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Abstract: Soils with low permeability are widely used in solid waste landfills to prevent leakage
of leachate into groundwater. By adding nanomaterials to clay soils, the permeability of the clay
can be reduced as well as the retention of pollutants in the leachate. In this study, three different
nanomaterials, iron oxide, aluminum oxide, and Oltu clay, were added to kaolin at two different rates
(1% and 5%), and the effect of nanomaterials on permeability and heavy metal (iron, manganese, zinc,
copper, and lead) removal rate was investigated. According to the experimental results, permeability
decreased, and the heavy metal removal rate increased with increasing nanomaterial content in kaolin.
With the addition of 5% iron oxide, 5% aluminum oxide, and 5% Oltu clay to kaolin, the average
permeability decreased by 63%, 81%, and 96%, respectively. Iron (90–93%), manganese (47–75%), zinc
(39–50%), copper (33–41%), and lead (36–49%) removal rates of nanomaterial-added kaolin samples
were found to be higher than the removal rates of kaolin without nanomaterial addition. Oltu clay,
which has the smallest size and high surface area, performed better than aluminum oxide and iron
oxide in reducing the permeability of kaolin and retaining heavy metals.

Keywords: compacted clay; heavy metal; leachate; nanomaterial; permeability

1. Introduction

Landfilling, one of the final disposal methods for solid waste, is the most used method
worldwide [1]. Control of leachate generated in landfills is of great importance for the
environment and human health. The use of soil with low permeability in a landfill prevents
leachate contaminants from easily leaking from the ground and mixing with groundwa-
ter [2,3]. Clayey soils are widely used in landfill areas due to their low permeability [4].
However, the properties of the clay change as a result of interactions such as cation ex-
change, dissolution/precipitation, and redox reactions between the clay and leachate [5]. It
has been reported by many researchers that pH [6], salt solutions [7,8], organic matter [9,10],
and heavy metals [9,11,12] increase the permeability of clayey liners used in landfills. The
resulting increase in permeability raises great concern about the environmental fate of
leachate pollutants such as heavy metals.

Heavy metals are defined as metals with a density higher than 5 g/cm3, and heavy met-
als include iron (Fe), manganese (Mn), zinc (Zn), lead (Pb), copper (Cu), arsenic (As), cobalt
(Co), nickel (Ni) [13,14]. Electronic devices, batteries, pesticides, fertilizers, paints, and
varnishes in the landfill are among the materials that increase heavy metal content [15–17].
Heavy metals are highly threatening pollutants due to their persistence, non-degradability,
and toxicity [18]. Clays have high specific surface areas and small particle sizes that increase
chemical and physical interaction with heavy metals [17]. Mirzaei et al. reported that Cd2+,
Cr3+, Pb2+, and Ni2+ heavy metals in leachate can be adsorbed more strongly in clay loamy
texture than in loamy sand textured soil [19].

