presence of synthetic leachates. 

Permeant 
Liquid limit (%) Free swell (mL/2g) 

Bentonite-1 Bentonite-2 Bentonite-1 Bentonite-2 

DI water 480.0 305.0 32.5 20.0 

Fly ash leachate 127.2 114.4 6.5 5.0 

Sewage sludge leachate 183.7 162.3 8.5 5.5 

Paper mill leachate 147.6 135.3 7.5 5.5 
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6.2.2. Impact of leachates on swelling potential and swelling pressure 

For the design of structures like liners, swelling pressure is an essential parameter, as 

the liners' swelling behaviour gets affected in the presence of leachates. To prevent the 

opening of cracks and fissures, liners must possess a high value of swelling pressure to 

suffice as impermeable barriers. 

The data in Table 6.2 displays the consequence of the leachate on the swelling potential 

and swelling pressure of both the bentonites. It was seen that due to the interaction with 

various synthetic leachate, the swelling pressure and swelling potential of both the 

bentonites lessened considerably. The influence of leachate solutions on Bentonite-1 was 

more noteworthy as compared to Bentonite-2. The decline in swelling pressure of 

Bentonite-1 was from 460.9 kPa to 191.3, 208.8 and 225.6 kPa in the presence of fly ash, 

paper mill and sewage sludge leachate, respectively. Similarly, Bentonite-2 showed a 

reduction from 392.0 kPa with DI water to 210.4, 216.7 and 232.6 kPa in the presence of 

fly ash, paper mill and sewage sludge leachate, respectively. The fly ash leachate showed 

a significant effect on the swelling pressure of both the bentonites in comparison to the 

paper mill and sewage sludge leachate solutions indicating the presence of a higher 

concentration of metal solutions and its effect on swelling pressure. 

Furthermore, the swelling potential of Bentonite-1 and -2 decreased in the presence of 

all the leachates. Bentonite-1 and -2 exhibited a swelling potential of 34.3 and 24.7% with 

DI water. However, due to the permeation of fly ash, paper mill and sewage sludge leachate 

solutions, it is declined to 13.3, 15.2 and 16.8% for Bentonite-1, respectively. Similarly, 

the swelling potential of Bentonite-2 was observed to be 10.7, 12.5 and 13.2% in the 

presence of fly ash, paper mill and sewage sludge leachate, respectively. Similar to the 

influence on the swelling pressure, Bentonite-1 showed higher reduction in swelling 

potential as compared to Bentonite-2. The percentage reduction of swelling potential in the 

presence of fly ash, paper mill and sewage sludge leachate with DI water was found to be 

61.3, 55.7 and 51.0% for Bentonite-1, whereas, for Bentonite-2 it was 54.9, 46.9 and 44.0%, 

respectively. Fly ash leachate showed a higher impact for both the bentonites. 
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Table 6.2. Swelling Potential and Swelling Pressure of bentonites in presence of synthetic 

leachates. 

 

6.2.3. Impact of synthetic leachates on Time-Swelling plot 

Fig. 6.1 and 6.2 depict a standard time-swell correlation for two different bentonites in 

the presence of fly ash, sewage sludge and paper mill leachate. It was observed that the 

increase in swelling with time progressed slowly initially, then rose steeply, and finally 

attained an asymptomatic value. It was furthermore, observed that the time required for 

attaining an asymptomatic value depended mostly on the type of bentonite-clay as well as 

the concentration of heavy metals present in the leachates.  Here, the percentage swell is 

computed as the ratio of the swelling amount at a particular time and the total swell of the 

mixture expressed as a percentage. Figure 6.1 and 6.2 describes a time vs percent swell 

relationship, which generally follows a standard S shape. Dakshanamurthy (1978) 

explained two stages of swelling; the first stage comprised of hydration of dry clay 

particles, wherein water gets adsorbed in successive monolayers and pushes apart the 

particles or the unit layers of the montmorillonite clay. The second stage includes the 

double-layer repulsion, where a massive volume change accompanies the swelling. 

However, closer inspection of the results in Fig. 6.1 and 6.2 show that the curve can be 

divided into three stages. In all cases the, initial swelling was less than 10% of the total 

swelling, essentially due to swelling of the bentonite clay particles within the voids of the 

coarser non-swelling fractions, which does not cause a volume increase of the sample. 

Primary swelling occurs when the voids no longer accommodate further swelling of the 

clay particles, occurring at a faster rate. After the completion of the primary swelling, the 

swelling further continues at a slower rate, known as the secondary swelling. 

Permeant 
Swelling Potential (%) Swelling Pressure (kPa) 

Bentonite-1 Bentonite-2 Bentonite-1 Bentonite-2 

DI water 34.3 23.7 460.9 392.6 

Fly ash leachate 13.3 10.7 191.3 210.4 

Sewage sludge leachate 16.8 13.2 225.6 232.6 

Paper mill leachate 15.2 12.5 208.8 216.7 
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Fig. 6.1. Time–swelling plot for Bentonite-1 in presence of synthetic leachates 

 

Fig. 6.2. Time–swelling plot for Bentonite-2 in presence of synthetic leachates 
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Table 6.3 depicts that for Bentonite-1 the initial swelling was achieved in 5, 2 and 2 

minutes in the presence of fly ash, sewage sludge and paper mill leachates, respectively. 

Similarly, for Bentonite-2 the initial swelling was completed in 10, 1 and 15 minutes, 

respectively. 

In the presence of synthetic fly ash, sewage sludge and paper mill leachates, Bentonite-

1 achieved primary swelling in 10080, 10200 and 10080 minutes, respectively; however, 

for Bentonite-2 it was attained at 8640, 9200 and 8640 minutes, respectively. The swelling 

percentage was found to be the least in the presence of fly ash leachate, which was followed 

by the paper mill leachate, and sewage sludge leachate, irrespective of the bentonite quality. 

The is due to the presence of a higher concentration of heavy metals in the fly ash leachate, 

as compared to others. 

A correlation between the two bentonites from the time-swelling plot revealed that for 

the same time elapsed, the percentage of swelling was higher for Bentonite-1 compared to 

Bentonite-2 in the presence of all leachates. This is because of a higher CEC, SSA, and 

montmorillonite content. 

Table 6.3. Initial swelling (IS) and Primary swelling (PS) of bentonites in presence of 

leachates. 

