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ABSTRACT: The liners are the principal components of solid waste landfills which have the main 
role in controlling the spread of pollution through the landfills. The high cost of artificial materials and 
their un-usability in large projects for preventing leaks is a major concern that has led to more attention 
to natural liner materials with low permeability and effective adsorption and stabilization condition. 
Clay minerals have a high capacity to adsorb heavy metals due to their high specific adsorption levels 
and bonding sites with numerous negative charges. Along with absorption properties, clay soils should 
have suitable hydraulic and geotechnical properties as landfill liners. Therefore, this study aimed to 
evaluate the efficiency of 5 types of soil (vermiculite clay, sepiolite clay, silty soil, silt+clay mixtures 
as 90% silt and 10% clay) as clay liner. The chemical, physical and mechanical properties of the study 
soils were evaluated to address the quality of soils as a landfill liner. The results showed that in terms 
of environmental quality (pollutant adsorption), soils containing sepiolite clay had a better adsorption 
capacity to adsorb cations rather than vermiculite clay soils. From a physical and mechanical point of 
view, soils containing sepiolite clay compared to vermiculite clay soil revealed a variety of landfill liner 
characteristics in terms of strength, permeability, and plasticity properties, respectively. Based on the 
technical and economic perspective, the silt and sepiolite mixtures supply good features which may 
justify their potential use as a liner material in solid waste landfills.
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1- Introduction
Sustainable landfilling of residual waste (after recycling, 

reuse, and other manners of volume reduction) is defined as 
a concept of the safe disposal and subsequent degradation 
of waste within a landfill, with limited pressure on the 
environment and by the most financially efficient method [1]. 

The most commonly reported health hazards in the 
vicinity of landfills are groundwater contaminated by waste 
leachate [2]. Landfills are designed and constructed with 
liners to avoid contaminants transverse into the ground. 
Liner is a compacted clay layer (CCL) and geosynthetic 
materials of various designed thicknesses preferred to the 
specified landfills [3].

Landfill leachate contains a large variety of pollutants at 
very different concentrations, and there will be competitive 
adsorption as these pollutants are transported through the 
landfill’s compacted clay liner (CCL) [4]. Compacted 
clay liners (CCLs) are the simplest and most widely used 
impermeable layers for use in landfills to prevent the 
infiltration and flow of waste leachate [5]. Natural clay 
minerals are widely used in various environmental protection 
technologies as cheap, accessible, and effective sorbents [6, 
7].

Research on a variety of clay materials such as 
meerschaum [8], meerschaum-treated olivine [9], shale 
[10], chlorite, vermiculite [11], montmorillonite [12], zeolite 
[13], sepiolite [14] has been done as a landfill liner; each 
of them has its advantages and disadvantages according to 
the geo-environmental conditions. The performance of clay 
liners is usually measured in terms of hydraulic conductivity, 
flexibility, and strength. These factors are controlled by the 
soil structure and can be altered during the life of the clay 
liner.  Many clay soils including bentonite soils were used 
as liners at the landfill sites, which high compaction and 
plasticity resulted in that are not being used directly as liner 
materials and are not suitable [15]. 

The sustainability of landfilling may be studied in most 
circles of sustainability but the environmental impacts 
of landfills (limiting or preventing the direct and indirect 
emissions) may be considered as crucial [14, 16]. Using low 
permeability soils in landfill liners is a guaranteed leachate 
control and prevents leakage which causes environmental 
pollution. In this matter, the application of natural materials 
provides more capable filters that are used for reducing 
leachate pollutants and modifying the geotechnical properties 
of liners [17].
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The results of the current studies indicated that sepiolite 
is the dominant material that affects both the geomechanical 
and geo-environmental properties of liners. An increase in 
sepiolite content increased the strength, swelling potential, and 
metal adsorption capacities of the soil mixtures. Moreover, the 
hydraulic conductivity of the mixtures decreased significantly 
with the addition of sepiolite [14]. Vermiculite, as a natural 
hydrate mineral, is one of the most competitive candidates 
for materials in various areas including wastewater treatment, 
energy-saving building, green agriculture, etc. [18, 19].

The low cost, ease of implementation, natural presence in 
most regions, and attenuation capacity of clay liners makes 
them more attractive than geosynthetic liners on their own in 
landfill liner systems, particularly in low-income countries. 
However, clays are very diverse in their physicochemical 
properties and the suitability of the clayey substratum as a 
potential liner must be properly evaluated [16] 

In this study, the feasibility of two natural clayey substrates 
along with mixing with silty soils fractions as landfill liners 
was evaluated. Their physicochemical, mineralogical, and 
geotechnical characteristics were studied and the results 
were discussed in terms of strengths and weaknesses as 
candidate materials for landfill liners. Finally, the potential 
for attenuation of pollutants in leachate by clay soil materials 
was evaluated for sustainable landfill applications. The aim 
was to characterize the relevant properties of the different 
clays to identify those which are geotechnical stable and 
effective in pollutant attenuation for liner design. This is 
essential to prevent pollution of the environment and protect 
human health from leachate spreading over groundwater 
aquifers or adjacent rivers and lands. The mixing with silt 
fraction was investigated to assess the effect of it on a better 
clay implementation in the field in regard to shrink/ swell and 
compaction properties.

2- Materials and Methods
2- 1-  Study soil samples

Soils were collected from native Iranian natural resources; 
so that sepiolite clay from northeast Iran (Fariman, Khorasan 
Razavi), vermiculite clay from southeast Iran (Jiroft, Kerman), 
and silty soil were sampled from the Sirjan University of 
Technology campus. 

