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Morphological variations of geosynthetic clay liner (GCL) samples, hydrated with two different permeates, distilled water andNaCl
solution (100mM concentration), were observed in detail using microscopic analysis. After the GCL samples were hydrated with
the NaCl solution, they were observed with an optical microscope. While the surface of the treated GCL samples was similar to
the surface of the untreated GCL, a crystal deposit was found on the surface of the treated samples. Using a scanning electron
microscope (SEM), a more solid appearance was observed for the bentonite particles contained in the GCL after the sample was
hydratedwith distilledwater in comparison to theGCL sample that was hydratedwith theNaCl solution. It appears that salt solution
hydration results in less swelling of the bentonite particles. Furthermore, the energy-dispersive X-ray spectrometer (EDS) results
showed that distilled water hydration had no effect on the distribution of the elements contained in the GCL samples. However,
bound chlorinewas observed, which demonstrated that the bentonite particles had absorbed theNaCl solution. In addition, changes
in the hydraulic conductivity of the hydrated GCL samples were also observed.

1. Introduction

Landfilling still remains the most preferred solid waste dis-
posal method globally [1–4]. In landfill, solid waste will start
to decompose and generate leachate [5]. Leachate contains
various organic and inorganic materials, pathogens, and
heavy metals in various concentrations and is very chal-
lenging to manage [6–11]. Severe environmental and health
hazards are possible if the leachate escapes from a landfill and
contaminates the surroundings, such as the groundwater [12–
15]. Landfills must be able to function as a hydraulic barrier
to prevent leaks or as a proper collection for the leachate [16–
21]. Thus, the most critical function of landfill design and
construction is to contain leachate [1, 22], in order to reduce
the environmental and public health impacts of a landfill.

In order to inhibit the environmental impact of landfill
leachate, landfills are equipped with an impermeable bottom
liner to prevent leachate contaminating the surrounding
soil and groundwater [1, 5]. According to Ludwig et al.
[2], a common practice of landfill operators is to place an
impermeable soil layer such as compacted clay liner (CCL)
at the bottom of a landfill site to prohibit leachate infiltration.

However, in developed countries, a geosynthetic clay liner
(GCL) has been used as a barrier for landfill leachate instead
of compacted clay liner (CCL). The GCL has replaced CCL
due to its greater benefits, such as availability, transport,
handling, installation, and cost [23]. When GCL is manufac-
tured it normally has two geosynthetic layers with bentonite
in between which swells and becomes impermeable when
hydrated. Generally, the permeability of the geosynthetic
layers depends on some factors such as degree of hydration,
temperature, permeant liquid [24–26], and also liner config-
uration, for instance, single liner or a composite liner with
geomembrane [23, 27].

The degree of saturation determines GCL’s capability of
achieving maximum hydraulic performance. For GCL to
impede the seepage of a liquid contaminant, the liner system
should be sufficiently hydrated (normally with water) [27].
Hydration tends to cause the bentonite particles in the GCL
to swell and attach to each other. Once the GCL is positioned
above an underlying subgrade, like wet soil, the hydration
process begins immediately. Due to the moisture content in
the subgrade, there is no need to add water to the GCL.Water
from the subgrade will be absorbed by the GCL to make it
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Figure 1: Microscopic view of the physical appearance of the GCL samples: A-D and B-D: initial condition of the GCL; A-A and B-A: GCLs
after hydration using distilled water; A-S and B-S: GCLs after hydration using the NaCl solution.

swell and become impermeable to water during the hydration
process. However, during its function as leachate barrier, the
GCL also has to deal with leachate whichmay contain organic
matter, heavy metals, and inorganic salts [28, 29].

Some studies have investigated the relationship between
the seepage of inorganic salt solutions and GCL’s hydraulic
conductivity [28–31]. The permeability of GCL was found
to vary when the solution contained a strong concentration
of NaCl or a large portion of polyvalent cations. Moreover,
when a weak concentration of the NaCl solution was used
to permeate the GCL, similar hydraulic conductivity was
found in comparison to permeation with deionised (DI)
water or tapwater [32].Meanwhile, Jo et al. [32] indicated that
long term permeation using NaCl solution with very strong
concentration resulted in a threefold increase in the hydraulic
conductivity of the GCLs.

As an extension of previous research findings, this present
research aims to address the morphological changes in
GCLs by conducting a partial level examination utilizing
microscopic views, which provides a clearer demonstration
of the influence that salt solution has on GCLs. In this study,
100mM of NaCl solution was used as the seepage fluid.

