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Abstract: The landfill barriers effectively prevented the migration of high-concentration pollutants,
such as NH4

+ and Na+, from the landfills to the surrounding environment. However, due to the
high hydraulic head inside the landfill compared to the surrounding environment, NH4

+ and Na+

can migrate towards the outside of the landfill barrier with the infiltrating solution, potentially
causing harm to the surrounding environment. To address this, saturated mixed soil column samples
made of bentonite and Shanghai clay, with bentonite contents of 3% and 10%, were used in this
study. Permeability coefficients of the column samples in solutions are obtained by using permeation
tests, and using NaCl and NH4Cl solutions with concentrations of 37.4 mmol/L and 74.8 mmol/L,
respectively. The concentration-depth result of the column samples after permeation tests was
determined using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and Ion
Chromatography (ICS-1100). Numerical simulations are used to investigate the effect of downstream
solute concentration of the barriers on upstream solute concentration, dry density, and bentonite
content of the barriers. The results indicate that the permeability coefficient of the soil column samples
exposed to NH4Cl solution is greater than that of samples exposed to NaCl solution. This can be
attributed to the stronger cation exchange of montmorillonite for NH4

+, resulting in less swelling
of the bentonite and more micro-pores, leading to an increase in the permeability coefficient. The
concentration of Na+ is higher than that of NH4

+ at the same depth of the column samples, indicating
that Na+ has a higher migration rate in the column sample. This could be attributed to the relatively
fast diffusion of Na+ on the surface of the bentonite and larger hydration radius of Na+. According to
the simulation results, the recommended values for the bentonite clay mixed-soil barrier wall are as
follows in this study: a thickness of 43 cm, a dry density of 1.5 g/cm3, and a bentonite content of 5%.

Keywords: landfill barrier; bentonite; column test; simulation; migration

1. Introduction

The safety of landfills has received increasing attention from scholars around the world.
Landfilling is the most common method of waste disposal because it is simple, cheap and
efficient [1,2]. Leachate production in landfills poses significant environmental and human
health risks [3,4]. To protect the environment from leachate, bentonite barriers have been
studied by many scholars [5–7]. However, the effect of the barrier is not permanent and it
is weakened by the effect of cations in the landfill leachate.

It has been determined that Na+ and NH4
+ are the most prevalent cations among the

polluting cations present in leachate [8]. Benson et al. [9] performed a statistical examination
of the composition of leachates derived from coal waste residues in different regions within
the United States, and the results revealed that Na+ constitutes to the primary cations in
the leachate. Lou et al. [10] reported that the concentration of NH4

+ in landfill leachate
reached a maximum of approximately 4000 mg/L within 1–2 years after operation of the
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landfill. The concentration remained at a high range of 500 mg/L to 2000 mg/L over
time [11]. Zhan et al. [12] assessed the extent of vertical migration for leachate pollutants,
and reported that the maximum concentration of Na+ at the bottom of the landfill was up
to 6000 mg/L. The Na+ and NH4

+ with a high concentration will migrate from landfill to
groundwater due to a concentration gradient, and the retention property of the bentonite
barrier will be weakened, resulting in environment pollution around landfill [13,14]. In
addition, the head in landfill leachate is generally higher than that in groundwater, leading
to a gradient-driven convection of cations from the leachate to groundwater. Na+ and NH4

+

is easily migratable in convection, resulting in environmental pollution.
Bentonite is considered as a potential backfill material for landfill due to low perme-

ability and adsorbability [2,15]. Many studies have been performed with respect to various
properties of bentonite or bentonite-based materials, such as bentonite barriers [2,16,17].
This composite barrier has exhibited a strong barrier effect for protecting the environment
by preventing cations on the leachate from migration [7]. In fact, the migration of cations
in barriers is a coupled process of multiple mechanisms, such as convection, chemical
adsorption and diffusion [17–20]. Studying these behaviors in isolation, such as convection,
chemical adsorption and diffusion, may not accurately reflect the actual “movement” of
cations in landfill barriers. The concentration-depth result obtained from column tests may
provide more direct conclusions for designing impermeability measures in landfills [21].