Characteristics of soil samples include sepiolite clay 
(S), vermiculite clay (V), silty soil (Si), a mixture of silt and 
sepiolite clay soil (10% silty soil and 90% sepiolite clay) 
(SS), and a mixture of silty soil and vermiculite clay (10% 
silt and 90% vermiculite clay) (VS); were measured and 
analyzed as natural landfill liner. The experiments are based 
on the portion of soil passing a  2 mm sieve and oven-dried at 
105 to 115°C

2- 2-  Soil samples characterization
Hydrometer test to determine the soil particle size 

distribution and soil classification (ASTM D422 [20]), 
Atterberg limits or consistency limits of remolded states 
(plastic, and liquid limits) (ASTM D4318 [21]), the particle 
size of the soil solids density (specific gravity of soil solids) 

using water picnometry (ASTM D 854 [22]), Unconfined 
Compressive Strength (UCS) for unconfined cylindrical 
specimen of soil the axial compression test (ASTM D 2166 
[23]), different dynamic-compaction energies were applied to 
the sepiolite mixture specimen: 596 kJ/m3 for the Standard 
Proctor SP; 2680 kJ/m3 for the Modified Proctor MP; 5360 
kJ/m3 for double energy of Modified Proctor MP (ASTM 
D698 [24]). The objective of these tests was to define the 
optimum water contents, which lead to the highest dry 
densities for given energy input, and permeability coefficient 
by the falling head permeability test (ASTM D 2434 [25]). 
The pH of soils in the saturated extract was measured by a pH 
meter [26]. The cation exchange capacity of soil samples was 
measured [27]. Gypsum was determined by acetone method 
[28], and equivalent calcium carbonate by reverse titration 
with sodium hydroxide [29]. Elemental analysis of the clay 
soils was performed by X-ray fluorescence spectroscopy 
made in the Netherlands by the PHILIPS Company (PW1410 
model). The most common method of identifying clay 
minerals is to use X-ray diffraction [30, 31]. X-ray diffraction 
(XRD) analysis was performed using the PHILIPS PW1730 
model with a K-Cu beam on air-dried powder samples. 

2- 3- Adsorption experiments
The adsorption of the metals in the soils was assessed 

using the standard batch equilibration method [32, 33] with 
different concentrations (10, 20, 40, 60, 80, and 100 mg/l). The 
concentrations of nickel and cadmium in the filtered solutions 
were measured by atomic absorption spectrometer apparatus 
with 3 replications. The difference between the initial and the 
residue concentration of the element indicated the amount of 
element adsorbed by the study soils. The obtained data were 
then fitted using adsorption isotherms.

Adsorption isotherms are equations that show the 
distribution of the adsorbed material between the dissolved 
phase and the adsorbed in an equilibrium state and are 
characteristic of the system at a given temperature. Among 
isothermal models, Freundlich and Langmuir’s isotherms are 
the most widely used. Therefore, Freundlich and Langmuir’s 
isotherms were used to plot the adsorption data. Two 
parameters qe and Ce are used to describe the equilibrium 
status.

2- 3- 1- Freundlich model
Equation (1) shows the nonlinear equation of the 

Freundlich isotherm.
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qe: Adsorption capacity at equilibrium time in mg/g.
Ce: Equilibrium concentration in mg/L.
K: Freundlich constant obtained by plotting Ce/qe versus 

Ce.
n: Freundlich constant obtained by plotting log versus 

logCe and showing the adsorption capacity.
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2- 3- 2- Langmuir model
Equation (2) shows the principal equation of the Langmuir 

isotherm [33].(1)           
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Ce: Equilibrium concentration in mg/L.
QM: The amount of monolayer adsorption capacity in the 

Langmuir model.
KL: Langmuir constant in mg/L.
In general, the process of adsorption of ions from the 

solution by an adsorbent is a multi-step process and includes:
I: Dispersion of ions from the dissolved phase on the 

adsorbent surface;
II: Scattering of metal ions from the boundary layer on the 

adsorbent surfaces;
III: Transfer of ions from the surface to the interior spaces 

of the adsorbent (dispersion within the mass);
IV: Adsorption of ions on active sites of adsorption 

through chemical reactions such as ion exchange, complex 
formation, etc. [34].

3-  Results and Discussion
3- 1-  Characteristics of the study soils

Sepiolite is a fibrous phyllosilicate, whose chemical 
formula is Si12O30Mg8(OH)4(OH2)4·8H2O. Sepiolite structure 
is formed by sheets similar to 2:1 mineral groups, but the 
tetrahedra undergo a periodic inversion (every 6 tetrahedra) 
along the b- axis, leading to channels with dimensions of 3.6 
Å × 10.6 Å, which contains both physisorbed and zeolitic 
water. The structure of sepiolite gives rise to materials with 
a high adsorption capacity both on the fiber surfaces as well 
as into the nanochannels [35]. Sepiolite mineral, due to its 
structural properties, has unique properties including high 
porosity and specific surface area, strong adsorbent, and 
special rheological properties. 

Figure 1 shows the X-ray diffraction analysis of the 
sepiolite clay soil; X-ray diffraction shows the presence 
of sepiolite (86%) as the main phase, dolomite (11%), and 
muscovite (less than 3%) as impurities. The presence of 
sepiolite was ascertained by the peak intensity of the 11.9, 
3.32, and 1.79 Å reflections. 

The results of the elemental composition of sepiolite clay 
as oxide (percent) by X-ray fluorescence are given in Table 1. 
The results show that sepiolite clay is a magnesium- silicate 
mineral that has a high content of silicon and magnesium. 
The most constituent element of this clay is SiO2 with a 
52.9% value.

 
Fig. 1. X-ray diffraction analysis of Sepiolite soil (S) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. X-ray diffraction analysis of Sepiolite soil (S)
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Vermiculite clays are produced when their crystals 
are exposed to high temperatures. The general chemical 
formula of vermiculite is (Mg2+, Fe2+, Fe3+) 3[(SiAl)4O10]
OH2.4H2O [36]. Its density is in the range of 2.2-2.5 g/cm3. 
Vermiculite has a remarkable ion exchange capacity that 
can be used to prepare materials for the extraction of heavy 
metals, salts from water, as well as the adsorption of various 
contaminants. The laminar structure of the vermiculite makes 
it highly lubricating over a wide range of temperatures; 
therefore, it can be used as a fire-resistant material, a filler of 
lightweight porous materials for thermal insulation, as a thin 
inorganic membrane for coatings, as well as mineral fillers 
for composite clay polymers [37].

The results of vermiculite elemental composition in Table 
1 show that vermiculite clay is an alumino-silicate mineral 
and the most constituent of this soil is SiO2 with an amount 
of 48.9% and also the results of semi-quantitative X-ray 
diffraction analysis (Figure 2) demonstrate the presence of 
vermiculite mineral (61%), as the main phase and the minerals 

of muscovite (13%), talc (5%), dolomite (5%), calcite (8%) 
and gypsum (1%) as impurities. The presence of vermiculite 
was ascertained by the peak intensity of the 7.2, 3.59, and 
1.69 Å reflections.