2. Materials and Methods

This experiment investigated two types of preparedGCL sam-
ples that were obtained from two different suppliers. Sodium
bentonite was present in all the samples: the letter “A” on
the label was used to identify the bentonite powder samples
while the letter “B” was used for the granular bentonite
samples. Hydration NaCL solutions, with a concentration of
100mM, were then prepared using distilled water and salt.
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Figure 2: The SEM views of bentonite particles in the GCL samples under the following conditions: A-D and B-D: initial status before
hydration; A-A and B-A: after hydration with distilled water; A-S and B-S: after hydration with the NaCl solution.

The second letter of the sample label indicated the sample
condition.The original GCL samples (dry) weremarked with
a “D,” while the samples labelled with “A” represented the
GCL samples that were hydrated with distilled water and the
samples labelled with “S” indicated hydration with the NaCl
solution (Table 1).

As stated above, microscopic imaging was used to inves-
tigate the GCL samples. A scanning electron microscope
(SEM) was used to examine the bentonite particles. Micro-
scopic images of the GCL samples were produced utilizing
a Nikon ME600 light microscope and analyzed with Top
View, an image processing software for light microscopes. A
Zeiss Evo 40 XVP was used to obtain the SEM images, and
it could determine the elemental composition of the samples

Table 1: GCL sample codes.

Sample code for
microscopic images Bentonite type Hydration condition

A-D Powder Dry
B-D Granular Dry
A-A Powder DI water
B-A Granular DI water
A-S Powder NaCl
B-S Granular NaCl

by connecting to anOxford Instruments energy-dispersiveX-
ray spectrometer (EDS). Equippedwith INCApeakmatching
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Figure 3: Elemental distribution images of samples A-D and B-D before hydration.

software, the EDS made it possible to more quickly identify
the elements.

3. Results and Discussion

After two weeks of hydration, the moisture content in the
GCL samples was removed by placing them in the oven.
Optical microscopy was used to observe any physical changes
both before and after hydration (Figure 1).

No differences were observed in the physical appearance
of samples A-D, A-A, B-D, and B-A. This demonstrates
that hydration with distilled water, followed by drying, had
no effect on the form of the GCL sample as it remained
unchanged under microscopic observation. However, some
crystal deposits were found on the A-S and B-S samples on
the top of the bentonite layer and attached to the geosynthetic
cover; the crystal deposits were the dry form of NaCl.

3.1. SEM and EDS. The GCL samples were then examined
using a scanning electron microscope (SEM) to determine
themorphological andmineralogical characterizations of the
specimens. An SEM can show the binding characteristics of
the liner membrane, and it was used to observe the physical
changes in the interparticle interactions due to hydrationwith

different solutions. The morphology of the investigated GCL
samples is shown in Figure 2, which illustrates the images
of the GCL particles both before and after hydration using
distilled water and the NaCl solution.

As seen in Figure 2, the images of samples A-D and B-
D represent the raw form of bentonite before being hydrated
with any type of solution. Sample A-D was the powder
form of bentonite and sample B-D was the granular form.
A comparison of the images for A-D and B-D shows that
the surface morphology of the bentonite particles varied
between the powdered and granular forms. Analysis of the
SEM images showed that the particle clods in the bentonite
powder were larger and denser than the granular bentonite
particles.

A comparison of A-A and B-A revealed that distilled
water hydration led to the flocculation of the particle clods
resulting in the formation of a more solid bentonite surface
appearance as well as a tighter attachment between the
particles. Therefore, it can be stated that (1) the hydration
of bentonite with distilled water has a significant influence
on the bentonite particles rather than the structure and
crystallography of the particles and (2) bentonite hydration
with distilled water tends to reduce the interparticle spaces
or voids.
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Figure 4: SEM-EDS images of the bentonite particles (A-A and B-A) hydrated with distilled water.

The structure of the bentonite particles after being
hydrated with the NaCl solution is shown in images (A-S
and B-S) (Figure 2). The morphological patterns, particle
arrangements, and interactions seen in these two images are
different from those observed in the previous SEM images.
In comparison to distilled water hydration, as shown in A-
A and B-A (Figure 2), the bentonite particles in A-S and B-S
(Figure 2) experienced less swelling. Consequently, it can be
assumed that the NaCl solution is able to change the response
of the bentonite particles.