Moreover, numerical simulation has been demonstrated as an effective method to
optimize the parameters of groundwater contamination based on data of indoor experi-
ments [14,22,23]. It overcomes not only the problem of singularity in parameters derived
from analytical solutions, but also the time consumption caused by the low permeability of
bentonite in experiments. This method provides the possibility for a prediction of contami-
nant concentrations in the future and at greater depths, and it can also be used to achieve
parameter optimization for pollution control of cations in landfills [22].

In this study, mixed-soil columns were produced by blending 3% and 10% bentonite
with Shanghai clay, which was used to simulate barriers in landfills. According to the
study of Lou et al. [10], the concentration of NH4Cl used in this study was determined;
the concentration of NH4Cl in the leachate after 2 years of landfill closure was 4000 mg/L,
and the concentration of NaCl was the same according to the control variable method and
the conversion unit was 74.80 mmol/L. The saturated soil columns were subsequently
permeated with NH4Cl and NaCl solutions with concentrations of 37.4 mmol/L and
74.8 mmol/L, respectively. This study investigated the migration behavior of Na+ and
NH4

+ in soil columns by analyzing the permeability coefficient and the concentration-depth
result obtained from column tests. The feasibility of numerical simulation was evaluated
by comparing the numerical results with the column tests data. A numerical model was
established to investigate the effects of wall thickness, upstream solute concentration, and
bentonite content on the downstream solute concentration for the barrier, and to assess the
efficiency of the isolation wall in intercepting landfill pollutants.

2. Materials and Methods
2.1. Materials

The bentonite used in this study was taken from the raw materials of Geosynthetic
Clay Liner (GCL), mainly composed of montmorillonite accounting for 45.8%, and partly
of kaolinite and feldspar, as shown in Table 1. The clay samples used in this study were
collected from Shanghai, China and appeared black or gray. Some basic physical properties
of the bentonite and Shanghai clay were tested according to ASTM D4318-10 standard, as
shown in Table 2.
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Table 1. Main Components of Bentonite.

Main
Components MontmorilloniteNontronite Feldspar Calcite Quartz

Content (%) 45.8 22.8 18.6 4.4 4.1

Table 2. Basic physical properties of bentonite and Shanghai clay.

Physical
Properties

Liquid
Limit

wL (%)

Plastic Limit
wP (%)

Plasticity
Index (Ip)

Specific
Gravity

Swelling
Index SI

(ml·2g−1)

Cation Exchange
Capacity CEC
(meq·100g−1)

D50
(µm)

D97
(µm)

GCLbentonite 153.4 26.80 126.6 2.71 28.65 68 7.2 44.52
Shanghai clay 35.98 22.2 13.78 2.67 / / 7.51 29.33

NaCl and NH4Cl solutions were obtained from Sinopharm Chemical Reagent Co.,
Ltd., (Shanghai, China) with a purity of analytical grade (AR 99.5%). The NaCl solution
and NH4Cl solution were diluted to concentrations of 37.40 mmol/L and 74.80 mmol/L,
respectively, based on the residual concentrations of Na+ and NH4

+ in the leachate of the
landfill site [10].

2.2. Column Test

To prepare the mixed soil sample, the bentonite and Shanghai clay were first dried at
105 ◦C for 24 h. The two materials were then mixed together in accordance with the provided
ratio specified in Table 3. Table 3 presents the experimental solutions and related variables
with Group No. 1 serving as the blank control. The mixed-soil samples were saturated
with deionized water and then soaked for 24 h at room temperature and atmospheric
pressure until the liquid limit had reached 1.5 times. Figure 1 shows the column test
Apparatus with a height of 200 mm and an inner diameter of 80 mm; the mixed soil was
filled into column test Apparatus for consolidation and drainage. After applying 1 kPa of pre-
stress to ensure close contact between the sample, base, and top cover, the sample was loaded
along the following path: 12.5 kPa–25 kPa–50 kPa–100 kPa–200 kPa–300 kPa–400 kPa–800 kPa.
Permeation tests were conducted under a constant hydraulic head of 400 kPa. The weight
of the effluent was measured using an electronic balance, and the time at which the balance
readings began to change was recorded as the start time. The volume of effluent collected
at different times was calculated by mass/density (q = m/ρ). The instantaneous flow rate q
versus time t curve was plotted, and the test was terminated when the slope of the q-t curve
no longer changed. The steady-state permeation flow rate Q and permeability coefficient k
were calculated using Equations (1) and (2).