XRD of silty soil is shown in Figure 3, whose semi-
quantitative analysis indicates about 25% quartz (Qz), 20% 
mica (Mi), 17% 2: 1 phyllosilicate (chlorite) (2:1), 25% 
feldspar (Fd), 13% calcite (Ca)/dolomite (Do) minerals.

3- 2- Physical and mechanical properties of soils
3- 2- 1- Atterberg limits and soil activity

The Atterberg limits of the study soils are shown in Table 
2. In general, the plasticity index of a soil depends on two 
factors:

I: Weight percentage of clay particles less than 2 microns; 
the higher the clay, the more plasticity Index,

II: The type of clay minerals in such a way that at the 
same weight percentage,

Table 1. elemental analysis of sepiolite soil by X-ray fluorescenceTable 1- elemental analysis of sepiolite soil by X-ray fluorescence 

Elements 

Soil Type 

SiO2 Al2O3 Fe2O3 CaO Na2O MgO K2O TiO2 MnO P2O5 LOI 

% 

Sepiolite (S) 52.9 2.56 1.23 0.10 0.01 23.6 0.05 0.001 0.09 0.01 2.08 

Vermiculite (V) 48.96 3.50 5.78 4.76 0.82 28.11 0.212 0.027 0.128 .014 7.50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. X-ray diffraction analysis of Sepiolite soil (S) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. X-ray diffraction analysis of Vermiculite soil (V)
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According to the results given in Table 2, the liquid limit 
of the mixtures (SS and VS) is higher than the pure silt; 
However, its plasticity limit has decreased, and the reason 
for this is that if the percentage of clay particles in the soil 
increases, the amount of water adsorbed by these particles 
increases and the soil mass must adsorb more moisture as free 
water to reach the liquid limit. Therefore, with increasing the 
percentage of clay, the liquid limit of soils increases, and also 
the presence of clay particles and surface adsorption of water 
is the cause of plasticity behavior and non-cracking of soil 
mass. Thus, the more clay particles there are, the slower the 
soil cracks and the lower the moisture content, resulting in a 
decrease in the plasticity limit [38].

The soil activity parameter is used to compare the ability 
of clays to produce a plastic property. The amount of activity 
can be shown according to Equation (3):
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Where PI is the plastic index of clay soil and % 2µm 
represents the mass percentage of particles smaller than 2 
microns.

Activity is a criterion for identifying the swelling potential 
of clay soils [39]. According to the specified range for soil 
activity, if the activity number is less than 0.75, the soil is in 
the inactive clay group. If the activity number is ranging from 
0.75 to 1.25, the soil is classified in the semi-active clay group. 
And if the activity number is more than 1.25, the soils are 
classified in the active clay group. According to equation 3, 
the activity values of vermiculite and sepiolite clays are equal 
to 2.01 and 1.60, respectively. Therefore, these clay soils are 
in the range of active soils and have a more plastic index than 
other soils that are in the kaolinite and illite clay minerals 
group. The silt with clay activity of 0.7 is in the inactive soil 
range and the mixture of clays with silt is considered semi-
active according to the defined range of soil activity.

3- 2- 2-  Soil Compaction
Maximum dry density and optimum moisture contents are 

among the most important mechanical properties of the soil 
used as liners. The soils with the higher maximum dry density 

 
Fig. 3. X-ray diffraction analysis of silty soil (Si) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. X-ray diffraction analysis of silty soil (Si)

Table 2. Atterberg limits and activity of study soilsTable 2- Atterberg limits and activity of study soils 

           Soil type 
properties 

Sepiolite 
(S) 

Vermiculite 
(V) 

Silt 
(Si) 

Sepiolite+Silt 
(SS) 

Vermiculite+Silt 
(VS) 

Shrinkage Limit (SL) 57.2 31.1 15.3 19.8 18.0 

Plastic Limit (PL) 87.2 38.3 22.0 21.5 19.1 

Liquid Limit (LL) 101 48.6 21.1 31.6 25.7 

Plastic Index (PI) 14.0 10.3 2.10 10.1 6.67 

Activity 1.60 2.01 0.70 1.20 1.12 
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at the lowest moisture content are the more cost-effective 
material to assess as a liner. The results of compaction tests at 
different energies for different soil samples are presented in 
Figure 4. According to these diagrams, the highest dry densities 
belonged to the lowest moisture content. By adding silt to the 
clay soils and consequently increasing the average particle 
size, the amount of dry density of the soil mixture increases 
more than clay soil samples with compaction. The reason for 
the increase in density is the higher volumetric mass of the 
silt particles and the filling of the soil pores among particles 
with clay materials and water due to the appropriate density. 
Another noteworthy point is that with increasing the weight 
percentage of silt and decreasing the available clay particles, 
the amount of water adsorption and moisture content of the 
soil mixture decreases; therefore, mixed materials are better 
materials in terms of compressibility [40] to the extent that it 
does not have a negative effect on soil pollutant adsorption.

As can be seen, with increasing compaction energy, 
the percentage of moisture decreases, and the maximum 
dry density increases; during the compaction process, the 
soil particles come closer together and air between them 
escapes. The compaction in cohesive soils is the breaking 

of electrochemical connections and sometimes clay plates 
and displacement and the collapse of these plates in each 
other, while, the reason for compaction in the other soils is 
the displacement of grains and the rolling of grains in and 
towards each other. With the higher soil plastic property, the 
soils will be more sticky and its compaction is more difficult 
[41]. As shown in the figure, sepiolite (ML), vermiculite 
(ML), and then a mixture of them have a more difficult 
density, respectively.

3- 2- 3-  Unconfined Compressive Strength (UCS)
As the compressive strength increases, the bearing 

capacity of the soil increases, as well. The UCS of the studied 
soils at different compaction energies is shown in Figure 5. 
The amount of UCS increases with increasing density; with 
increasing density, the contact and friction surface between 
the particles increases, then the soil will be more resistant to 
the stresses [42].