Permeant 

SWELL (%) 

Bentonite-1 Bentonite-2 

IS 

(%) 

Time 

(minute) 

PS 

(%) 

Time 

(minute) 

IS 

(%) 

Time 

(minute) 

 PS 

(%) 

Time 

(minute) 

DI water 1 10 33.8 17280 0.4 10 23.5 17280 

Fly ash leachate 0.3 5 13.3 10080 0.3 1 10.7 8640 

Sewage sludge 

leachate 0.5 2 16.8 10200 0.3 2 13.2 9200 

Paper mill 

leachate 
0.4 2 15.5 10080 0.3 15 12.4 8640 
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6.2.4. Impact of leachates on Hydraulic conductivity 

Fig. 6.3 and 6.4 show the impact of fly ash, sewage sludge and paper mill leachates on 

the hydraulic conductivity of bentonites. It was observed that the hydraulic conductivity of 

both the bentonites was higher in the presence of various synthetic leachates.  

Furthermore, it was observed that in the presence of Fly ash leachate, both the bentonites 

show a higher rise in hydraulic conductivity followed by Paper mill and Sewage sludge 

leachate. This may be due to the existence of a higher concentration of Zn2+ (13000 mg/L) 

in fly ash leachate. 

Compared to the individual application of heavy metals to the bentonites, the application 

of leachates renders higher ionic concentrations. The binding of metal cations to the 

hydroxyl group in the bentonite has a direct correlation with the ionic strength of the 

solution. This maintains an equilibrium of both the charges on the soil surface (Sparks, 

1995). Furthermore, more ions binding to the clay surface results in the shrinkage of the 

DDL, resulting in a higher hydraulic conductivity value and a tendency towards a more 

flocculated fabric. A considerable effect on the hydraulic conductivity of bentonite can also 

be seen due to the change in the pH of the salt solution (Mitchell and Soga, 2005). With the 

solution’s pH increment, the net proton charge drops (Sposito, 1989), and hence, there is a 

higher requirement for positive ions on the clay particle surface. Thus, there is a chance of 

(i) an increase in hydraulic conductivity because of a rise in pore space or (ii) a decrease in 

hydraulic conductivity because of pore-clogging, due to the movement of particles from 

the acids or bases. The degree of growth in hydraulic conductivity due to the accumulation 

of leachates was found to be different. 

A comparison study among Bentonite-1 and -2 was carried out in the presence of Fly 

ash, Sewage sludge and paper mill leachates. At a void ratio of 1.2, the hydraulic 

conductivity value was determined for both bentonites, listed in Table 6.4. It was seen that 

when the pore fluid comprises a higher level of different metal concentration present in fly 

ash leachate, the hydraulic conductivity increased about 57.5 and 61.5 times than that with 

DI water for Bentonite-1 and-2. Similarly, hydraulic conductivity of both the bentonites 

was found to be inclined by 8.6 and 7.9 times in the presence of Sewage sludge leachate. 

Likewise, paper mill leachate showed an increment of hydraulic conductivity by 41.1 and 

9.8 times, respectively. The comparison study also revealed that because of the existence 

of the leachates, the hydraulic conductivity of Bentonite-1 was significantly affected as 

TH-2771_156104018



Influence of various leachates on the behaviour of bentonites 

 

Indian Institute of Technology Guwahati 193 

compared to Bentonite-2. Increment in hydraulic conductivity was found to be higher in 

Fly ash leachate followed by the paper mill and sewage sludge leachate. 

 

Fig. 6.3. Hydraulic conductivity of Bentonite-1 in presence of synthetic leachates 

 

 

Fig. 6.4. Hydraulic conductivity of Bentonite-2 in presence of leachates 
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Table 6.4. Hydraulic conductivity of bentonites at a void ratio of 1.2 for synthetic 

leachates. 

Permeant 
Hydraulic conductivity (cm/sec) at void ratio (e) 1.2 

Bentonite-1 Bentonite-2 

DI water 4.75×10-10 9.75×10-10 

Fly ash leachate 2.73×10-8 6.00×10-8 

Sewage sludge leachate 4.10×10-9 7.78×10-9 

Paper mill leachate 1.95×10-8 9.51×10-9 

 

6.2.5. Impact of leachates on Compressibility behaviour of bentonites 

Fig. 6.5 and 6.6 depict the void ratio-pressure plots of Bentonite-1 and -2 in the existence 

of various synthetic leachate solutions. It was observed that there is a substantial decline in 

the void ratio in the presence of fly ash, sewage sludge and paper mill leachate. The 

compression of Bentonite-2 was less than Bentonite-1 in the presence of various synthetic 

leachates.  

The bentonites showed a significant compressibility degree in the presence of pore fluids 

of lower concentrations, attributing to the generation of internal swelling forces that offer 

resistance against the compressive stresses. With the diffusion of various synthetic 

leachates containing a high level of different metal concentration into the bentonite, there 

is a decline in the inter-particle repulsive stresses, making the clay particles get compressed 

to a lower void ratio. 

Reduction in the void ratio because of increment in the vertical consolidation pressure 

was maximum for DI water followed by sewage sludge, paper mill and fly ash leachate. 

The presence of combinations of the high level of metal concentrations in fly ash leachate 

produced the least compressibility for the bentonites. This is primarily because of the 

decline in diffuse double layer thickness (Mitchell and Soga, 2005; Olson and Mesri, 1970; 

Sridharan et al., 1986). 
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Fig. 6.5. Void ratio and Pressure relationship of bentonites in presence of leachates 

 

Fig. 6.6. Void ratio and Pressure relationship of bentonites in presence of leachates 
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6.2.6. Impact of leachates on the coefficient of consolidation (cv) of 

bentonites 

The relationship between the coefficient of consolidation and vertical consolidation 

pressures for both the bentonites in the presence of fly ash, paper mill and sewage sludge 

leachate is depicted in Fig. 6.7 and 6.8. It was observed that with a rise in the consolidation 

pressure cv values declined. The plots also revealed that in the presence of all the synthetic 

leachates, the reduction of cv value with the rise in vertical pressure significantly affected. 