The voids of soils vary from micrometer to nanometer [20]. Filling the voids of
clayey soils with nanomaterials changes the permeability. Studies have been carried out to
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reduce the permeability and/or hydraulic conductivity of soils by using different nano-
sized materials by many researchers. Kananizadeh et al. investigated the changes in the
properties and permeability of clayey soil resulting from the addition of nano clay with high
aspect ratio and good thermal and physical properties. Kananizadeh et al. reported that
soil permeability decreased from 3 × 10−9 cm/s to 9.4 × 10−11 cm/s with the addition of
3% nano clay to clay soil [21]. Ng and Coo added nano gamma-aluminum oxide (γ-Al2O3)
and nano copper oxide (CuO) into kaolin clay because they are insoluble in water and
chemically stable, and investigated the changes in the properties and hydraulic conductivity
of kaolin clay. Ng and Coo reported that the pores of kaolin clay were clogged with the
addition of γ-Al2O3 and nano CuO, and the hydraulic conductivity decreased by 30% and
45%, respectively, with the addition of 2% γ-Al2O3 and CuO into kaolin clay [22]. Fakhri
et al. added 1–8% nano clay to kaolinite in order to improve the hydraulic properties of
kaolinite. Kaolinite was investigated concerning the effect on the permeability coefficient
of nano clay addition of up to 8%, and it was found that the permeability decreased
gradually with increasing nano clay content. The experimental results showed that the
addition of 8% nano clay to kaolinite reduced the permeability coefficient by 300 times [23].
Reginatto et al. carried out a study to find the appropriate nanoparticle concentration
for reducing the permeability of clay soils of zero-valent nano iron particles, which have
lower costs and lower toxicity than other metallic nanoparticles. In the study by Reginatto
et al., the changes in the hydraulic conductivity of clay soil in suspensions with different
concentrations nano iron varying in the range of 1–10 g/L were investigated. It was
reported that 1 g/L and 4 g/L nano iron concentrations did not cause a significant change
in the hydraulic conductivity of the soil, but 10 g/L nano iron concentration decreased the
hydraulic conductivity from 6.1 × 10−6 m/s to 2.5 × 10−7 m/s [24]. Taha and Alsharef
investigated the effect of carbon nanofibers (CNF) and multi-walled carbon nanotubes
(CNTs) in the same carbon family, which are relatively inexpensive and readily available
on the market, on the hydraulic conductivity of clay soils. The hydraulic conductivity of
the soil sample (2.16 × 10−9 m/s) decreased with increasing CNT and CNF ratio, and
the hydraulic conductivity decreased to 9.46 × 10−10 m/s and 7.44 × 10−10 m/s with
the addition of 0.2% CNT and CNF, respectively [25]. Ochepo and Kanyi treated a lateric
soil with nano silica, which has superior properties such as large surface area, small
particle size, and porous structure, and showed that the permeability coefficient decreased
at pressures above 40 kN/m2 [26]. Bhadra and Leander investigated the geotechnical
properties of fly-ash-doped soils with different nano calcium silicate (NCS) doses (0.2–1%).
With the addition of 1% NCS to soil containing 6% fly ash, the permeability decreased from
6.2 × 10−6 cm/s to 4.8 × 10−6 cm/s [27].

In this study, the effects of three different nanomaterials (iron oxide, aluminum oxide,
and Oltu clay) at two different rates (1% and 5%) on the permeability and heavy metal
removal rate of the compacted kaolin through which the leachate was passed were investi-
gated. The Fe, Mn, Zn, Cu, and Pb removal rates, as well as the permeability of compacted
kaolin and compacted kaolin/nanomaterial clay samples, were determined. Identifying
the compacted clayey soil sample possessing the lowest permeability and the greatest
inhibition of the transmission of heavy metals to the groundwater is beneficial for the
design of soil to be used in landfill areas. In addition, the final product obtained by adding
natural Oltu clay and a small amount of nanomaterials to kaolin, which is abundant in
nature, is a more economical and simple material that is able to compete with the expensive
geomembranes used in landfills, but which have tearing problems.

2. Materials and Methods
2.1. Materials

The leachate used in the study was obtained from Şile Kömürcüoda Landfill Area on
the Anatolian Side of Istanbul. Fe, Mn, Zn, Cu and Pb concentration values in the leachate
were 59.6 mg/L, 1.1 mg/L, 3.07 mg/L, 2.68 mg/L and 0.68 mg/L, respectively. Kaolin clay
was obtained from Esan Eczacıbaşı Industrial Raw Materials Inc. The chemical composition
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of kaolin determined by X-Ray Fluorescence (XRF) analysis and Carbon-Sulphur Analysis
is presented in Table 1, and the particle size distribution results determined by the laser
diffraction method are given in Table 2. Nano iron oxide and nano aluminum oxide were
obtained from Sigma-Aldrich. Oltu clay was obtained from the Oltu district of Erzurum
in Turkey. The properties of the nanomaterials used in the study are given in Table 3. The
chemical composition of Oltu clay used in the study is given in Table 4.

Table 1. Chemical composition of kaolin.

Component Content (%)

Loss on ignition (LOI) 10.0 ± 1.0
SiO2 57.5 ± 1.0

Al2O3 27.0 ± 1.0
Fe2O3 1.5 ± 0.3
TiO2 1.2 ± 0.1
CaO 0.2 ± 0.1
MgO 0.45 ± 0.1
Na2O 0.2 ± 0.1
K2O 1.7 ± 0.2

Soluble Salt 0.4 ± 0.1
Soluble SO4 0.2 ± 0.1

SO3 * 0.15 ± 0.1
C * 1.5 ± 0.1

* Carbon-Sulphur Analysis.