The highest UCS is related to SS (Figure 5e), S (Figure 
5b), VS (Figure 65d), Si (Figure 5a), and V samples (Figure 
5c), respectively. Ternan et al. (1996) identified clay as a 
mortar among soil particles and found that as the amount of 

 
Fig. 4. Changes in soil moisture in the compaction with different energies, a) Optimum moisture content, 

b) maximum dry density 
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Fig. 4. Changes in soil moisture in the compaction with different energies, a) Optimum moisture content, 
b) maximum dry density
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clay increased, the stability of the soil structure increased 
[43]. For this reason, the strength of the silt-clay mixture is 
higher than that of the silt alone. However, the difference in 
the strength of the SS sample with the VS sample is due to 
the variety of clay structures (sepiolite and vermiculite). The 
composition of the clay minerals affects the soil structure and 
affects the mechanical strength of the soil. On the other hand, 
the structural stability of soils with predominant 2:1 clay 
values may increase their resistance to erosion [44].

Daniel and Wu (1993) suggested that the UCS of 200kPa 
or greater is required for a liner; it can be inferred that the SS 
sample at all three compression energies and the Sepiolite at 
modified and high energy compaction and the VS sample at 
only high energy energies compactions met required values 
[45].

3- 2- 4-  Permeability characteristics
The permeability of compacted clay soils is affected by 

several factors such as sample moisture content, degree of 
saturation, compaction method, compaction energy, hydraulic 
gradient, clay aggregate size, pore size distribution, chemical 
properties of the fluid passing through pores, age and size of 
testing samples, type of instrument, flow direction, etc. [46].

Bayram and Bahmani (2015) stated that in general, 
as the plasticity of the soil increases, saturated hydraulic 
conductivity decreases due to the fineness of soil particles 
[47].

 Permeability testing was performed on all 5 soil types 
(table 3); the sepiolite and vermiculite clay soils met the 
permeability values for landfill liners, which have been 
reported to be 1×10-7 cm/s [48].

3- 3-  Elemental adsorption characteristics
Figures 6 to 10 show the fitting of the data obtained from 

the adsorption of nickel and cadmium on the studied soils 
by Freundlich and Langmuir models which are classified as 
L type following the classification proposed by Giles et al. 
(1960) [49], indicating a high tendency for soils to adsorb 
nickel and cadmium at low concentrations. With increasing 
concentrations of nickel and cadmium in solution, the slope 
of the graphs has decreased, which indicates a decrease in 
adsorption with the increasing concentration due to the 
occupation of adsorption sites by two heavy metals. Also, 
the pattern of nonlinear changes in nickel indicates limited 
adsorption of nickel and high adsorption tendency at low 
concentrations.

The two parameters that can be mentioned in the Freundlich 
equation are the constants KF, and 1/n, which indicate the 
adsorption energy [50]. According to the results in Table 4, 
the highest values ​​of KF in the soils of S, SS, and VS are 
related to cadmium elements, and in the soil of vermiculite 
and silty soils are related to nickel elements. The deviation of 
1/n coefficient from the number one also indicates nonlinear 
adsorption of adsorbed heavy metal on the adsorbent.

 
Fig. 5. UCS of soil samples: Si (a), S (b), V (c), VS (d), and SS (e) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. UCS of soil samples: Si (a), S (b), V (c), VS (d), and SS (e)

Table 3. Hydraulic conductivity coefficient of study soil samples (cm/s)Table 3- Hydraulic conductivity coefficient of study soil samples (cm/s) 

VS SS V S Si 
2.6×10-7 3.1×10-7 5.6×10-8 7.0×10-8 1.8×10-6 
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Fig. 6. Fitting of Langmuir and Freundlich models to adsorption data by vermiculite, a) Nickel, b) 
cadmium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Fitting of Langmuir and Freundlich models to adsorption data by vermiculite, a) Nickel, b) cadmium
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Fig. 7. Fitting of Langmuir and Freundlich models to adsorption data by sepiolite, a) Nickel, b) cadmium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Fitting of Langmuir and Freundlich models to adsorption data by sepiolite, a) Nickel, b) cadmium
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Fig. 8. Fitting of Langmuir and Freundlich models to adsorption data by VS, a) Nickel, b) cadmium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Fitting of Langmuir and Freundlich models to adsorption data by VS, a) Nickel, b) cadmium
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Fig. 9. Fitting of Langmuir and Freundlich models to adsorption data by SS, a) Nickel, b) cadmium 
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Fig. 10. Fitting of Langmuir and Freundlich models to adsorption data by silt, a) Nickel, b) cadmium 
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Table 4. Parameters and correlation coefficients obtained from the fit of the Freundlich model of 
nickel and cadmium adsorption data by the study soils

Table 4- Parameters and correlation coefficients obtained from the fit of the Freundlich model of nickel 

and cadmium adsorption data by the study soils 

Heavy metals 
 

Adsorbents 

Nickel Cadmium 

KF 1/n R2 KF 1/n R2 

S 2.256 0.26 0.87 2.655 0.45 0.91 

V 0.38 0.6 0.99 0.2 0.64 0.83 

SS 0.47 0.47 0.98 1.072 0.24 0.94 

VS 0.38 0.53 0.98 0.75 0.24 0.95 

Si 0.6 0.34 0.95 0.51 0.3 0.96 
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Another parameter that was examined in the adsorption 
analysis was the R2 parameter. This parameter shows the 
correlation coefficient in both models and the higher R2 value 
indicates the greater correlation of the adsorption data with 
that model and also the fit of the model for the adsorption of 
metal ions by adsorbent [50]. The coefficient of variation (R2) 
in the Freundlich model for cadmium element is in the range 
of 0.83-0.96 and nickel (R2) is between 0.87-0.99. According 
to the high R2 value (more than 0.83), both Freundlich and 
Langmuir models can describe the adsorption data.

Table 5 shows the parameters and correlation coefficients 
obtained from the fit of the Langmuir model on nickel and 
cadmium adsorption data. The values ​​of qm obtained from 
Langmuir models indicate the amount of adsorption of metal 
ions required to form a monolayer, which is higher in the 
adsorption of nickel element rather than cadmium element 
for all soils except sepiolite clay soils. This indicates that 
more amounts of nickel are needed to form a monolayer on 
soil particles [50]. For this reason, the adsorption capacity 
of nickel element is higher than that of cadmium element. 
Another parameter that can be mentioned in the Langmuir 
equation is KL, which is the bond energy constant. The higher 
values of the KL parameter indicate the higher adsorption 
energy at surfaces. Cadmium element is adsorbed with more 
energy rather than nickel element in soils containing sepiolite 
clay (SS and S samples).