Q =
dq
dt

(1)

k = QL
A∆h (2)

where Q is the permeation flow (cm3/s), q is the instantaneous flow rate (cm3), t is the time
for recording (s), k is the hydraulic conductivity (cm/s), A is the cross-sectional area of the
sample (cm2), L is the height of the sample (cm), and ∆h is the head difference (cm).

After the permeation test, the column sample was sliced at 2 cm, 4 cm, 6 cm, 8 cm,
10 cm, 12 cm, and 14 cm from the top with each slice having a thickness of 1 cm. Each slice
was then divided into two equal parts along its diameter. One part was used to measure
the pore water content of the sample using the oven-drying method, while the other part
was subjected to oscillating centrifugation to obtain the supernatant. The concentration
of Na+ and NH4

+ in the supernatant was measured using Inductively Coupled Plasma-
Atomic Emission Spectrometer (ICP-AES) and Ion Chromatography System (ICS-1100),
respectively. The concentration of Na+ and NH4

+ in the pore solution of the column sample
was then calculated using Equation (3).
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Table 3. The experimental solution and related variables.

Group Solution
Types

Concentration
of Solutes

C (mmol·L−1)

Content of
Bentonite α

(%)

Relative Density
of Soil

ds

Water
Content of Samples

1.5 wL (%)

Dry Density
ρd (g·cm−3)

Void Ratio
e

1 DI / 3

2.674 53.97 1.3 1.057
2 NaCl 74.80 3
3 NH4Cl 74.80 3
4 NH4Cl 37.4 3
5 NaCl 74.80 10
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Figure 1. Column test Apparatus. (a) Pressure rod and pressure chamber. (b) Column sample
consolidation drainage. (c) The schematic apparatus used for the column test.

C = C
′ ρV

∆m (3)

where C is the solute concentration in the pore solution of the slice sample; C′ is the solute
concentration measured in the supernatant; ρ is the density of DI water, which is taken as
1g/cm3; V is the volume of DI water added, which was 150 mL in this study; and ∆m is the
quality difference of slice samples before and after drying.

3. Results and Discussion

Table 4 shows the permeability coefficients k of column samples exposed to salt
solution. Figure 2 shows the relationship between q and t, Q can be calculated using q
and t. Experimental groups 1–5 in Figure 2 correspond to experimental groups 1–5 in
Tables 3 and 5, respectively. The results show that under the same bentonite content,
the permeability coefficient of the soil column is the largest in NH4Cl solution, reaching
1.5 × 10−7 cm × s−1, followed by NaCl solution, while the permeability coefficient in DI
water is the smallest. This indicates that NH4

+ has increased the water flow channel in the
soil column in NH4Cl solution, which may be due to the effect of NH4

+ on the interlayer
spacing of montmorillonite. It is well known that montmorillonite has a structure of double
electric layer (DDL) with a negative charged surface [24]. The NH4

+ has a smaller hydration
radius than the Na+ [25], allowing the interlayer of montmorillonite to be accommodated
with more NH4

+ than the Na+. Cations with smaller hydrated radius are allowed to
approach negatively charged mineral surfaces more closely [26]. In addition, according to
the cation exchange sequence proposed by Ye et al. [27] and Xiang et al. [28]: NH4

+ > Ca2+

> Mg2+ > K+ > Na+, the NH4
+ has a higher tendency to exchange other cations (such as

Ca2+, Mg2+, K+) in the interlayer of montmorillonite, reducing the electrostatic repulsion in
the montmorillonite interlayer and resulting in a reduction of the DDL thickness [29–31].
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This leads to a decrease in the swelling of the bentonite [32,33], allowing more pores for
the solution to pass through, resulting in a larger permeability coefficient for the soil
column in NH4Cl solution [15,34,35]. The permeability coefficient of the soil column in
NH4Cl solution is found to be higher at higher solution concentrations, confirming the
above statement. However, the increase in bentonite content results in a reduction of the
permeability coefficient due to a decrease in pore size caused by more montmorillonite
participating in hydration expansion, thereby blocking water flow channels.

Table 4. The permeability coefficients k of column samples exposed to salt solution.