Table 2. Particle size distribution of kaolin.

Size (µm) Percentage (%)

<2 65
<10 80
>63 2

Table 3. Properties of nanomaterials.

Material Chemical
Formula

Purity
(%)

Particle Size
(nm)

Surface Area
(m2/g) Form

Iron oxide Fe3O4 97 50–100 6–8 Nano powder
Aluminum oxide Al2O3 99.8 13 85–115 Nano powder

Oltu clay - - 5–10 >110 Nano clay

Table 4. Chemical composition of Oltu clay [28].

Component Content

LOI 13
SiO2 41.48

Al2O3 12.22
MgO 8.10
Na2O 0.20
K2O 1.23
CaO 11.14
TiO2 0.53

Fe2O3 9.88

2.2. Compaction Test

For the preparation of nanomaterial-added kaolin samples, 1% and 5% iron oxide,
aluminum oxide, and Oltu clay were mixed separately with kaolin until a homogeneous
mixture was obtained. Then, the samples were brought to the appropriate water content
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to reach the desired moisture content. The samples taken into the Proctor container were
compacted in three stages by the standard compaction method. At each stage, 25 strokes
were applied from a height of 30 cm with a 2.5 kg hammer [29].

2.3. Experimental Setup

A constant-head permeameter experimental method was used in this study [30].
Plexiglas reactors were used in the study. The reactors were filled with compacted kaolin
and compacted kaolin/nanomaterial samples. The kaolin clay height in the reactor was
11 cm. Filters were formed at the bottom and top of the reactors to prevent soil particles
from being washed away. To prevent the clay samples from swelling, a coarse-grained
gravel soil layer was formed on the filter. The leachate was fed to the reactor containing
compacted kaolin clay from the top of the reactor at a pressure of 0.3 bar. The schematic
view of the experimental setup is given in Figure 1.
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Figure 1. Schematic view of the experimental setup.

2.4. Permeability

A constant-head test was performed to determine the permeability of the kaolin and
kaolin/nanomaterial samples that were compacted and placed in reactors. The leachate
given over the reactors was collected in a beaker after passing through the kaolin samples.
Permeability was calculated according to the following equation:

k =
Q L

A t (h1 − h2)
(1)

where k is permeability (cm/s), A is surface area (cm2), L is the distance between the
manometers (cm), Q is the total discharge (cm3/s), and t is the elapsed time (s).

2.5. Heavy Metals Analysis

The concentrations of heavy metals in the leachate at the reactor inlet and the reactor
outlet on the 30th, 60th, and 90th days were measured. Metal analyses were performed
according to the standard methods [31]. The Fe, Mn, Zn, Cu, Pb removal rates of the
samples containing compacted kaolin, kaolin/iron oxide and kaolin/aluminum oxide, and
kaolin/Oltu clay were investigated for 90 days at 30-day intervals.
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3. Results
3.1. Permeability

The liner structure used in landfills is an important factor affecting permeability [32].
The permeability of an effective liner must be low to prevent groundwater contamination
by minimizing the leakage of leachate from waste in landfills [32–34].

Figure 2 shows the permeability results of kaolin containing different amounts of iron
oxide, aluminum oxide, and Oltu clay over 90 days. The initial permeability of kaolin
was determined to be 2.87 × 10−8 cm/s. The permeability of kaolin samples with all
nanomaterials added was lower than that of kaolin without nanomaterials. The addition
of 1% iron oxide, 1% aluminum oxide, and 1% Oltu clay to kaolin decreased the initial
permeability of kaolin to 2.15 × 10−8 cm/s, 1.78 × 10−8 cm/s, and 3.66 × 10−9 cm/s,
respectively. The addition of 5% iron oxide, 5% aluminum oxide, and 5% Oltu clay to
kaolin decreased the initial permeability of kaolin to 1.93 × 10−8 cm/s, 6.74 × 10−9 cm/s,
and 9.8 × 10−10 cm/s, respectively. This reduction in permeability can be attributed to the
nanomaterials reducing the large voids of kaolin [21,22,25].
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Figure 2. Permeability of kaolin and kaolin/nanomaterial samples.

