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ABSTRACT 
In landfill disposal sites bentonite is used as liner material because of its high contaminant adsorption limit, high 
swelling capacity and low hydraulic conductivity. However, the effectiveness of liner may reduce due to the 
chemicals present in the leachate. Swelling and sorption capacity of bentonite may effect in the presence of various 
chemicals present in the leachate, which in turn reduces the thickness of the diffuse double layer (DDL). 
Consolidation is an important parameter of liner material, which is essential for settlement calculation. Therefore, it is 
necessary to study the change in the behaviour of bentonite in the presence of heavy metal. In this investigation, the 
effects of zinc (Zn2+) of varying concentrations were studied on the behaviour of bentonite. Solutions of zinc 0 (i.e., 
De-ionized (DI) water), 100 and 1000 ppm concentration were prepared by dissolving salts of zinc nitrate. The 
results revealed that rate of consolidation and hydraulic conductivity increases with the increase in concentration 
because of the presence of Zn2+ in pore water. However, liquid limit, swelling pressure and swelling potential, was 
decreased. Results also illustrate that at higher concentration, the impact of Zn2+ on the behaviour of the bentonite is 
more significant. 
 
 
 
1 INTRODUCTION  
 
Excessive exposure of lead can impose potential 
menace to the ecosystem and can cause an adverse 
effect on the health of adults and children. Zinc can be 
severely toxic to the human being if the amount 
exceeds the permissible limit. Various sources, for 
example, mining and smelting, sewage water, 
households, tap water system and industrial waste 
water containing zinc are the major sources of lead 
exposure to the human being and environment. This 
exposure can cause toxic symptoms like cholesterol 
balance, stomach cramp, infertility, vomiting, and 
nausea and can even diminish the function of immune 
system (Zang et al. 2012).  

Several researchers have attentive on the usage of 
low-cost adsorbent in order to reduce the processing 
costs. Clay minerals are economical, readily available, 
and a good substitute for conventional treatment of the 
leachate as an adsorbent (Sanchez et al. 1999). Clay 
minerals are used to eliminate the various type of 
contaminants such as removal of zinc using bentonite 
as an adsorbent from aqueous solution by the 
mechanism of adsorption and ion exchange (Mellah 
and Chegrouche, 1997; Kaya and Ören, 2005). Other 
Clay minerals like palygorskite clays, raw kaolinite is 
used as an adsorbent for the removal of various heavy 
metals from aqueous solution (Potgieter et al, 2006; 
Yavuz et al. 2003).Leachate contains heavy metal, 
which can contaminate the surrounding environment 
and groundwater. In order to prevent contamination by 
leachate, clay barrier is used in the landfill so that it 
cannot further migrate. Bentonite is utilised as a liner 
material due to its low hydraulic conductivity, 
contaminant adsorption capability and high swelling 
capacity (Dutta and Mishra, 2016). One of the utmost 
essential property, which helps in computing the 
settlement of the clay liner, is the compressibility of liner 
material (Mishra et al. 2010). Bentonite is an extremely 

compressible material. Because of the load of the waste 
piled in the waste disposal site, bentonite is 
compressed easily. When the surcharge load is applied 
to a saturated clay, consolidation process starts due to 
compression, which results in settlement, and the 
extent is determined after the thorough dissipation of 
the generated pore-water pressure (Yong and 
Warkentin 1975). 

In the past, many studies have been carried out 
regarding the change in the behaviour of bentonite in 
presence of various contaminants. Lo et al. (2004) 
investigated the movement of lead, zinc, and cadmium 
in and saturated Ottawa sand and bentonite-soil 
admixture and they concluded that the hydraulic 
conductivity of bentonite-soil admixture increases 
considerably when it is permeated with the metal 
solution. Ouhadi et al. (2006) examined the interaction 
of the heavy metal ion with bentonite at various pH 
level. They observed that at high heavy metal 
concentration and low pH, there is a microstructural 
change in bentonite. They also concluded that the 
rheological performance of bentonite is controlled by 
the osmotic phenomenon. Nakano et al. (2008) 
conducted the test on three locally available Japanese 
bentonite and one US bentonite to evaluate the 
hydraulic conductivity behaviour and lead retention 
mechanisms and they observed that carbonate plays 
the main role at low concentration of lead and 
precipitate as PbCO3. They also concluded that as a 
result of higher swelling capacity and montmorillonite 
content, hydraulic conductivity of the U.S. bentonite is 
lower in comparison with Japanese bentonite. Du et al. 
(2015) explored the consequences of different levels of 
lead contamination on clayey soil/calcium–bentonite 
backfills. They concluded that with the rise in the lead 
concentration pH, liquid limit and compression index 
(Cc) increases and the hydraulic conductivity increases 
to fifty-fold in comparison with clean backfills. 
Bentonites with different mineralogical compositions 



 

2 
 

were also examined under varying concentration of 
heavy metals (Dutta & Mishra, 2016). It was found that 
with the rise in the concentration of the metal solution, 
Atterberg’s limit, 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.  