Group Solutions
Concentration

of Solutes
C (mmol·L−1)

Content of
Bentonite

α (%)

Permeability
Coefficients

k (×10−7 cm × s−1)

1 DI / 3 0.95

2 NaCl 74.80 3 1.36

3 NH4Cl 74.80 3 1.50

4 NH4Cl 37.4 3 1.31

5 NaCl 74.80 10 0.78
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Figure 2. The time-dependent permeation curve of column samples exposed to DI water, NaCl
solution and NH4Cl solution with different concentration.

Table 5. Model parameters.

Parameters Unit Value

Dry density, ρd kg/m3 1.30

Dynamic viscosity, µ Pa·s 1.01 × 10−3

Porosity, n - 0.468

Permeability, K m2 5.0 × 10−7

Dispersion coefficient, D m2/s 5.2 × 10−10 [36]

Initial concentration, C0 mol/m3 74.8

Pressure head, h m 20.0
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The concentration-depth result in column samples provides valuable information
on the migration of solutes, including convection, diffusion, and adsorption. Figure 3
shows the charge of solute concentration for saturated column samples in NaCl and
NH4Cl solution. It can be observed that when the column sample with 3% content of
bentonite is permeated by a 74.8 mmol/L NaCl and NH4Cl solution, respectively, the
concentration of solutes in the column sample decreases with the increase of the permeation
path. Additionally, all concentrations are lower than the initial concentration when reaching
the permeation equilibrium. Notably, Na+ exhibits a higher migration rate compared to
NH4

+. For instance, at a depth of 6 cm, the Na+ concentration is 22.6 mmol/L, while that
of NH4

+ is 17.97 mmol/L. This indicates that Na+ has a higher migration rate than NH4
+

in the column sample.
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According to permeation tests, NH4
+ exhibits a greater convective rate compared to

Na+, indicating that when excluding convective effects, the migration rate of Na+ in the
column sample is relatively high. This phenomenon may be attributed to the relatively
fast diffusion of Na+ [37–39], resulting in a distribution further away from the surface
of the bentonite [40]. Consequently, the negative charge on the bentonite surface has a
weaker attraction to Na+, enabling it to migrate more easily downstream with the pore
solution. Furthermore, the strong hydration of Na+ and its larger hydration radius make
it challenging for Na+ to permeate into the interlayer space of the montmorillonite [41].
This behavior may cause Na+ to bypass the interlayer space of the montmorillonite and
migrate with the pore solution, while NH4

+ enters and remains in the interlayer space of
the montmorillonite. Consequently, the concentration of Na+ is greater than that of NH4

+

at the same depth.

4. Numerical Simulation
4.1. Numerical Model

In this study, the modules of porous media and groundwater flow, and chemical
substance transport were used to simulate the migration behavior of solutes in a saturated
soil column. The model was a cylindrical shape with a diameter of 8 cm, a height of 15 cm
and the time unit was in hours (h). The model is divided into 22,035 domain elements,
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1800 boundary elements, and 136 edge elements, as shown in Figure 4. The Darcy’s law
physics field and the porous medium dilute species transport physics field were coupled
and applied to the column model. The top boundary of model can be considered as the
constant water head boundary condition, and the lower boundary is regarded as a flow-
field outlet, and the boundaries around of the model are set as no-flux boundaries (the flux
of physical quantities is zero at the boundary). The initial condition for solute concentration
at the upper boundary is 74.8 mmol/L, and the initial condition for solute concentration in
the pore fluid of the column model is 0 mmol/L.
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4.2. Physical Equation and Parameters

Darcy’s law is an empirical relationship that describes the function between the
velocity of water in saturated soil, pressure gradient, fluid viscosity, and porous medium
structure. It is applicable to the flow of fluid through a porous medium under pressure.
Fick’s first law is a fundamental diffusion law that describes the movement of molecules
from regions of high concentration to regions of low concentration [42]. Therefore, Darcy’s
law and Fick’s first law can be applied to the migration of solutes in the soil column
experiment in this study. By applying Darcy’s law and Fick’s first law, the migration
behavior of solutes within bentonite barriers while under the influence of hydraulic pressure
and concentration gradients can be comprehensively investigated, which is essential for
designing effective landfill barriers.

According to Darcy’s law, the fundamental physical governing equation for fluid
flow considering both porous media properties and fluid properties was obtained and
expressed as Equation (4). According to Fick’s first law, which is usually represented
mathematically as Equation (5), the migration behavior of solutes in the barrier due to
concentration gradient was studied. The diffusion coefficient D was obtained by fitting
Equation (6).