With DI water, the cv for Bentonite-1 and -2 declined from 6.20x10-5 cm2/sec to 1.23x10-

5 cm2/sec (5.0 times) and 4.90x10-5 cm2/sec to 1.31x10-5 cm2/sec (3.7 times), with the rise 

in the vertical pressure from 98.0 kPa to 784.5 kPa. However, in the presence of fly ash 

leachate, the cv dropped from 6.8x10-4 cm2/sec to 3.3x10-5 cm2/sec (20.6 times) and 1.0x10-

3 cm2/sec to 5.4x10-5 cm2/sec (18.5 times) for the similar range of upsurge in the vertical 

consolidation pressure for Bentonite-1 and -2, respectively. Similarly, for Bentonite-1 and 

-2 permeated with sewage sludge leachate, the cv lessened from 2.5x10-4 cm2/sec to 

1.92x10-5 cm2/sec (13.0 times) and 1.4x10-4 cm2/sec to 1.7x10-5 cm2/sec (8.2 times). 

Likewise, Bentonite-1 and -2 diffused with paper mill leachate showed a decline in cv 

values from 4.90x10-4 cm2/sec to 2.18x10-5 cm2/sec (22.5 times) and from 2.80x10-4 

cm2/sec to 5.4x10-5 cm2/sec (5.2 times), respectively. 

From Fig. 6.7 and 6.8, it was also perceived that the value of cv for both the bentonites 

raised in presence of all the synthetic leachates. The plot in the figure showed that at a 

vertical consolidation pressure of 196 kPa, cv elevated from 3.5x10-5 cm2/sec with DI water 

to 2.6x10-4 cm2/sec (7.4 times), 1.7x10-4 cm2/sec (4.9 times) and 6.6x10-5 cm2/sec (1.9 

times), when infused with Fly ash, Paper mill and sewage sludge leachate for Bentonite-1. 

However, at the same pressure for Bentonite-2, the cv value upsurges from 2.6x10-5 cm2/sec 

in existence of DI water to 5.3x10-4 cm2/sec (20.4 times), 1.3x10-4 cm2/sec (5 times) and 

7.5x10-5 cm2/sec (2.9 times) for the above leachates, respectively. 
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Fig. 6.7. Coefficient of consolidation (cv) and pressure relationship for Bentonite-1 in 

presence of leachates 

 

Fig. 6.8. Coefficient of consolidation (cv) and pressure relationship for Bentonite-2  in 

presence of leachates 
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The increase in cv value was higher for fly ash leachate followed by paper mill and 

sewage sludge leachate. The overall concentration was 17736.20, 3116.74 and 1941.20 

mg/L for fly ash, paper mill and sewage sludge leachates, respectively. The DDL thickness 

of bentonite soil shrinks in existence of higher concentration of heavy metals present in the 

leachates causing higher hydraulic conductivity value which consequently surges the cv 

value.  A comparison between the cv values for the two bentonites in presence of fly ash, 

sewage sludge and paper mill leachate and consolidation pressure specifies that the 

Bentonite-1, having higher swelling capacity, liquid limit, SSA, CEC and lower hydraulic 

conductivity values, revealed a lesser cv as compared to Bentonite-2.  

6.2.7. Impact of leachates on t90 of bentonites 

Plots among consolidating pressure and time to complete 90% of consolidation (t90) are 

shown in Fig. 6.9 and 6.10. The plots display that the t90 for both the bentonite samples 

increased in the presence of fly ash, sewage sludge and paper mill leachate solutions with 

the rise in the vertical consolidation pressure. 

At any pressure, Bentonite-1 displayed a higher t90 value as compared to Bentonite-2 in 

the presence of all synthetic leachates. The plots also demonstrate that in the beginning, the 

upsurge in t90 with the vertical consolidation pressure was progressing slowly; however, a 

significant rise in the t90 value was observed at higher pressures. The plots also reveal that 

in comparison to that of DI water the upsurge in t90 with the consolidation pressure was not 

as much in presence of various synthetic leachates. The plot in Fig 6.9 and 6.10 show that 

the t90 values for the Bentonite-1 and -2 infused with DI water rose up from 368.6 to 900.0 

minutes and 234.1 to 564.1 minutes with the rise in the vertical consolidation pressure from 

9.8 kPa to 784.5 kPa. However, it elevated only from 14.44 minutes to 196.0 minutes and 

9.0 minutes to 121.0 minutes for fly ash leachate solutions having high concentrations of 

heavy metals. Similarly, for sewage sludge leachate the t90 upraised from 39.7 minutes to 

345.9 minutes and 67.2 minutes to 345.9 minutes. Likewise, on permeation with paper mill 

leachate it increased only from 20.3 minutes to 285.6 minutes and 33.6 minutes to 225.4 

minutes respectively. 

The t90 value seems to be lower for fly ash leachate followed by paper mill and sewage 

sludge leachate. This is because the metal concentration level is very high in fly ash leachate 

as compared to paper mill and sewage sludge leachates. 
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Fig. 6.9. Time for 90% consolidation (t90) and pressure relationship for Bentonite-1  in 

presence of leachates 

 

Fig. 6.10. Time for 90% consolidation (t90) and pressure relationship for Bentonite-2  in 

presence of leachates 
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6.2.8. Impact of leachates on compression index (Cc) of bentonites 

Like hydraulic conductivity, another important parameter that needs understanding for 

settlement analysis is the compression index (Cc). The Cc value of fly ash paper mill and 

sewage sludge leachate are listed in Table 6.5, which depicts that the Cc value of both 

bentonites declines in presence of leachates. For Bentonite-1 and -2, the soil samples 

exhibited a Cc value of 0.79 and 0.72 when infused with DI water. However, due to 

permeation of fly ash, sewage sludge and paper mill leachate the Cc values are declined by 

31.6, 13.9 and 25.3%, respectively. Similarly, Bentonite-2 showed a reduction in Cc value 

of 30.6, 8.3 and 20.8% due to permeation of fly ash, sewage sludge and paper mill leachate, 

respectively.  

Bentonite-1, having higher swelling capacity and liquid limit revealed a higher reduction 

in Cc as compared to Bentonite-2. Both the bentonites showed a significant reduction in Cc 

value in presence of Fly ash leachate. 

Table 6.5. Compression index of bentonites in presence of synthetic leachates. 

6.2.9. Impact of leachates on UCS of bentonites 

The stress-strain relationship of Bentonite-1 and -2 are depicted in Fig. 6.11 in the 

presence of DI water and various synthetic leachates. It explains that the failure occurs for 

Bentonite-1 and -2 in DI water presence at a high stress level of 6.3% and 5.5%. However, 

the failure was detected at 2.9 and 3.4% strain rate in the presence of Fly ash leachate for 

Bentonite-1 and -2, respectively. Similarly, for Sewage sludge leachate, the failure strain 

rate obtained was 3.7 and 3.4%. Likewise, 3.1 and 3.9% failure strain rate was noticed in 

case of paper mill leachate for both the bentonites, respectively.  