For the usefulness as barrier material in the landfill, 
hydraulic conductivity and swelling are important 
parameters of bentonite. Therefore, it is required to 
know the behaviour of bentonite in presence of heavy 
metal in order to predict the fate of heavy metal. The 
purpose of present study is to examine the influence of 
bentonite in presence of various concentration of zinc 
(Zn2+). In the present study, bentonite was evaluated for 
free swell, liquid limit, swelling pressure, swelling 
potential and hydraulic conductivity in the presence of 
various concentration of Zn2+. The outcome of the study 
will help engineers in the design of liner systems. The 
heavy metal studied in the present study was Zn2+ as it 
is very hazardous for the human health and 
environment.  
 
 
2 MATERIAL AND METHODS 

2.1. Bentonite 

Bentonite clay used for the investigation were obtained 
from Barmer District of Rajasthan state of India. The 
physical and chemical properties of the bentonite are 
listed in Table 1. 
 
 
Table 1. Properties of Bentonite used in this 
investigation 
 

 
 

The particle size distribution of the bentonites was 
analysed by the hydrometer analysis according to 
ASTM D 422 (2002). The free swelling test for the 
bentonite was performed as per ASTM D 5890 (2001). 
Atterberg’s limits were performed according to ASTM D 
4318 (2000). The specific surface area (SSA) of the 
bentonite was analysed by the method described by 
Cerato and Lutenegger (2002). The method defined by 
Chapman (1965) and Pratt (1965) was used to analyse 

the cation exchange capacity (CEC) of the bentonite. 
ASTM D698 (ASTM 2012) was followed to determine 
the maximum dry density (MDD) and the optimum 
moisture content (OMC) of the bentonite.  
 
2.2 Permeant liquid 
 
A major quantity in the leachate contributes to heavy 
metal. Zinc is chosen for the investigation since it is one 
of the main contaminant present in leachate and can 
cause severe effects on environment and 
human health. Zinc (Zn2+) at concentration of 0 (i.e. De-
ionized (DI) water), 100 and 1000ppm were prepared 
by dissolving salts of Zn (NO3)2. 
 
2.3 Determination of hydraulic conductivity 
 
Bentonite were mixed with water at their respective 
optimum moisture content and kept in the moisture-
controlled desiccator for 24 h to achieve the moisture 
equilibrium. The moisture-equilibrated sample were 
then statically compacted in oedometer rings of a 
diameter of 60 mm to a thickness of 15mm 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 metal solutions 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 done. Then the change in the 
thickness of soil sample was measured for each 
pressure increment from the dial gauge readings. The 
change in the void ratio corresponding to the increase 
in the overburden pressure was calculated as  
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where, ΔH is the change in the thickness of sample due 
to increase in pressure; H is the initial thickness of the 
sample; e0is the initial void ratio. 
From the consolidation test result, a time-settlement 
curve was obtained at each pressure increment. The 
coefficient of consolidation (cv) was obtained using 
Taylor's square root time (√T) method (Taylor, 1948). 
The coefficient of volume change was calculated as 
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where, Δσ is the change in pressure and Δe is the 
change in void ratio. Coefficient of consolidation (cv) 
was determined by the square root of time fitting 
method given by Taylor (1948) (IS 2720 part XV).  
The hydraulic conductivity (k) was calculated by fitting 
Terzaghi's theory of consolidation (Terzaghi, 1943) for 
various pressure increments using the cv and mv as  
 
 

Property Bentonite 
Liquid limit (%) 480 
Plasticity index (%) 443 
Specific gravity  2.73 
Free swelling(ml/2g) 32.5  
Clay content (%) 66 
Silt content (%) 34 
Cation exchange capacity (CEC) 
(meq/100g) 

40.2 

Specific surface area (m2/g) 396.27 
Optimum moisture content (OMC) (%) 33.5 
Maximum dry density (MDD) (g/cc) 1.31 
pH 8.4 

0(1 )H e
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wherewis the unit weight of the pore fluid. 
The compression index (Cc) of a soil is determine to 

analyse the settlement triggered because of the 
application of consolidation pressure. Generally, the Cc 
of a normally consolidated soil is calculated from the 
gradient of the straight line part of the void ratio–
pressure (e- log P) curve as; 
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where, ei and ej are the corresponding measured void 
ratio due to change in the consolidation pressure of 
piand pj at ith and jth steps of loading respectively. 