∂
∂t (ρn) +∇ • ρ

[
−K

µ (∇ρ + ρg∇D)
]
= Qm (4)

J = −D∇C (5)
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D = L
nA∇C ×

∆m
∆t (6)

where K is the permeability (m2) of the porous media, which reflects the resistance of fluid
passing through the porous media, µ is the dynamic viscosity (Pa·s) of the fluid, which is
generally related to temperature, ρ is the density (kg/cm3) of the fluid, n is the porosity of
the soil column, g is the acceleration due to gravity (m/s2), ∇D is the unit vector of the
acceleration due to gravity, J is the flux, D is the diffusion coefficient (m2/s), and ∇C is
the concentration gradient (mmol/L). The diffusion coefficient D was calculated by fitting
Equation (6). In Equation (6), ∆m is the change in the mass (g) of solutes in the filtrate.

The other parameters of this study were obtained through unit tests, as shown in
Table 5. The dry density ρd of the column sample was tested according to the GB/T 50123-
2019 standard, and the porosity n of the sample was calculated based on its void ratio e.
The permeability K was calculated based on the hydraulic conductivity k and dynamic
viscosity µ of water. The dynamic viscosity µ of water is a fundamental physical property,
which was measured in this study to be 1.01 × 10−3 Pa·s at room temperature (20 °C).

4.3. Simulation Results

Figure 5 shows the fitting curve of the concentration-depth curve for the saturated
column sample, while Figure 6 shows the simulated concentration distribution of the
column sample. In the soil column model, the fitted result of group 2 is better; the value of
R2 in fitted curve for group 2 is 0.94, and that of group 3 is 1.92. The solute concentration
decreases with increasing depth, indicating the solute becoming trapped within the soil
column sample. Furthermore, the Na+ concentration is higher than NH4

+ concentration at
the same depth, as Na+ diffuses faster. The fitting curve of the simulation results shows
consistent trends with the experimental data, indicating the migration of NaCl and NH4Cl
solutions in the saturated soil column sample follows the physical field of Darcy’s law and
the physical field of sparse mass transfer in porous media. The numerical model can be fur-
ther optimized to provide reasonable solutions for impermeability under different working
conditions, and provide corresponding references to improve engineering efficiency.
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4.4. Barrier Behavior of the Landfill

By comparing the results of numerical simulations with test data, it was found that
the numerical simulation results were consistent with the trends observed in the tests, thus
validating the correctness of the model. Based on this, this method was promoted and
applied to predict the pollutant interception behavior of landfill barriers. The impacts of
barrier thickness, dry density of mixed soil, and bentonite content on the barrier behavior
are explored, which allows for comparisons and evaluations with industry standards and
provides reasonable recommendations for the design of the barriers.

The barrier model was discretized into 28,666 domain elements, 3002 boundary ele-
ments, and 254 edge elements. The barrier model is a semi-infinite body with a thickness
(D) of 30 cm and a depth (h) of 100 cm, as shown in Figure 7. The two lateral boundaries of
the barrier model simulate the leachate in the landfill and the groundwater, respectively.
For the leachate boundary, the top of the barrier is set to a depth of 0.2 m below the leachate
level with an initial concentration of 74.8 mmol/L and a hydraulic head of 2 m. For the
groundwater boundary, the top of the barrier is set to a depth of 0.4 m below the groundwa-
ter level. The flow direction is from leachate to groundwater, and the initial concentration
of the pore fluid in the barrier is 0 mmol/L.
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Figure 8 shows the solute concentration-depth result (a) and the isoconcentration
image (b) of the barrier model. It can be clearly observed from the model image that
the isoconcentration lines are not horizontal, due to the effect of gravity on the solute,
which tends to aggregate downwards during lateral migration, resulting in higher solute
concentrations at greater depths of the barrier. When the solute concentration of the barrier
reaches about 62.5 mmol/L, the concentration-depth curve changed slowly, indicating that
the pollutant interception capacity of the barrier had reached saturation and the solute
would breakthrough and permeate out of the barrier.
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Figure 8. The solute concentration−depth result (a) and the isoconcentration image (b) of the
barrier model.