The coefficient of variation (R2) in the Langmuir model 
for the cadmium ranged from 0.84 to 0.99 and for the nickel 
ranged between 0.87-0.97. Freundlich and Langmuir’s 
models had a similar performance in nickel removal.

3- 4-  Heavy metal adsorption percentage
Figures 11 and 12 show the adsorption of nickel and 

cadmium elements on the studied soils. The results of the 
present study indicate a decrease in removal efficiency with 
increasing concentrations of nickel and cadmium. At lower 
initial concentrations of pollutants, there are sufficient active 
sites for adsorption. However, at high concentrations, each 
adsorbent has a limited number of active adsorption sites 
and these active sites are located on the adsorbent surface 
that they are saturated with contaminants and the removal 

efficiency decreases [51].
Adsorption of metals depends on various factors such 

as organic matter content, cation exchange capacity, clay 
minerals, calcium carbonate, iron-manganese oxides, ionic 
strength, soil material, specific surface adsorption, soil 
particle size distribution,  and etc. [52].

Nickel element was more adsorbed in sepiolite and 
vermiculite clay soils and then their mixtures, respectively. 
Cadmium element adsorption was more done by sepiolite 
clay soils and its mixture and then vermiculite and its mixture.

Sepiolite mineral has unique properties due to its 
structural properties that can be noted for its high porosity 
and specific surface area, strong adsorption, and special 
rheological properties. It was also observed that the heavy 
metal adsorption of silty soil after mixing with vermiculite 
and sepiolite clay has increased. The reason for this increase 
can be attributed to the increase in the percentage of clay as 
well as the increase in cation exchange capacity and specific 
surface area due to the presence of vermiculite and sepiolite 
clay in the soil mixture. Achiba et al. (2009) stated that 
the presence of high clay and silt in the soil increases the 
adsorption sites for metals [53].

Sepiolite is classified as a fibrous mineral and has 
been effective in removing heavy metals such as nickel, 
cadmium, zinc, and copper from aqueous solutions [54]. 
Hojjati and Khademi (2014) reported that Iranian sepiolite 
has a high potential for cadmium uptake and this potential 
increased with increasing cadmium concentration, contact 
time, and increasing adsorbent dose [55]. Mohammadinejad 
et al. (2016) stated that zeolite and sepiolite minerals can 
effectively adsorb nickel elements [56].

Wang et al. (2007) also found that by fitting the Langmuir 
and Freundlich models on cadmium uptake data on 
Palygorskite, both models well describe the cadmium uptake 
process through Palygorskite mineral [57].

Adsorption experiments were also performed on 
chromium. The studied soils were not successful in adsorbing 
chromium. Because clays in their natural state often have 
anion-repellent properties and are not able to adsorb water-
insoluble, non-polar molecules and non-ionic organic 
molecules [58].

Table 5. Parameters and correlation coefficients obtained from the fit of the Langmuir model of nickel and 
cadmium adsorption data by the studied soils

Table 5- Parameters and correlation coefficients obtained from the fit of the Langmuir model of nickel 

and cadmium adsorption data by the studied soils 

Heavy metals 
 

Adsorbents 

Nickel Cadmium 

KL qm R2 KL qm R2 

S 0.198 6.544 0.87 0.645 7.732 0.9 

V 0.026 6.817 0.98 0.018 5.24 0.84 

SS 0.048 4.306 0.96 0.34 2.743 0.98 

VS 0.034 4.824 0.96 0.24 2.049 0.98 

Si 0.095 2.77 0.97 0.13 1.9 0.99 
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Fig. 11. Percentages of nickel adsorption in different concentrations using different soils 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Percentages of nickel adsorption in different concentrations using different soils

 

Fig. 12. Percentages of cadmium uptake in different concentrations using different soils 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Percentages of cadmium uptake in different concentrations using different soils
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Table 6. Physical and hydraulic properties required of the soil of a clay liner

 

Table 6- Physical and hydraulic properties required of the soil of a clay liner 

Soil type 
 

Properties 

S V SS VS Si 

K (Cm/s) 7×10-8 5.6×10-8 3.05×10-7 2.6×10-7 1.8×10-6 

LL (%) 101.2 45.6 31.6 25.72 1.24 

PI (%) 14.02 12.27 10.12 6.67 0.50 

finer than 0.002 mm 39 33 35 30 3 

coarser than 0.063 mm 14 16 17 20 21 

soil classification CH CL CL CL-ML ML 

activity 1.6 2.05 1.2 1.12 0.7 

UCS (kPa) Modified 242 80 540 120 98 

High energy 400 138 766 204 147 

MDD*1 
(kN/m3) 

Modified 13.2 16.2 18.8 21 21.1 

High energy 13.8 15 19 22.2 21.9 

OMC*2 (%) Modified 37.5 15 12.9 11.6 10.7 

High energy 30.7 14.2 12 9.6 9.1 

Density 2.24 2.47 2.48 2.7 2.9 

*1MDD: maximum Dry Density, *2OMC: Optical Moisture Content 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6 shows the physical and hydraulic properties of the 
soil required for a clay liner following the literature review 
recommendations to evaluate the performance of soils as a 
clay liner (Table 7).

The selection of suitable clay in the first stage is based on 
the permeability coefficient and Atterberg limits regarding soil 
geotechnical properties. Clay with a permeability coefficient 
of 1 × 10-7 cm/s or less can be used as a liner. A liquid limit 
of more than 20% and a plastic index of more than 7 are 
recommended for liners (table 7). Clay is more susceptible to 
cracking when drying, and less used with a low plastic limit 
or plastic index amount. Also, soils that have higher amounts 
of clay, due to water adsorption and creating a barrier around 
the particles, show more resistance to the applied forces and 
show better performance in the construction of engineering-
sanitary liners. According to the data in tables 6 and 7, in 
terms of particle size distribution, soil classification, Atterberg 
limits, density, compaction, strength, and permeability soils 
follow the suitability of using as natural landfill liners as SS, 
S, VS, V, and Si soils, respectively.

4- Conclusion
The performance of two natural clayey soils (Sepiolite 

and Vermiculite) and their mixtures with silty soils as 
potential landfill liners was assessed by measuring their 
physicochemical properties and pollutant adsorption capacity 
upon contact with heavy metals.