The permeability decreased gradually with increasing ratio of nanomaterials added
to kaolin. The addition of 1% iron oxide, 1% aluminum oxide, and 1% Oltu clay to kaolin
reduced permeability by 25.11%, 38.09%, and 87.25%, respectively; 5% iron oxide, 5%
aluminum oxide, and 5% Oltu clay reduced the permeability by 32.99%, 76.54%, and
96.59%, respectively. The permeability decreased with increasing nanomaterial ratios, as
increased ratio of all nanomaterials caused more clogging of the porous structure of kaolin.

The permeability of all kaolin and kaolin/nanomaterial samples decreased until
day 60, but increased on day 90. The decrease in permeability until the 60th day can be
attributed the adsorption of contaminants such as heavy metals, suspended solids, and
microorganisms in the leachate to the kaolin and nanomaterial surfaces or clogging of the
voids in the soil structure by these pollutants [9,32,35]. On the other hand, permeability
increased in all kaolin samples due to desorption on the 90th day. In addition, the results of
the increase or decrease in the permeability as a function of the number of days were found
to be in harmony with the heavy metal removal efficiency described in Section 3.2.

The maximum reduction in permeability was achieved in the case of the combination of
kaolin + 5% Oltu clay on the first day, day 30, day 60, and day 90. For both 1% nanomaterial
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addition and 5% nanomaterial addition, the performance of the nanomaterials in terms of
reducing permeability was determined to follow the following order from high to low on all
days: Oltu clay > aluminum oxide > iron oxide. The order of the size of the nanomaterials
included in kaolin, from largest to smallest, was Oltu clay > aluminum oxide > iron oxide.
Oltu clay (5–10 nm), which has a smaller size than the other nanomaterials, clogged the
pores of the kaolin more, causing a further decrease in the permeability of the leachate. The
permeability results showed that the permeability decreased with decreasing size of the
nanomaterial added to the kaolin.

Figure 3 shows the results for the average permeability of kaolin with the addition of
1% and 5% nanomaterials over 90 days. With the addition of 5% iron oxide, 5% aluminum
oxide and 5% Oltu clay to kaolin, the average permeability decreased by 63.36%, 81.26%,
and 96.89%, respectively. The improved performance of Oltu clay, aluminum oxide, and
iron oxide in reducing permeability can be explained by the increased packing density
due to their smaller size, as well as their structural properties. Results similar to those
suggesting that smaller-diameter nanomaterials reduce the permeability more reported in
this study dan be found in Bahmani et al. [36] and Taha and Taha [37].
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3.2. Heavy Metal Removal
3.2.1. Iron Removal Rate

Figure 4 shows the iron removal efficiencies over 90 days for kaolin and nanomaterial-
added kaolin samples compacted using standard methods. The initial iron concentration
in the leachate was measured as 59.6 mg/L. On the 30th day, the lowest iron removal rate
was 68.65% for kaolin, while the iron removal rates of nanomaterial-added kaolin samples
varied between 70.09% and 80.63%. Iron removal rates continued to increase at a decreasing
rate until the 60th day, and the iron removal rate of all kaolin samples reached a maximum
on the 60th day. While the removal rate for the kaolin sample was 87.23% on the 60th day,
the iron removal efficiencies of the nanomaterial-added kaolin samples ranged from 90.15%
to 93.33%. As the ratio of nanomaterial in kaolin increased, the rate of iron removal also
increased. On the 60th day, the iron concentration values were 7.61 mg/L for kaolin, and
5.63 mg/L, 4.21 mg/L and 3.97 mg/L for 5% iron oxide, 5% aluminum oxide and 5% Oltu
clay added kaolin, respectively. The results showed that the nanomaterial performance in



Appl. Sci. 2022, 12, 6104 7 of 13

kaolin, in terms of increased iron removal rate, was Oltu clay > aluminum oxide > iron
oxide, respectively.
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Over 90 days, the kaolin + 5% Oltu clay sample showed the best performance in terms
of iron removal. The large specific surface area of the nanomaterials plays an important role
in increasing the heavy metal adsorption capacity from water [38,39]. The smaller size and
higher surface area of Oltu clay compared with aluminum oxide and iron oxide enabled
the Oltu-clay-added kaolin samples to retain more iron in the leachate.