 

Permeant 
Compression Index (Cc) 

Bentonite-1 Bentonite-2 

DI water 0.79 0.72 

Fly ash leachate 0.54 0.50 

Sewage sludge leachate 0.68 0.66 

Paper mill leachate 0.59 0.57 
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Table 6.6. Unconfined compressive strength of bentonites in presence of synthetic 

leachates. 

Table 6.6 shows the unconfined compressive strength of Bentonite-1 and -2 in presence 

of DI water, fly ash, sewage sludge and paper mill leachate. It was observed that the 

strength of bentonites declined in the presence of all the leachates. 
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Permeant 
Unconfined compressive strength (kPa) 

Bentonite-1 Bentonite-2 

DI water 270.5 282.1 

Fly ash leachate 239.7 256.0 

Sewage sludge leachate 247.9 269.3 

Paper mill leachate 243.6 263.4 
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(ii) Sewage sludge leachate 

 

(iii) Paper mill leachate 

Fig. 6.11. Axial stress (kPa) vs strain (%) relationship of the bentonites in the presence 

of various leachates  
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The decline in strength of Bentonite-1 was observed by 11.4, 9.9 and 8.4% in the 

presence of fly ash, sewage sludge and paper mill leachate, while, for Bentonite-2 the fall 

in strength was found to be 9.2, 6.6 and 4.5%, respectively.  This decline in strength can be 

attributed to the reduction in the density of the specimen. Considering the MDD of a soil 

specimen rises due to the diffusion of the contaminant (Abd El-Aal, 2017), and, in this case, 

the samples were compacted at MDD concerning DI water, the soil specimens infused with 

leachates were in a loosened state.  Bentonite-1 exhibited a higher decline in strength in 

comparison to Bentonite-2. This is because of Bentonite-2's lower liquid limit and DDL 

thickness, thus, inducing a closer grain to grain contact and hence exhibiting a higher 

strength value. It is also observed that bentonites with fly ash leachate exhibit lower 

strength value. 

6.2.10. Adsorption of various leachates on bentonites 

In leachates, various numbers of metals always exist collectively. Therefore, the 

adsorption behaviour of bentonites for fly ash, sewage sludge and paper mill leachate were 

investigated in a competitive system.  Fig. 6.12, 6.13 and 6.14 depict the removal of heavy 

metals present in fly ash, sewage sludge and paper mill leachate for both the bentonites. 

 

Fig. 6.12. Removal of heavy metal from fly ash leachate by bentonites 
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Fig. 6.13. Removal of heavy metal from sewage sludge leachate by bentonites 

 

Fig. 6.14. Removal of heavy metal from paper mill leachate by bentonites 
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Table 6.7. Removal of heavy metal from Fly ash leachate by bentonites 

Fly-ash 

Leachate 

Heavy 

metal 

Final 

pH 

Concentration (mg/L) 
Removal      

(%) 

Adsorption 

capacity 

(mg/g) 

Initial 

Concentration 

After 

adsorption 

Bentonite-1 

Cu2+ 

5.6±0.2 

886.2 542.8 38.7 6.8 

Pb2+ 3655.3 2395.7 34.4 24.3 

Zn2+ 13044.0 11359.8 12.9 33.7 

Ni2+ 26.9 19.4 27.7 0.1 

Cd2+ 123.8 105.7 14.6 0.3 

Bentonite-2 

Cu2+ 

5.6±0.2 

886.2 549.9 37.9 6.7 

Pb2+ 3655.3 2445.4 33.1 23.3 

Zn2+ 13044.0 11692.8 10.3 27.0 

Ni2+ 26.9 19.7 26.5 0.1 

Cd2+ 123.8 108.9 12.0 0.3 

 

A higher amount of Zn2+ was present in fly ash leachate, i.e., 13044.0 mg/L in the present 

study. Existence of high level of zinc may supress other metal ions to adsorb on the surface 

of both the bentonites. It was detected that due to Bentonite-1 & -2 the concentrations of 

Zn2+ reduced from 13044.0 mg/L to 11359.8 and 11692.9 mg/L for fly ash leachate. 

Removal of 12.9 and 10.3% was obtained for Zn2+ in the presence of Bentonite -1 and 2, 

respectively. The detailed removal of heavy metals from fly ash leachate by both the 

bentonites are listed in Table 6.7. The overall adsorption capacity in presence of fly ash 

leachate was found to be 65.3 and 57.5 mg/g for Bentonite-1 and-2, respectively. 

Similarly, Tables 6.8 and 6.9 show the detailed removal of heavy metals from sewage 

sludge and paper mill leachate by both the bentonites. The highest removal was observed 

in Cd, followed by Pb, Ni, Cu, Zn, and Mn by both the bentonites for sewage sludge 

leachate. However, in case of paper mill leachate the maximum removal obtained for Ni 

subsequently by Fe, Pb, Cu, Cd, Mn, and Zn. A higher amount of removal was observed in 

Bentonite-1 as compared to Bentonite-2 for sewage sludge leachate. The presence of 

sewage sludge leachate for the removal of Cu2+, Pb2+, Zn2+, Cd2+ Ni2+ and Mn2+ was found 

to be 7.5, 4.2, 8.1, 3.6, 6.9, and 5.6% higher, respectively for Bentonite-1, as compared to 

Bentonite-2. 
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Table 6.8. Removal of heavy metal from sewage sludge leachate by bentonites 

Sewage 

sludge 

Leachate 

Heavy 

metal 

Final 

pH 

Concentration (mg/L) 
Removal      

(%) 

Adsorption 

capacity 

(mg/g) 

Initial 

Concentration 

After 

adsorption 

Bentonite-1 

Cu2+ 

5.1±0.2 

174.0 83.8 51.8 1.6 

Pb2+ 130.0 32.0 75.3 1.7 

Zn2+ 967.2 517.8 46.4 8.0 

Cd2+ 37.0 0.6 98.3 0.6 

Ni2+ 278.0 110.0 60.4 3.0 

Mn2+ 355.0 243.1 31.5 2.0 

Bentonite-2 

Cu2+ 

5.1±0.2 

174.0 90.6 47.9 1.5 

Pb2+ 130.0 36.2 72.2 1.7 

Zn2+ 967.2 554.1 42.7 7.4 

Cd2+ 37.0 1.9 94.8 0.6 

Ni2+ 278.0 121.6 56.2 3.0 

Mn2+ 355.0 249.4 29.7 1.8 

 