In terms of permeability parameters, sepiolite, and 
vermiculite clay soils may be classified as suitable natural 
clay liners in landfills (K≤1×10-7).

Vermiculite soils and the mixture of silt + sepiolite soils 
represented suitable plasticity limit properties as liners. The 
liquid limit and plastic index of sepiolite soils are in the range 
of the expansive soils which varied and ranged between 35 
and 170%; the plasticity index ranged from 14 to 120%. The 
vermiculite and sepiolite soils were classified as clay of low 
to very high plasticity (CL–CH) based on the Unified Soil 
Classification System (USCS), respectively. 

Sepiolite clay is not suitable due to its high liquid limit; 
but after adding it to the soil, its liquid limit decreases and it 
is in the appropriate range. In general, the high liquid limit of 
the clays can be improved by mixing with silty soils.
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In general, in terms of environmental quality (pollutant 
adsorption), sepiolite soil specimens have better adsorption 
capacity than vermiculite soils and have been more effective 
in adsorbing cations. From a physical and mechanical 
point of view, sepiolite soils compared to vermiculite soils 
demonstrated completely different properties for designing as 
landfill liners in terms of strength, permeability, and plasticity 
characteristics

The suitability of soils for using clay liners from both 
environmental and geotechnical aspects, soils in terms of 
suitability for natural landfill liners include sepiolite+silt, 
Sepiolite, vermiculite+silt, vermiculite, and silty soils, 
respectively.

The low cost, ease of implementation, natural presence 
in most regions, and attenuation capacity of clay liners make 
them more attractive than geosynthetic liners on their own in 
landfill liner systems.

References
[1] İ. Özbay, Evaluation of municipal solid waste 

management practices for an industrialized city, Polish 
Journal of Environmental Studies, 24(2) (2015) 637-644.

[2] D. Baldev, A. Kumar, M. Muthukumar, S. Kumar 
Shukla, Hydraulic and Volume Change Characteristics 
of Compacted Clay Liner Blended with Exfoliated 
Vermiculite, International Journal of Environment and 
Waste Management, 25(4) (2020) 430-440

[3] R. Krishna, H. Kumar Reddy, Optimizing the liners 
thickness to design a landfill, Materials Today: 
Proceedings, 43 43(2) (2021) 2331-2336.

[4] S. Shu, W. Zhu, X. Fan, S. Wu, Y. Li, C.W.W. Ng, Effect 
of competitive adsorption on the transport of multiple 
pollutants through a compacted clay liner, Waste 
Management & Research, 39(2) (2021) 368-373.

[5] K. Badv, H. Aliashrafi, Laboratory Investigation of 
Geotechnical and Geoenvironmental Characteristics 
of Bentonite-Enhanced Sand Mixtures as Landfill 
Liner Material, Journal of Civil and Environmental 
Engineering, 45.2(79) (2015) 13-23.

[6] I. Kovalchuk, Clay-Based Sorbents for Environmental 
Protection from Inorganic Pollutants, Environmental 
Sciences Proceedings, 25(1) (2023) 1-7.

[7] M. Wyszkowski, J. Wyszkowska, N. Kordala, M. 
Zaborowska, Molecular Sieve, Halloysite, Sepiolite 
and Expanded Clay as a Tool in Reducing the Content 
of Trace Elements in Helianthus annuus L. on Copper-
Contaminated Soil, Materials, 16(5) (2023) 1-18. 

[8] E. Emmanuel, V. Anggraini, M.E. Raghunandan, A. Asadi, 
Utilization of marine clay as a bottom liner material in 
engineered landfills, Journal of Environmental Chemical 
Engineering, 8(4) (2020).

[9] E. Emmanuel, V. Anggraini, A. Asadi, M.E. Raghunandan, 
Interaction of landfill leachate with olivine-treated 
marine clay: Suitability for bottom liner application, 
Environmental Technology & Innovation, 17 (2020).

[10] L. Li, C. Lin, Z. Zhang, Utilization of shale-clay 
mixtures as a landfill liner material to retain heavy 
metals, Materials & Design, 114 (2017) 73-82.

[11] D. Baldev, A. Kumar, M. Muthukumar, S.K. Shukla, 
Hydraulic and Volume Change Characteristics of 
Compacted Clay Liner Blended with Exfoliated 
Vermiculite, International Journal of Environment and 
Waste Management, 25(4) (2020) 430-440.

[12] E. Koutsopoulou, D. Papoulis, P. Tsolis-Katagas, M. 
Kornaros, Clay minerals used in sanitary landfills for the 
retention of organic and inorganic pollutants, Applied 
Clay Science, 49(4) (2010) 372-382.

Table 7.Requirements for soil liner material

 

Table 7- Requirements for soil liner material 

Parameters Standard requirement references 
Particle size analysis Clay fraction≥30% [59] 

Largest grain size≤63mm [60] 
Silt size content≥15% [61] 

%gravel≤30% [62] 
Atterberg limit LL≥ 20%, PI≥7% [63] 

Activity≥0.3 [64] 
Classification CL [65] 

Density ≥2.2 [61] 
Compaction Maximum dry density≥1.7Mg/m3 [66] 
Thickness 300-600 mm [67] 

≥50cm [68] 
≥1m [69] 

UCS ≥200kPa [45] 
Coefficient of permeability ≤1×10-7 [65] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



H. Abbaslou et al., AUT J. Civil Eng., 6(3) (2022) 399-414, DOI: 10.22060/ajce.2023.22224.5823

412

[13] M.K. Widomski, A. Musz-Pomorska W. Franus, 
Hydraulic and Swell–Shrink Characteristics of Clay 
and Recycled Zeolite Mixtures for Liner Construction 
in Sustainable Waste Landfill, Sustainability, 13(13) 
(2021). 

[14] Y. Guney, B. Cetin, A.H. Aydilek, B.F. Tanyu, S. 
Koparal, Utilization of sepiolite materials as a bottom 
liner material in solid waste landfills, Waste Management, 
34(1) (2014) 112-124.

[15] T.B. Musso, K.E. Roehl, G. Pettinari, J. Vallés, 
Assessment of smectite-rich claystones from 
Northpatagonia for their use as liner materials in landfills, 
Applied Clay Science, 48(3) (2010) 438-445.