On the 90th day, the iron removal efficiencies of kaolin and kaolin/nanomaterial
samples decreased slightly, and the iron concentration at the outlet increased. The decrease
in the iron removal rate can be explained by the loss of heavy metal retention as a result of
the saturation of the surface area of kaolin and nanomaterials with heavy metals and the
separation of the heavy metals from the surface [40,41].

Iron was retained in higher amounts in all kaolin samples than other heavy metals in
the leachate. This is related to the high concentration of iron in leachate compared to other
metals. Moreover, the reaction of oxygen with iron in leachate and between the cavities of
compressed kaolin samples in reactors causes the formation of iron hydroxide flocs, which
contribute to the adsorption of iron [42].

3.2.2. Manganese Removal Rate

Figure 5 shows the manganese removal rate for kaolin and kaolin/nanomaterial sam-
ples over 90 days. The manganese removal rates of kaolin on the 30th and 60th days were
23.63% and 43.63%, respectively. The manganese removal rates of kaolin/nanomaterial
samples varied between 31.81 and 58.18% and 47.27 and 75.45% on the 30th and 60th days,
respectively. The lowest manganese concentration in the outlet of the reactors was obtained
on the 60th day. When the ratio of all nanomaterials included in the kaolin was increased
from 1% to 5%, the manganese removal rates also increased.
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The manganese removal rate increased with the addition of iron oxide, aluminum
oxide, and Oltu clay to kaolin, respectively. The relatively large size and small surface area
of iron oxide resulted in lower manganese removal, while Oltu clay with small size and
high surface area allowed higher manganese removal. In addition, even if the amount of
nanomaterials with higher surface area in kaolin was small, it showed better manganese
removal performance compared to nanomaterials with higher amount and low surface
area. For example, the addition of 1% aluminum oxide (85–115 g/m2) into kaolin provided
better manganese removal than with the 5% iron oxide additive (6–8 g/m2).

With the addition of 5% iron oxide, 5% aluminum oxide, and 5% Oltu clay to kaolin,
the manganese values at the exit of the reactor were 0.5 mg/L (54.54% removal), 0.38 mg/L
(65.45% removal), and 0.27 mg/L (75.45% removal), respectively. On the 90th day, there
was a slight decrease in the manganese removal rate due to desorption. The samples
with the lowest and highest manganese removal rates on the 90th day were found to be
kaolin (40% removal) and kaolin + 5% Oltu clay (70% removal), respectively. In this study,
manganese is the heavy metal with the highest removal rate after iron. Similar to the
removal rate of iron, iron hydroxide and manganese dioxide flocks formed in the upper
part of the kaolin samples, and the cavities contributed to the adsorption of manganese,
thereby increasing the removal rate [42].

3.2.3. Zinc Removal Rate

Figure 6 shows the zinc removal efficiencies of kaolin and kaolin/nanomaterial sam-
ples over 90 days. The initial zinc value in the leachate was measured as 3.07 mg/L. On
the 30th day, the zinc removal rate of all kaolin samples was below 25%. On the 60th day,
the zinc removal efficiencies of kaolin samples increased, and the zinc removal rate varied
between 35.83% and 50.16%. The lowest zinc concentration and the highest zinc removal
rate were 1.53 mg/L and 50.16%, respectively, for kaolin + 5% Oltu clay at day 60. At the
end of the 90th day, the zinc removal efficiency of the samples decreased. When the ratio
of nanomaterials in kaolin increased from 1% to 5%, the zinc removal rates also increased.
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In terms of zinc removal rate, Oltu clay, aluminum oxide and iron oxide added to kaolin
showed better performance, respectively. The small size and high surface area of Oltu clay
provided the best zinc removal performance among all of the nanomaterials.
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The addition of 1% Oltu clay to kaolin showed higher performance in terms of zinc
removal rate than kaolin with 5% iron oxide and 5% aluminum oxide. For example,
even over a long operating time (90 days), kaolin with 1% Oltu clay offered 6% and 2%
higher zinc removal performance than kaolin with 5% iron oxide and 5% aluminum oxide.
These results show that the use of a lower amount of Oltu clay is more beneficial than the
use of higher amounts of iron oxide or aluminum oxide in terms of increasing the zinc
removal rate.