Likewise, for Paper mill leachate 3.3, 1.6, 14.6, 9.6, 2.9, 17.7, and 3.3% higher removal 

for Cu2+, Pb2+, Zn2+, Cd2+, Ni2+, Mn2+ and Fe2+, respectively was obtained by Bentonite-1 

in comparison to Bentonite-2. The overall uptake of sewage sludge leachate was found to 

be 17.0 and 16.0 mg/g in the presence of Bentonite-1 and -2, whereas, for paper mill 

leachate, 14.7 mg/g and 13.1 mg/g were obtained, respectively.  For all the leachates, 

bentonites in a single system showed a higher amount of adsorption of Pb, Cu and Zn, 

compared to a competitive system. This is primarily attributed to competitive adsorption of 

different varieties of ions in the system. As there are a finite number of adsorption sites on 

the surface of the bentonite, each heavy metal competes for a certain site, thus attempting 

to be transferred from the leachate to the bentonite surface, resulting in partial sharing of 

the sites which reduces the adsorbed amounts. 
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Table 6.9. Removal of heavy metal from paper mill leachate by bentonites 

Paper mill 

Leachate 

Heavy 

metal 

Final 

pH 

Concentration (mg/L) 
Removal      

(%) 

Adsorption 

capacity 

(mg/g) 

Initial 

Concentration 

After 

adsorption 

Bentonite-1 

Cu2+ 

5.0±0.2 

17.5 3.1 82.1 0.2 

Pb2+ 7.4 0.9 87.8 0.1 

Zn2+ 2366.6 1881.2 20.5 8.6 

Cd2+ 520.8 305.0 41.4 3.8 

Ni2+ 12.7 1.2 90.5 0.2 

Mn2+ 126.0 92.4 26.6 0.6 

Fe2+ 65.4 6.5 89.9 1.0 

Bentonite-2 

Cu2+ 

5.0±0.2 

17.5 3.6 79.3 0.2 

Pb2+ 7.4 1.0 86.3 0.1 

Zn2+ 2366.6 1951.9 17.5 7.4 

Cd2+ 520.8 325.7 37.4 3.5 

Ni2+ 12.7 1.5 87.9 0.2 

Mn2+ 126.0 98.3 21.9 0.5 

Fe2+ 65.4 8.5 87.0 1.1 

 

6.2.11. Effect of leachates on various bentonite doses 

The adsorbent dosage studies were carried out for varying bentonite amounts, ranging 

from 0.2 to 5.0 g/100 mL leachate solutions, the results of which are depicted in Fig. 6.15-

6.20. It was observed that the adsorbed metal ions (i.e. their removal efficiencies) increased 

with increasing adsorbent dosage, primarily attributing to an increase in the clay 

concentration that increases the surface area of the adsorbent, which in turn, increases the 

number of binding sites for the same liquid volume. 

The removal efficiency was found to be increased from 3.7 to 21.6 (Cu), 2.9 to 8.2 (Ni), 

5.2 to 34.8 (Pb), 1.9 to 7.6 (Zn) and 3.5 to 15.0 (Cd) % by Bentonite-1 and 3.0 to 15.7 (Cu), 

1.8 to 6.2 (Ni), 4.5 to 33.2 (Pb), 1.1 to 5.9 (Zn) and 1.9 to 12.1 (Cd) % by Bentonite-2, 

respectively with the gradual increase in bentonite dose of 0.2 to 5.0 g for Fly ash leachate.  

Likewise, for sewage sludge leachate, the removal efficiency raised from 20.7 to 53.0 

(Cu), 3.9 to 27.2 (Ni), 7.7 to 35.9 (Pb), 4.8 to 30.1 (Zn), 29.2 to 98.8 (Cd) and 3.9 to 21.4 
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(Mn) % by Bentonite-1. However, for Bentonite-2, 20.0 to 49.0 (Cu), 3.5 to 18.3 (Ni), 4.9 

to 25.9 (Pb), 2.5 to 15.9 (Zn), 23.5 to 77.0 (Cd) and 1.6 to7.1 (Mn) % removal efficiency 

was obtained. 

Similarly, for paper mill leachate, in presence of Bentonite-1, the removal efficiency 

raised from 37.8 to 82.8 (Cu), 30.1 to 90.2 (Ni), 30.1 to 89.0 (Pb), 1.8 to 15.7 (Zn), 4.5 to 

26.3 (Cd), 7.5 to 28.0 (Mn) and 18.1 to 90.2 (Fe) %, respectively. Whereas, 34.9 to 79.8 

(Cu), 26.7 to 86.9 (Ni), 24.3 to 86.9 (Pb), 1.3 to 11.5 (Zn), 3.5 to 23.2 (Cd), 5.6 to 23.8 

(Mn) and 16.2 to 86.9 (Fe) % increase in removal was obtained by Bentonite-2. 

 

Fig. 6.15. Removal % of fly ash leachate at different bentonite dosage for Bentonite-1 

0

5

10

15

20

25

30

35

40

0 1 2 3 4 5 6

R
em

o
v
a
l 

(%
)

Bentonite dose (g)

Cu Ni Pb Zn Cd

TH-2771_156104018



Influence of various leachates on the behaviour of bentonites 

 

Indian Institute of Technology Guwahati 209 

 

Fig. 6.16. Removal % of fly ash leachate at different bentonite dosage for Bentonite-2 
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(ii) 

Fig. 6.17. Removal % of sewage sludge leachate at different bentonite dosage for 

Bentonite-1 
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(ii) 

Fig. 6.18. Removal % of sewage sludge leachate at different bentonite dosage for 

Bentonite-2 
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(ii) 

Fig. 6.19. Removal % of paper mill leachate at different bentonite dosage for 

Bentonite-1 

 

(i) 

0

5

10

15

20

25

30

35

0 1 2 3 4 5 6

R
em

o
v
a
l 

(%
)

Bentonite dose (g)

Zn Mn Cd

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6

R
em

o
v
a
l 

(%
)

Bentonite dose (g)

Cu Ni Pb Fe

TH-2771_156104018



Influence of various leachates on the behaviour of bentonites 

 

Indian Institute of Technology Guwahati 213 

 

(ii) 