In order to further examine the effect that hydration
with other solutions had on both types of bentonite particles,
an additional investigation of the bentonite particles was
conducted using an energy-dispersive X-ray spectrometer
(EDS).The element distribution within each sample was then
determined.

Figure 3 shows the original elemental composition of
bentonite in the two different GCL samples of bentonite
powder and granular bentonite. Generally, bentonite particles
contain elements, such as iron (Fe), aluminum (Al), and
silicone (Si), which may be carried along in the form of iron
(III) oxide (Fe

2
O
3
), aluminum oxide (Al

2
O
3
), and silicates

(SiO
2
). Other minor elements of the alkali groups, including

magnesium (Mg), potassium (K), and sodium (Na), may also

be found as constitutional elements of bentonite [33]. As
seen in Figure 4, almost no diversion was observed in the
elemental distribution of the particles when bentonite was
hydrated with distilled water, since, in this case, H

2
Owas the

only additive in the mixture. At this stage, it should be noted
that no moisture content was found in all of the samples after
oven-drying.

Among all the elements found in bentonite, silicon, in
the form of silicate, is the main component of this form
of clay, followed by aluminum and oxygen. Despite the
morphologic alteration of the bentonite particles, no change
could be observed in the quantities of the dominant ele-
ments.

The elemental distribution of bentonite particles after
hydration with the 100mM concentration of the NaCl solu-
tion is shown in Figure 5. Sodium chloride was absorbed by
the bentonite, as indicated by the chlorine elements found
during the EDS analysis. However, chlorine only appeared
in a small area on the surface of the bentonite, which is
highlighted as the brighter area in the graph (i.e., spectrum4).
Consequently, it was concluded that the bonding structure of
the bentonite particles underwent only minor changes. This
phenomenon was observed in both the granular and powder
forms of bentonite.
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Figure 5: SEM-EDS images of the bentonite particles (A-S and B-S) hydrated with NaCl.

3.2. Effect of NaCl on Hydraulic Performance. Thepermeabil-
ity of the bentonite layer, sandwiched between the geotextiles,
changes with variations in the water quantity imposed on the
bentonite surface [32]. Because GCLs are used as leachate
barriers in landfill liners, the incompatibility of their perme-
ability impacts their performance, and this is a major issue
during the design stages of a landfill.Therefore, the hydraulic
performance of GCLs when subjected to hydration using
both types of permeant solutions, distilled water and NaCl,
was also assessed in this study. The results are illustrated in
Figure 6.

As stated earlier, this present study also investigated the
feasibility of using a GCL as an effective hydraulic barrier
in the presence of NaCl in the permeating solution, so
that the influence of the types of permeant solutions on
a hydrated GCL could be established. It was found that
the respective hydraulic conductivities of both GCL samples
were 1.24 × 10−11m/sec and 6.91 × 10−11m/sec. Furthermore,
hydration with NaCl was observed to have slightly altered the
permeability of the GCL, and an increase in the hydraulic
conductivities was noted for both samples. As displayed in
Figure 6, the hydraulic conductivity of sample A-S jumped
to 1.36 × 10−10m/sec, while the hydraulic conductivity of B-S
increased to 1.98 × 10−10m/sec.
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Figure 6: Hydraulic conductivity of the GCL samples after hydra-
tion with both distilled water (A-A, B-A) and NaCl (A-S, B-S).

4. Conclusions

Based on optical microscopic examination, distilled water
hydration produced no changes in the GCL samples after
drying. On the other hand, crystal deposits were found at
both the bentonite surface and the geosynthetic cover when
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100mMNaCL was used as the hydration solution. Hydration
of a GCL with both distilled water and NaCL resulted
in alterations in the surface morphology of the bentonite
particles. A trend was observed for the bentonite particles to
approach/attach to each other after the sampleswere hydrated
with distilled water. However, less swelling seemed to occur
when the samples were hydrated with the 100mM NaCL
solution.TheEDS images showed that silicon, aluminum, and
iron were themain elements in both the granular and powder
forms of bentonite. Sodium was present in the bentonite in
the form of sodium oxide (Na

2
O).The bentonite surface area

was found to contain chlorine after GCL hydration using an
unevenly dispersed NaCl solution. The hydraulic conductiv-
ity of GCL also appeared to change under the influence of
NaCL hydration. When the GCL samples containing either
granular bentonite or bentonite powder were hydrated using
the NaCl solution, their hydraulic conductivity tended to
increase.
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