Figure 9 shows the relationship between solute concentration at the downstream
boundary of the barrier and the thickness of barrier. The model parameters are set based on
the most unfavorable conditions with a dry density of 1.3 g/cm3 for the mixed soil in the
barrier and a bentonite content of 3%. The solute concentration in downstream decreases
linearly with increasing barrier thickness. According to the Technical Code for Geotechnical
Engineering of Municipal Solid Waste Sanitary Landfills, the concentration of pollutants at
the downstream boundary of the barrier is 10% that of the upstream boundary (value of
7.48 mmol/L) as the failure criterion; the barrier thickness should be greater than 43 cm to
meet the requirement.
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The relationship between the concentration of solute at the downstream boundary
and the dry density of the barrier is shown in Figure 10. As the dry density of the barrier
increases, the concentration of solute at the downstream boundary gradually decreases.
The slow change in solute concentration at the downstream boundary was presented as the
dry density reaches 1.7 g/cm3. This may be related to the reduction of pores caused by the
increase of dry density, resulting in narrower water channels and a decreased efficiency of
solute migration by convection. According to the Technical Code for Geotechnical Engineer-
ing of Municipal Solid Waste Sanitary Landfills, the dry density of the barrier wall should
be 1.5 g/cm3, taking into account both economic benefits and construction difficulties.
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Figure 11 shows the relationship between the concentration of solute at the down-
stream boundary and the content of bentonite in the barrier. In this study, the concentration
of solute at the downstream boundary decreased with the increase of bentonite content,
which presented a linear relationship. This is because the increase of montmorillonite
provides more adsorption sites for Na+ and NH4

+, and the denser expansion of bentonite
reduces the internal water channels, resulting in the weakening of solute migration due to
convection. If the downstream concentration is considered to reach 10% of the upstream
concentration, the recommended content of bentonite is around 5%. Similarly, He et al. [22]
found that a mixed-soil sample with 5% bentonite content can meet the requirement of the
permeability coefficient (<10−7 cm/s) for the mixed-soil barriers that are exposed to the
common heavy metal in landfill.

Therefore, under the most unfavorable conditions of this study, according to the design
recommendation of the Technical Code for Geotechnical Engineering of Municipal Solid
Waste Sanitary Landfills, the barrier should have a thickness of 43 cm, a dry density of
1.5 g/cm3, and a bentonite content of 5%. In the practice of engineering, parameter
adjustment and optimization design of the landfill barriers can be carried out according to
the types of pollutants, service life, and reference norms.
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5. Conclusions

This study investigated the migration behavior of Na+ and NH4
+ in landfill barriers

using column tests. A numerical model was developed to fit the concentration-depth
result obtained from the column tests, which verified the feasibility of the numerical simu-
lation. Furthermore, offering practical recommendations and suggestions for designing
landfill barriers.

The soil column samples with 3% bentonite content were permeated with 74.8 mmol/L
NaCl or NH4Cl solution. The permeability coefficient of the column samples exposed to
NaCl solution was 1.36 × 10−7 cm × s−1, while the coefficient exposed to NH4Cl solution
was 1.5 × 10−7 cm × s−1. This indicates that the convective velocity of NH4

+ in the column
sample is greater than that of Na+. This is attributed to the smaller hydration radius of
NH4

+, which allows it to pass through more pores with the solution. Additionally, the
stronger cation exchange of montmorillonite with NH4

+ results in a lower swelling of
bentonite and the appearance of more micropores.

Moreover, the concentration of Na+ at the same depth in the column specimen was
found to be higher compared to the concentration of NH4

+, indicating a higher migration
rate of Na+ in the specimen than that of NH4

+. This could be attributed to the relatively
fast diffusion of Na+ on the surface of the bentonite, resulting in a weakened electrostatic
attraction to the negative charge. Additionally, the larger hydration radius of Na+ causes it
to bypass the interlayer space of the montmorillonite and migrate with the pore solution.

Darcy’s law can be used to model the transfer of these substances through the porous
media. The physical field of dilute substance transfer in porous media can also be utilized
to describe the transport of these ions. The recommended values for the design of the
barrier wall are as follows: thickness of 43 cm, dry density of 1.5 g/cm3, and bentonite
content of 5%, according to the Technical Code for Geotechnical Engineering of Municipal
Solid Waste Sanitary Landfills.
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