Fig. 6.20. Removal % of paper mill leachate at different bentonite dosage for 

Bentonite-2 

 

Furthermore, it was seen (Fig. 6.21 - 6.26) that the number of metal ions adsorbed per 

unit mass decreased progressively with an increase in the bentonite content. This shows 

that during the primary stage, a vast number of active sites are open for sorption. At large 

mineral concentrations, the available metal concentration is inadequate to cover the 

exchangeable sites on the adsorbent effectively, usually ending in low metal adsorption 

potential (Anna et al., 2015). Besides, a higher clay amount enhances the probability of 

collision between solid particles. It, therefore, may produce particle aggregation, causing a 

drop in the total surface area and an increase in diffusional path length, both of which offer 

a decrease in the sorption capability of metal ions on bentonites (Anna et al., 2015; Hefne 

et al., 2008). Similar behaviour of other adsorbent material on metal ion adsorption has also 

been reported (Anna et al., 2015; Chen et al., 2012; Vengris et al., 2001). Bentonite-1 

showed a higher removal and adsorption capacity as compared to Bentonite-2. 
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(i) 

 

(ii) 

Fig. 6.21. Amount of fly ash leachate adsorbed by Bentonite-1 at various bentonite 

dose 
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(i) 

 

(ii) 

Fig. 6.22. Amount of fly ash leachate adsorbed by Bentonite-2 at various bentonite 

dose 
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(i) 

 

(ii) 

Fig. 6.23. Amount of sewage sludge leachate adsorbed by Bentonite-1 at various 

bentonite dose 
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(i) 

 

(ii) 

Fig. 6.24. Amount of sewage sludge leachate adsorbed by Bentonite-2 at various 

bentonite dose 
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(i) 

 

(ii) 

Fig. 6.25. Amount of paper mill leachate adsorbed by Bentonite-1 at various bentonite 

dose 
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(i) 

 

(ii) 

Fig. 6.26. Amount of paper mill leachate adsorbed by Bentonite-2 at various bentonite 

dose 
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6.2.12. Kinetic study of various leachates 

6.2.12.1. Effect of Contact time  

The time of contact between the pollutants and the adsorbent is crucial for designing a 

barrier material in the garbage disposal system. The value of the adsorbent as a barrier 

material for usage in a garbage disposal system is symbolised by its swift uptake of 

pollutants and attainment of equilibrium in a short span. 

The influence of contact time on the adsorption of fly ash, sewage sludge and paper mill 

leachates were examined at different time intervals, ranging from of 5–200 minutes and the 

consequences are depicted in Fig. 6.27-6.32. For fly ash leachate, a quick uptake was 

observed for the first 20 minutes (for Zn and Cd) and 60 minutes (for Pb and Ni). A steady 

increase in removal was observed for Cu. Likewise, in case of sewage sludge leachate, a 

rapid adsorption was detected for first 20 minutes for all metal ions (Fig. 6.29-6.30). In 

case of paper mill leachate, speedy uptake was noticed for first 40 minutes (for Cd, Mn, 

Zn), 60 minutes (for Pb, Fe), and 80 minutes (for Ni, Cu) (Fig. 6.31-6.32). However, to 

confirm the maximum removal of metal ions, the 200 minute (fly ash leachate) and 180 

minute (sewage sludge and paper mill leachates) contact time was chosen in all trials 

conducted. Fig. 6.27-6.32 show that the curve of contact time becomes smooth and steady-

state, and a plateau was evident after 160 minutes for fly ash leachate and 120 minutes for 

sewage sludge and paper mill leachate respectively. A further rise of contact time did not 

result in a subsequent growth of the adsorbed heavy metal ions. 
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Fig. 6.27. Adsorption kinetics for fly ash leachate in presence of Bentonite-1 

 

Fig. 6.28. Adsorption kinetics for fly ash leachate in presence of Bentonite-2 
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Fig. 6.29. Adsorption kinetics for sewage sludge leachate in presence of Bentonite-1 

 

Fig. 6.30. Adsorption kinetics for sewage sludge leachate in presence of Bentonite-2 
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Fig. 6.31. Adsorption kinetics for paper mill leachate in presence of Bentonite-1 

 

Fig. 6.32. Adsorption kinetics for paper mill leachate in presence of Bentonite-2 
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increment in the contact time, however, did not increase the measure of adsorbed metal 

ions. This is because, a vast number of unoccupied sites are available during the initial 

adsorption stage, which with time, gets filled up and owing to the repulsive forces, filling 

of the outstanding unoccupied sites becomes a test. 

6.2.12.2. Kinetic model 

Two kinetic models were fitted comprising pseudo-first and second-order equations to 

study the potential rate-controlling steps and mechanisms of adsorption of metal ions 

present in fly ash, sewage sludge and paper mill leachate. It showed the values of linear 

regression and kinetic constants for both bentonites.  

Fig. 6.33-6.38 show plots of pseudo-first-order and pseudo-second-order adsorption 

kinetic of fly ash, sewage sludge and paper mill leachates, respectively. The plots show the 

relationship between ln (qe - qt) and t for the pseudo-first-order kinetics model which does 

not represent a straight line [Fig. 6.33-6.38 (a)]. Fig. 6.33-6.38 (b) displays the plot between 

t/qt versus t, i.e., the pseudo-second-order kinetics model, which indicates a linear 

relationship. Tables 6.10, 6.11, and 6.12 depicts parameters for adsorption of heavy metals 

present in fly ash, sewage sludge and paper mill leachates on bentonites derived from the 

pseudo-first- and second-order kinetic models. The R2 value of the pseudo-first-order 

kinetic model was lower for Bentonite-1 and-2, which recommends that the adsorption of 

metal ions on both the bentonites does not follow Pseudo-first order kinetic model.  The 

data in Tables 6.10, 6.11, and 6.12 also display that the R2 values for the pseudo-second-

order kinetic model were more significant as compared to pseudo- first-order kinetic model 

for both bentonites in presence of all the leachates. This shows that the pseudo second-

order kinetic model is more applicable, having the R2 values greater than 0.97. In addition 

to this, the obtained qe fit perfectly well with the experimental data. The results also 

concluded that the overall rate of the metal ions adsorption process on both bentonites 

seemed to be governed by the chemical process (Vimonses et al., 2009). 
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(i) 

 

(ii) 

(a) Pseudo-first-order adsorption kinetics of fly ash leachate 
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(i) 

 

(ii) 