 
2.4. Determination of swelling potential and swelling 
pressure 
 
A conventional oedometer apparatus was used for the 
determination of the swelling potential and swelling 
pressure of compacted bentonite sample. On the 
compacted bentonite specimen, a sitting load of 4.9 kPa 
was applied and then was inundated with respective 
metal concentration and the values of swelling with time 
were recorded. The measurements were continued until 
the swelling increment reached negligible values. A 
standard consolidation test was conducted at this point 
by applying incremental loads starting with 4.9 kPa and 
ending with 784.8 kPa. The pressure required to revert 
the specimen to its initial void ratio was determined as 
the swelling pressure. It is defined as the value of 
pressure required to keep the sample at zero swelling 
after saturating it with saturating fluid. The swelling 
potential is defined as the percentage swelling of the 
soil. The minutiae of this method have been described 
by Sridharan et al. (1986) and Sridharan and Gurtug 
(2004). 
 
 
3 RESULTS AND DISCUSSION 
 
3.1. Effect of various concentration of Zn2+ on liquid limit 
and free swelling 
 
The effect of various concentration of Zn2+ on the liquid 
limits of the bentonite is listed in Table 2. It shows that 
with the rise in Zn2+ concentration there is a reduction 
liquid limit value. With DI water the value of 480 % liquid 
limit decreased to 442 % for the Zn2+ solution for 100 
ppm concentration. With the further rise in Zn2+ 
concentrationto 1000 ppm the liquid limit value reduced 
to 311%. The percentage reduction in liquid limit was 
7.9 % and 35.2 % for 100 and 1000 ppm respectively 
The increase in the volume of the bentonite due to the 
absorbing of water in the absence of external 
overburden pressure is called free swell. From table 2 it 
is seen that with the rise in the concentration of the Zn2+ 
solution from 0 to 100 ppm, the free swelling decreased 
from 32.5 to 30.2 mL/2g, though a further rise in the 

concentration to 1000 ppm, the free swelling of the 
bentonite reduced from 30.2 to 13.6 mL/2g. The 
percentage reduction in free swelling was 7.07 % and 
58.15 % for 100 and 1000 ppm respectively. 

The reduction in free swelling is due to the 
significant reduction in the DDL thickness because of 
the increase in metal concentration. The results also 
indicates that the reduction of liquid limit and free 
swelling was more prominent at higher concentration. 
 
 
Table 2. Liquid limit and free swelling of Bentonite in the 
presence of Zinc 
 

Zinc 
concentration 

(ppm) 

Bentonite 

Liquid 
Limit (%) 

Free 
Swelling(mL/2g) 

0 (DI water) 480 32.5 
100 442 30.2 
1000 311 13.6 

 
 
3.2 Swelling potential and swelling pressure 
 
Table 3. shows that with increase in metal 
concentration both swelling potential and swelling 
pressure decreases. 

From table 2 it is concluded that with the rise in the 
concentration of the Zn2+ solution from 0 to 100 ppm, 
swelling potential decreased from 34.32 to 23.2%, 
however, a further rise in the concentration to 1000 
ppm, the swelling potential of the bentonite reduced 
to16.48 %. Similarly, the table also shows that the 
swelling pressure reduced from 460.9 kPa to 377.6 kPa 
with the rise in the concentration of the Zn2+ solution 
from 0 to 100 ppm. Further rise in the concentration to 
1000 ppm, the swelling potential of the bentonite was 
found to be 284.6 kPa. A maximum decrease in 
swelling potential and swelling pressure showed with 
1000 ppm Zn2+ solution with respect to DI water. 
 
 
Table 3. Swelling potential Swelling pressure of 
Bentonite in the presence of Zinc 
 
Heavy metal 
concentration 
(ppm) 

Bentonite 

Swelling 
potential (%) 

Swelling 
pressure (kPa) 

0  (DI water) 34.3 460.9 
100  23.2 377.6 
1000 16.5 284.6 

 
 
3.3 Hydraulic conductivity 
 
Figure 1 shows that with increase in Zn2+ concentration 
hydraulic conductivity (k) increases.  This is because 
with increase in Zn2+concentration, particles comes 
closer to each other and thickness of diffuse double 
layer decrease, causing increase in the hydraulic 
conductivity value.  
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Figure 1. Hydraulic conductivity values for Bentonite at 
different void ratios 
 
 

The fig 1 depicts that with the rise in Zn2+ 

concentration from 0 to 100 ppm the hydraulic 
conductivity of the bentonite increased slightly, though, 
the hydraulic conductivity increased considerably with 
the rise in concentration from 100 to 1000 ppm.  
Hydraulic conductivity corresponding to a void ratio of 
1.1 and 1.4 was determined from Fig. 1 in order to 
compare the hydraulic conductivity value of the 
bentonite at different Zn2+ concentrations and void ratio. 
 