[16] M.K. Widomski, W. Stepniewski, A. Musz-Pomorska, 
Clays of Different Plasticity as Materials for Landfill 
Liners in Rural Systems of Sustainable Waste 
Management, Sustainability, 10(7) (2018).

[17] M. Nikbakht, F.B. Sarand, R. Dabiri, M. Hajialilue 
Bonab, Investigation of the Leachate Effect on 
Permeability and Geotechnical Characteristics of Fine-
Grained Soil Modified Using Nanoclay–Nanofiber 
Composites. Water. 15(2) (2023).

[18] Y. Wan, Y. Fan, J. Dan, C. Hong, S. Yang, F. Yu, A review 
of recent advances in two-dimensional natural clay 
vermiculite-based nanomaterials, Materials Research 
Express, 6(10) (2019).

[19] H. Abbaslou, S.Ghofran Makshuf, S. Bakhtiari, A.R. 
Ghanizadeh, M. Shahrashoub, Extractive Treatment of 
Arsenic Contaminated Clay Soils (Vermiculite), Pollution, 
8(4) (2022) 1358-1368. 

[20] ASTM, D422, Standard test method for particle-
size analysis of soils, ASTM international West 
Conshohocken, PA, (2007).

[21] ASTM, D4318, Standard Test Methods for Liquid 
Limit, Plastic Limit, and Plasticity Index of Soils, ASTM 
international West Conshohocken, PA, (2010).

[22] ASTM, D854, Standard Test Methods for Specific 
Gravity of Soil Solids by Water Pycnometer, ASTM 
international West Conshohocken, PA, (2014).

[23] ASTM, D2166, Standard test method for unconfined 
compressive strength of cohesive soil, ASTM 
international West Conshohocken, PA, (2016).

[24] ASTM, D698, Standard Test Methods for Laboratory 
Compaction Characteristics of Soil Using Standard 
Effort (12 400 Ft-lbf/ft3 (600 KN-m/m3)) 1, ASTM 
international West Conshohocken, PA, (2007).

[25] ASTM, D2434, Standard Test Method for Permeability 
of Granular Soils (Constant Head), ASTM international 
West Conshohocken, PA, (2006).

[26] L.A. Richards, Diagnosis and improvement of saline 
and alkali soils, LWW, (1954).

[27] C. Bower, J. Hatcher, Simultaneous determination of 
surface area and cation‐exchange capacity, Soil Science 
Society of America Journal, 30(4) (1966) 525-527.

[28] Soil Survey Division Staff, Soil Survey Manual. Soil 

Conservation Service. US Department of Agriculture 
Handbook 18. (1993).

[29] J.T. Sims, Lime requirement, Methods of Soil Analysis: 
Part 3 Chemical Methods, 5 (1996) 491-515.

[30] D.M. Moore, R.C. Reynolds Jr, X-ray Diffraction and 
the Identification and Analysis of Clay Minerals, Oxford 
University Press (OUP), (1989).

[31] W. Mumme, G. Tsambourakis, I. Madsen, R. Hill, 
Improved petrological modal analyses from X-ray powder 
diffraction data by use of the Rietveld method; Part II, 
Selected sedimentary rocks, Journal of Sedimentary 
Research, 66(1) (1996) 132-138.

[32] G. He, Z. Zhang, X. Wu, M. Cui, J. Zhang, X. Huang, 
Adsorption of Heavy Metals on Soil Collected from 
Lixisol of Typical Karst Areas in the Presence of 
CaCO3 and Soil Clay and Their Competition Behavior, 
Sustainability, 12 (2020).

[33] N. Sangiumsak, P. Punrattanasin, Adsorption Behavior 
of Heavy Metals on Various Soils, Polish Journal of 
Environmental Studies, 23(3) (2014) 853–865

[34] F. Sajadi, M.H. Sayadi, M. Hajiani, Study of optimizing 
the process of Cadmium adsorption by synthesized silver 
nanoparticles using Chlorella vulgaris, Journal of Birjand 
University of Medical Sciences, 23(2) (2016) 119-129.

[35] H.K. Boparai, M. Joseph, D.M. O’Carroll, Kinetics and 
thermodynamics of cadmium ion removal by adsorption 
onto nano zerovalent iron particles, Journal of Hazardous 
Materials, 186(1) (2011) 458-465.

[36] L. Pardo, J.A. Cecilia, C. López-Moreno, V. Hernández, 
M. Pozo, M.J. Bentabol, F. Franco, Influence of the 
structure and experimental surfaces modifications of 2: 1 
clay minerals on the adsorption properties of methylene 
blue, Minerals, 8(8) (2018) 359.

[37] A.M. Rashad, Vermiculite as a construction material–A 
short guide for Civil Engineer, Construction and Building 
Materials, 125 (2016) 53-62.

[38] X. Fakhri, R. Pourhosseini Ardekani, T. Ebadi, 
Improvement in the Hydraulic Properties of Kaolinite 
with Adding Nanoclay, Amirkabir Journal of Civil 
Engineering, 47(3) (2016) 39-46.

[39] H. Ashayeri, S. Yasrebi, Evaluating swelling potential 
of compacted clays, Modares Technical and Engineering, 
25 (2006) 19-28.

[40] M. Khaleghnezhad Tabari, Investigation of strength 
and permeability properties of sandworth composite 
materials, Noshirvani Babol University of Technology, 
Babol, Iran, (2016).

[41] M. Jesmani, G. Rudi, M. Fayazi, Soil Mechanics, 4 ed., 
GAJ Internationan, Tehran, Iran, (2015).

[42] J. Ahadian, A. Salemnia, M. Karimi, The effect of 
compaction test component on development of stress-
strain in the clay soil in comparison to clay- sand soil, 
Journal of Soil and Water Resources Conservation, 1(2) 
(2012) 29-50.

[43] J. Ternan, A. Elmes, A. Williams, R. Hartley, Aggregate 



H. Abbaslou et al., AUT J. Civil Eng., 6(3) (2022) 399-414, DOI: 10.22060/ajce.2023.22224.5823

413

stability of soils in central Spain and the role of land 
management, Earth Surface Processes and Landforms, 
21(2) (1996) 181-193.

[44] A. Mamedov, L. Guy, W. Larry, H. Carrie, D. Norton, 
Soil-Structural Stability as Affected by Clay Mineralogy, 
Soil Texture and Polyacrylamide application, 11, 
EGU2009-3895-8 (2009).