(b) Pseudo-second-order adsorption kinetics of fly ash leachate 

Fig. 6.33. Kinetic study of Bentonite-1 in presence of fly ash leachate 
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(i) 

 

(ii) 

(a) Pseudo-first-order adsorption kinetics of fly ash leachate 
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(i) 

 

(ii) 

(b) Pseudo-second-order adsorption kinetics of fly ash leachate 

Fig. 6.34. Kinetic study of Bentonite-2 in presence of  fly ash leachate 
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(i) 

 

(ii) 

(a) Pseudo-first-order adsorption kinetics of sewage sludge leachate 
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(b) Pseudo-second-order adsorption kinetics of sewage sludge leachate 

Fig. 6.35. Kinetic study of Bentonite-1 in presence of  sewage sludge leachate 
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(ii) 

(a) Pseudo-first-order adsorption kinetics of sewage sludge leachate 

 

(b) Pseudo-second-order adsorption kinetics of sewage sludge leachate 

Fig. 6.36. Kinetic study of Bentonite-2 in presence of  sewage sludge leachate 
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(i) 

 

(ii) 

(a) Pseudo-first-order adsorption kinetics of paper mill leachate 
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(i) 

 

(ii) 

(b) Pseudo-second-order adsorption kinetics of paper mill leachate 

Fig. 6.37. Kinetic study of Bentonite-1 in presence of paper mill leachate 

0

200

400

600

800

1000

1200

1400

1600

0 50 100 150 200

t/
q

t

Time (minute)

Cu Ni Pb Mn

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200

t/
q

t

Time (minute)

Zn Cd Fe

TH-2771_156104018



Influence of various leachates on the behaviour of bentonites 

 

234 Indian Institute of Technology Guwahati 

 

(i) 

 

(ii) 

(a) Pseudo-first-order adsorption kinetics of paper mill leachate 
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(i) 

 

(ii) 

(b) Pseudo-second-order adsorption kinetics of paper mill leachate 

Fig. 6.38. Kinetic study of Bentonite-2 in presence of  paper mill leachate 

 

0

200

400

600

800

1000

1200

1400

1600

0 50 100 150 200

t/
q

t

Time (minute)

Cu Ni Pb Mn

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200

t/
q

t

Time (minute)

Zn Cd Fe

TH-2771_156104018



Influence of various leachates on the behaviour of bentonites 

 

236 Indian Institute of Technology Guwahati 

Table 6.10. Parameters for adsorption of heavy metals present in fly ash leachate on bentonites derived from the pseudo-first- and second-order 

kinetic models. 

 

Table 6.11. Parameters for adsorption of heavy metals present in sewage sludge leachate on bentonites derived from the pseudo-first- and 

second-order kinetic models 

Sewage sludge 

leachate 

Pseudo 1st order Pseudo 2nd order 

Bentonite-1 Bentonite-2 Bentonite-1 Bentonite-2 

qe (mg/g) K1(min-1) R2 qe (mg/g) K1(min1) R2 qe (mg/g) 
K1 

(g/mg min) 
R2 qe (mg/g) 

K1 

(g/mg min) 
R2 

Cu 1.728 0.056 0.91 1.559 0.054 0.89 1.893 0.278 0.99 1.753 0.326 0.99 

Pb 1.888 0.073 0.93 1.919 0.052 0.82 1.982 0.255 0.99 1.949 0.263 0.99 

Zn 8.830 0.083 0.89 8.254 0.05 0.92 9.311 0.012 0.99 8.734 0.013 0.99 

Cd 0.732 0.031 0.93 0.783 0.022 0.85 0.879 1.296 0.99 0.734 1.857 0.99 

Ni 3.715 0.024 0.89 3.031 0.054 0.93 3.931 0.065 0.98 3.327 0.090 0.99 

Mn 2.069 0.056 0.91 1.997 0.057 0.86 2.223 0.202 0.99 2.242 0.199 0.99 

 

Fly ash leachate 

Pseudo 1st order Pseudo 2nd order 

Bentonite-1 Bentonite-2 Bentonite-1 Bentonite-2 

qe (mg/g) K1(min-1) R2 qe (mg/g) K1(min1) R2 qe (mg/g) 
K1 

(g/mg min) 
R2 qe (mg/g) 

K1 

(g/mg min) 
R2 

Cu 6.609 0.062 0.89 6.940 0.028 0.89 8.285 0.015 0.99 8.432 0.014 0.98 

Pb 22.403 0.025 0.83 22.567 0.016 0.78 26.882 0.001 0.97 28.090 0.001 0.94 

Zn 31.184 0.049 0.79 27.392 0.053 0.79 37.736 0.001 0.98 32.787 0.001 0.98 

Cd 0.319 0.140 0.85 0.283 0.119 0.84 0.373 7.185 0.99 0.329 9.233 0.99 

Ni 0.139 0.058 0.78 0.128 0.049 0.91 0.169 35.022 0.99 0.155 41.769 0.99 
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Table 6.12. Parameters for adsorption of heavy metals present in paper mill leachate on bentonites derived from the pseudo-first- and second-

order kinetic models. 

Paper mill 

leachate 

Pseudo 1st order Pseudo 2nd order 

Bentonite-1 Bentonite-2 Bentonite-1 Bentonite-2 

qe (mg/g) K1(min-1) R2 qe (mg/g) K1(min1) R2 qe (mg/g) 
K1 

(g/mg min) 
R2 qe (mg/g) 

K1 

(g/mg min) 
R2 

Cu 0.273 0.047 0.87 0.331 0.027 0.90 0.297 11.360 0.99 0.298 11.293 0.99 

Pb 0.125 0.056 0.73 0.122 0.058 0.87 0.139 51.508 0.99 0.138 52.805 0.99 

Zn 9.60 0.028 0.89 7.216 0.041 0.93 11.001 0.008 0.99 8.576 0.014 0.99 

Cd 3.59 0.09 0.91 3.286 0.05 0.91 4.102 0.059 0.99 3.858 0.067 0.99 

Ni 0.26 0.024 0.88 0.217 0.026 0.83 0.249 16.149 0.97 0.240 17.346 0.99 

Fe 1.23 0.03 0.86 1.157 0.025 0.92 1.290 0.601 0.99 1.274 0.616 0.99 

Mn 0.82 0.02 0.87 0.488 0.058 0.88 0.732 1.868 0.99 0.553 3.275 0.99 
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6.3. Summary 

This study was conducted to examine the impact of contaminants present in fly ash, 

sewage sludge and paper mill leachate on the change in behaviour of bentonites. Two 

bentonites with different mineralogical properties were studied for their alteration in the 

index properties, free swelling, swelling potential, swelling pressure, hydraulic 

conductivity, consolidation parameters and shear strength in the presence of various 

contaminants. Furthermore, the study was conducted to analyse the effects of contaminants 

on the adsorption capacity of the bentonites. Adsorption, dose, contact time and kinetic 

studies were carried out on both bentonites. Based on the test results, the critical concluding 

remarks are summarised below. 