 
Table 4. Bentonite at a void ratio of 1.1 and 1.4 
 
Concentrat-

ion 
Void 
ratio 

Hydraulic 
conductivity 

(cm/sec) 

Void 
ratio 

Hydraulic 
conductivity 

(cm/sec) 

DI Water 1.1 3.01E-10 1.4 8.78E-09 

Zn 100 1.1 4.96E-10 1.4 1.90E-09 

Zn 1000 1.1 1.31E-09 1.4 1.05E-09 

 
 

It is seen from the table 4 that at higher 
concentration of Zn2+ the increase in hydraulic 
conductivity is significant. Due to the rise in the 
concentration of Zn2+ from 0 to 100 ppm, the hydraulic 
conductivity of Bentonite was increased from 3.01 × 10-

10 to 4.96 × 10-10 cm/s (39.91 % increase). With further 
increase in concentration to 1000 ppm the hydraulic 
conductivity increased to 1.31 × 10-10cm/sec(77.02 % 
increase) at a void ratio 1.1. 
Similarly, with the increase in void ratio from 1.1 to 1.4 
the hydraulic conductivity increased 61.70 % and 19.84 
% increase % for 100 and 1000 ppm, respectively. 
 
3.4 Void Ratio – Pressure Relationship 
 
Figure 2 shows the void ratio–pressure (e-log P) 
relationship for the bentonite at different concentrations 
of Zn2+ solution. From the Fig. 2, it is shown that the soil 
specimen permeated with Zn2+ solution revealed a 
lesser value of void ratio in comparison with the 
specimen permeated with DI water. 

As the concentration of Zn2+ rises in the pore fluid, more 
Zn2+ ions are adsorbed on the clay surface. 
Consequently, repulsive force reduce and clay particles 
come to a closer distance resulting in reduction in DDL 
thickness.  

A comparison between two different Zn2+ 

concentration of 100 and 1000 ppm indicates that at 
lower metal concentration, the reduction in void ratio 
was greater as the vertical pressure is applied. This can 
be attributed to the development of DDL. Even though, 
the interparticle repulsive forces reduces, with the rise 
in the metal contaminant concentration, causing the 
compression of the bentonite to a lower void ratio (Bolt 
1956; Olson and Mesri 1970; Sridharan et al. 1982).   
 
 

 
Figure 2. Void Ratio – Pressure relationship of 
Bentonite in the presence of heavy metal 
 
 
3.5 Compression index (Cc) 
 
A relationship between Cc and different Zn2+ 
concentration in the fig.3 indicates that with the 
increase in Zn2+ concentration Cc value reduced. With 
the rise in concentration of Zn2+, particle’s orientation 
turned out to be more flocculated which resists the 
settlement causing a lower Cc value.  The Cc value for 
the bentonite reduced from 0.76 to 0.70 (7.8 % 
decrease) with increase in Zn2+ concentration from 0 to 
100 ppm.With further increase in concentration to 1000 
ppm the Cc value reduced to 0.61 (19.7 % decrease).  
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Figure 3. Effect of Zn2+ concentrations on compression 
index of Bentonite 
 
 
The fig. 4 shows the relationship between Cc and liquid 
Limit. The plot indicates that the Cc value increased 
from 0.61 to 0.76 with the increase in liquid limit from 
311 % to 480 %.  
 
 

 
Figure 4. Plot between the compression index and the 
liquid limit of the bentonite 
 
The plot between Cc and free swell in fig 5 shows that 
with the increase in free swell, the Cc for the Bentonites 
increased. With increase in the free swell from 32.5 
mL/2g to 13.6 mL/2g Cc increased from 0.76 to 0.61. 
 

 
Figure 5. Plot between the compression index and the 
free swell of the bentonite 
 
 
4 CONCLUSION 
 
This investigate was carried out to study the influence 
of different concentration of Zn2+ on the behaviour of 
bentonite. Bentonite was studied for their alteration in 
the liquid limit, free swelling, swelling pressure, swelling 
potential, and hydraulic conductivity caused by the 
presence of different concentrations of Zn2+. The result 
revealed that with the increase in Zn2+ concentration 
from 0 to 1000, the free swell, liquid limit, swelling 
potential, and swelling pressure decreased. The 
reduction in these factors with the rise in concentration 
is attributed to the decrease in thickness of the diffuse 
double layer. However, the hydraulic conductivity of the 
bentonite increases with increase in Zn2+ concentration. 
This study concludes that influence of Zn2+ on the 
behaviour of the bentonite is more significant at higher 
concentration. 
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