[45] D.E. Daniel, Y.-K. Wu, Compacted clay liners and 
covers for arid sites, Journal of Geotechnical Engineering, 
119(2) (1993) 223-237.

[46] H. Rahimi, R. Ghobadian, Comparison of permeability 
and consolidation properties of clayey soils compacted 
by dynamic and static methods, Iranian Journal of 
Agricultural Sciences, 30(3) (1999) 563-573.

[47] M. Bayram, O. Bahmani, The effect of soil type and 
compaction conditions on soil water characteristic curve, 
Journal of Soil and Water Resources Conservation, 4(4) 
(2015) 65-78.

[48] D.E. Daniel, C.H. Benson, Water content-density 
criteria for compacted soil liners, Journal of Geotechnical 
Engineering, 116(12) (1990) 1811-1830.

[49] C. Giles, T. MacEwan, S. Nakhwa, D. Smith, 786. 
Studies in adsorption. Part XI. A system of classification 
of solution adsorption isotherms, and its use in diagnosis 
of adsorption mechanisms and in measurement of 
specific surface areas of solids, Journal of the Chemical 
Society (Resumed),  (1960) 3973-3993.

[50] M. Malakootian, G.R. Moussavi, A. Toolabi, A Study of 
kinetics And Biosorption Isotherms of, Ilam-University-
of-Medical-Sciences, 19(4) (2012) 26-37.

[51] E. Malkoc, Y. Nuhoglu, Nickel (II) adsorption 
mechanism from aqueous solution by a new adsorbent—
Waste acorn of Quercus ithaburensis, Environmental 
Progress & Sustainable Energy, 29(3) (2010) 297-306.

[52] A. Joneidi Jafari, A. Rastegar, M. Farzadkia, R. Rezaee 
Kalantary, Z. Rezaee Gozalabad, Survey of the effects of 
soil type on the leaching and adsorption of heavy metals 
(chromium, lead and cadmium) after compost application 
on the soils, Iranian Journal of Health and Environment, 
6(4) (2014) 523-534.

[53] W.B. Achiba, N. Gabteni, A. Lakhdar, G. Du Laing, M. 
Verloo, N. Jedidi, T. Gallali, Effects of 5-year application 
of municipal solid waste compost on the distribution 
and mobility of heavy metals in a Tunisian calcareous 
soil, Agriculture, Ecosystems & Environment, 130(3-4) 
(2009) 156-163.

[54] A. Sheikhhosseini, M. Shirvani, H. Shariatmadari, 
Competitive sorption of nickel, cadmium, zinc and 
copper on palygorskite and sepiolite silicate clay 
minerals, Geoderma, 192 (2013) 249-253.

[55] S. Hojati, H. Khademi, Physicochemical and 
mineralogical characteristics of sepiolite deposits of 

northeastern Iran, Journal of Geoscience, 23(90) (2014) 
165-174.

[56] R. Mohammadinezhad, M. Hamidpour, A. Tajabadipour, 
H. Shekofteh, Adsorption of nickel by sepiolite mineral 
from aqueous solutions, in:  2th national conference 
on sustainable management of soil resources and 
environment, Shahid Bahonar University of Kerman, 
Kerman, Iran, (2016).

[57] W. Wang, H. Chen, A. Wang, Adsorption characteristics 
of Cd (II) from aqueous solution onto activated 
palygorskite, Sep. Purif. Technol., 55(2) (2007) 157-164.

[58] F. Nemati, H. Torabi Golsefidi, A.M. Naji, Effect of 
particle size and surfactant concentration on nitrate 
absorption efficiency and release by modified zeolite 
with HDTMA in aqueous solution, Journal of Water and 
Soil Conservation, 24(1) (2017) 157-172.

[59] R.K. Rowe, Long-term performance of contaminant 
barrier systems, Geotechnique, 55(9) (2005) 631-678.

[60] A. Bagchi, Design, construction, and monitoring of 
landfills, 2nd ed., Wiley, New York, (1994).

[61] S. Onorm, Geotechnik in Deponiebau-Erdarbeiten, 
Osterrichisches Normungsinstitut, Wien (Geotechnics 
in Landfill Construction-Earthworks, Austrian Standards 
Institute, Vienna),  (1990).

[62] Environment Agency U.K., Design, construction and 
quality assurance of earthworks in landfill engineering: 
Earthworks in landfll engineering, LFE4, Bristol, UK, 
(2009) 1-66.

[63] X. Qian, R.M. Koerner, D.H. Gray, Geotechnical aspects 
of landfill construction and design, Prentice Hall, (2001).

[64] J. Booker, R.M. Quigley, R. Rowe, Clayey barrier 
systems for waste disposal facilities, CRC Press, (1997).

[65] M. Favaretti, R. Cossu, 7.2 - Mineral Liners, in: R. 
Cossu, R. Stegmann (Eds.) Solid Waste Landfilling, 
Elsevier, (2018) 289-312.

[66] O. Ogunsanwo, Geotechnical investigation of some 
soils from SW Nigeria for use as mineral seals in 
waste disposal landfills, Bulletin of the International 
Association of Engineering Geology-Bulletin de 
l’Association Internationale de Géologie de l’Ingénieur, 
54(1) (1996) 119-123.

[67] M.U. Shankar, M. Muthukumar, Comprehensive review 
of geosynthetic clay liner and compacted clay liner, IOP 
conference series: materials science and engineering, 
IOP Publishing, (2017) 320-326.

[68] J.-F. Wagner, Clay liners and waste disposal, in:  
Developments in Clay Science, Elsevier, (2013) 663-676.

[69] [N. Touze-Foltz, J. Lupo, M. Barroso, Geoenvironmental 
applications of geosynthetics, Keynote Lecture, 
Proceedings Eurogeo, 4 (2008) 1-98.



H. Abbaslou et al., AUT J. Civil Eng., 6(3) (2022) 399-414, DOI: 10.22060/ajce.2023.22224.5823

414

HOW TO CITE THIS ARTICLE
H. Abbaslou, B. Torkiyan, A. Ghanizadeh, Physicochemical characteristics of Sepiolite and 
Vermiculite clay soils as landfill clay liners, AUT J. Civil Eng., 6(3) (2022) 399-414.

DOI: 10.22060/ajce.2023.22224.5823