3.2.4. Copper Removal Rate

Figure 7 shows the copper removal rates of kaolin and kaolin/nanomaterial samples
over 90 days. The initial copper concentration in the leachate was measured as 2.68 mg/L.
While the copper removal rate of all kaolin samples was below 35% on the 30th day, it
varied between 26% and 42% on the 60th day. On the 90th day, copper concentrations at
the reactor outlet increased. The addition of Oltu clay to kaolin showed better performance
in copper removal at all times than both kaolin and other kaolin samples with the addition
of nanomaterials. The highest copper removal rate was obtained for 5% Oltu-clay-added
kaolin. This is related to the fact that Oltu clay provides relatively more numerous active
sites for Cu+2 to be adsorbed than aluminum oxide or iron oxide, respectively, due to its
high surface area.
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3.2.5. Lead Removal Rate

Figure 8 shows the lead removal rates of kaolin and kaolin/nanomaterial samples over
90 days. Initially, the lead concentration in the leachate was 0.68 mg/L. Kaolin samples
with nanomaterial added for 30–90 days had a higher lead removal rate than kaolin. The
lead removal rates increased with increasing ratio of all nanomaterials in kaolin. Similar
to other heavy metal removal results, the highest lead removal rates in the 1% and 5%
nanomaterial additives were achieved by adding Oltu clay, aluminum oxide, and iron
oxide to kaolin, respectively. On the other hand, slightly different from the other heavy
metal removal results, the lead removal rate of 5% aluminum-added kaolin was found
to be higher than that of 1% Oltu-clay-added kaolin. However, the kaolin + 5% Oltu clay
sample showed the best performance in terms of lead removal at all times examined. The
highest lead removal rate was 48.52% for kaolin + 5% Oltu clay at day 60.
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4. Conclusions

In this study, three different nanomaterials, iron oxide, aluminum oxide, and Oltu
clay, were added to kaolin, and the permeability and heavy metal removal rates of kaolin
samples passed through leachate were determined. On the basis of this study, the following
results were obtained:

(1) The concentration of heavy metals in the leachate obtained from the solid waste
landfill was determined to be Fe > Zn > Cu > Mn > Pb, from high to low.

(2) Nano-sized iron oxide, aluminum oxide, and Oltu clay caused the clogging of the
large-sized pores of the kaolin and reduced the leachate permeability of the kaolin.
The permeability decreased with increasing amounts of all nanomaterials in kaolin.
In terms of reducing the permeability of kaolin, Oltu clay with the smallest size and
high surface area exhibited the best performance, followed by aluminum oxide and
iron oxide, respectively. The permeabilities of 5% Oltu clay, 5% aluminum oxide,
and 5% iron oxide added kaolin samples decreased by 96.89%, 81.26%, and 63.36%,
respectively, compared to the permeability of kaolin without nanomaterial additives.

(3) All of the kaolin samples containing nanomaterials exhibited a higher heavy metal
removal rate over the 90-day measurement period than the undoped kaolin. The
removal rate of heavy metals increased with increasing amounts of nanomaterials
in the kaolin. While the highest removal rate of heavy metals (lead, copper, zinc,
manganese, and iron) of kaolin over 90 days varied between 27 and 87%, for 5%
Oltu-clay-added kaolin, this value varied between 41% and 93%. The highest heavy
metal removal rates were obtained in kaolin + 5% Oltu clay sample, since Oltu clay
has the highest surface area.

This study is promising in terms of reducing the permeability of solid waste leachate
with high pollutant content by adding nanomaterials to clayey soils used in landfills and
preventing the risk of reaching groundwater by keeping heavy metals in the soil structure
more. This study reveals that if the permeability of the kaolin clay used in landfills does not
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meet the desired standards, the kaolin clay will mix with small amounts of nanomaterials
(iron oxide, aluminum oxide, and Oltu clay), which will contribute to a significant reduction
in permeability and increase the retention rate of heavy metals.
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