 Liquid limit, free swell, swelling potential, swelling pressure value was lower for fly 

ash leachate followed by paper mill leachate and sewage sludge leachate.  

 Hydraulic conductivity value was higher for fly ash leachate followed by paper mill 

and sewage sludge leachate. 

 Unconfined compressive strength of both the bentonites decreased in the presence of 

leachate. Fly ash leachate showed the least value. 

 The adsorption capacity of Bentonite-1 was higher as compared to Bentonite-2 in the 

presence of fly ash, paper mill and sewage sludge leachates.  

 For Bentonite-1, the overall adsorption capacities were found to be 65.3, 17.0 and 14.7 

mg/g in presence of fly ash, paper mill and sewage sludge leachates, whereas, 57.5, 

16.0 and 13.1 mg/g removal were obtained for Bentonite-2, respectively.  

 Kinetic study revealed that Pseudo-second-order kinetic model was most suitable for 

both bentonites for all metals present in the leachate. 
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It is during our darkest 

moments that we must 

focus to see the light. 

- Aristotle 

 

7 

Conclusion and Scope for the 

future work 

 

7.1. Conclusion 

This investigation aimed at studying the effects of various concentrations of heavy 

metals and different leachates on the swelling, hydraulic conductivity, consolidation 

parameters, shear strength and adsorption behaviour of bentonite. Two bentonites having 

different mineralogical compositions were chosen to examining their changes in the liquid 

limits, free swelling, swelling potential, swelling pressure, hydraulic conductivity, 

consolidation parameters, shear strength properties and sorption characteristics under 

different conditions, i.e., the presence of different heavy metals of various concentrations 

and for different leachates. Critical observations were made, and critical conclusions were 

derived, which are listed as follows: 

 Bentonite having a higher liquid limit, swelling capacity, montmorillonite content, 

SSA and CEC undergoes a massive change in the liquid limit, free swelling, swelling 

potential, swelling pressure and hydraulic conductivity due to increase in the metal and 

leachate concentrations. 

 The leachates had a considerable effect on the liquid limits, swelling pressure, and 

swelling potential of both the bentonites, compared to an individual heavy metal 
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solution, indicating an additive effect of salt on these properties. Irrespective of the 

bentonite quality, the swelling was found to be the least in the presence of high 

concentration combination solutions. 

 A higher increase in the hydraulic conductivity was observed in the presence of the 

leachates than the single species ions. 

 The study revealed that many factors such as type and concentration of metal and 

composition of bentonite influences the consolidation parameters (Cc, cv, and t90) of 

bentonite. The investigation also shows a lower void ratio exhibited when the sample 

was permeated with the heavy metals and leachates under any given pressure. 

 The pH of the aqueous solution is an essential controlling parameter in the adsorption 

process. Adsorption capacity is highest for Pb2+, followed by Cu2+ and Zn2+. Bentonite-

1 showed a higher adsorption capacity as compared to Bentonite-2 in the presence of 

metals and leachates.  

 Bentonites in a single system showed a higher amount of adsorption of heavy metal 

(Pb2+, Cu2+ and Zn2+) compared to a competitive system (leachates). 

 MSW leachate showed a higher impact on both the bentonites, compared to the 

synthetic leachate. 

 Both bentonites showed a reduction in the unconfined compression strength (UCS) in 

the presence of heavy metals and leachates, however, was within the recommended 

value of > 200kPa. Bentonite-2 showed a higher Unconfined compressive strength as 

compared to Bentonite-1 in the presence of metals and leachates. 

7.2. Scientific contributions and practical applications of the 

research 

 The outcome of the research revealed that heavy metals coming in contact with liner 

for a prolonged time can cause detrimental effects on the adsorption and hydraulic 

behaviour of liner material. This will help the researchers and design engineers 

working in the area of waste disposal to understand the influence of heavy metals and 

leachates on bentonite in a more appropriate manner. 

 The investigation provides a more comprehensive knowledge on the heavy metal 

effects on bentonites which will thus, prove to be of substantial help for engineers and 

designers. 
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 This study contributes to a new data set within a concentration ranges from 100 to 2000 

mg/L of metal ions. The values obtained from the detailed investigation will be 

beneficial for engineers for designing an effective and economical barrier system liner 

system and choosing the most appropriate bentonite type at the waste disposal site to 

prevent the contamination of ground water resource and geo-environment. 

7.3. Scope for the future research 

The study on the behaviour of bentonites is far from being a closed issue. Further works 

may be concentrated in the following areas in the near future: 

 In the present investigation, three individual heavy metals were used to determine the 

change in bentonite behaviour. However, during the literature review, it was found that 

other heavy metals like Nickel, Iron, Manganese etc. are also present in considerable 

amounts in different types of leachates. Hence, the individual effects of these heavy 

metals should also be investigated. 

 There are other industrial leachates like coke industry, steel industry etc. which might 

have shown some other combinations of heavy metals and thus, can portray different 

results. These leachates may be considered in future investigations. 

 In the actual leachate of any industry considerable numbers of heavy metals, salts, even 

some biological microbes are present. Here, the effects of those are not taken into 

consideration. Hence, these areas might also be looked upon for future research works. 

 Shrinkage behaviour of these two bentonites in the presence of different heavy metals 

as well as different leachates may be analysed. 

 As the clay liner usually comprises of layers of compacted bentonite with geosynthetic 

clay liners (GCL), additional studies may be carried out investigating the behaviour of 

bentonite in combination with GCL in the presence of salt solutions. 

 Other isotherm models, such as BET and SIP isotherm models can be made use of in 

future investigations. 

 Further studies need to be conducted to properly investigate the effects temperature, 

agitation speed and ionic strength. 
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 Further studies may be carried out with better interpretation with the surface charge 

(zeta potential) measurement of bentonites under different exposed conditions.  

 Also, geochemical modelling can be used to help better assess the results. 
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