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ARTICLE INFO ABSTRACT

Keywords: Excessive fluoride in landfill leachate has been increasingly reported across Asia due to both geogenic and
Compacted clay anthropogenic inputs, posing long-term risks to groundwater and public health. However, the barrier perfor-
Bentonite

mance of compacted clay liners (CCLs) against fluoride migration remains insufficiently quantified, especially
under bentonite-amended conditions. This study systematically evaluated the fluoride barrier performance of
compacted clay amended with 0-10% bentonite through a series of laboratory tests including Atterberg limits,
standard proctor compaction, specific gravity, free swelling indices, cation exchange capacity (CEC), batch
sorption, column diffusion, and hydraulic conductivity tests, complemented by analytical prediction. Results
indicated that the clay specimen with 10% bentonite exhibited 64.4% liquid limit, 5.2 mL/2g free swelling index,
and CEC value of 36.5 meq/100g, respectively. After adding 0-10% bentonite, the distribution coefficient of the
clay specimen ranged from 2.1 to 3.4 L/kg, moreover, the hydraulic conductivity decreased from 1.4 x 10710 to
4.9 x 107! m/s, and the effective diffusion coefficient decreased from 1.6 x 10710 to 7.6 x 107! m?/s,
respectively. Analytical modeling predicts a maximum fluoride breakthrough time of 150 years for a compacted
clay liner with 10% bentonite. Mechanism interpretation indicates that increased swelling, CEC, and tortuosity
jointly contribute to the improved barrier performance. Findings from this study suggest that adding approxi-
mately 5% bentonite provides a cost-effective improvement for CCLs in landfills containing low-fluoride
leachate.

Sorption behavior
Diffusion performance
Permeability
Analytical prediction

frequently reported in landfill leachate and adjacent groundwater,
posing potential risks for surrounding environments and public health,
as summarized in Table S1. For example, landfill leachate and shallow
groundwater near municipal and industrial sites in India (Karak et al.,
2013; Choubisa et al., 2023), China (Guo et al., 2022), and Malaysia
(Atta et al., 2015) have sometimes exceeded the World Health Organi-
zation’s drinking-water limit of 1.5 mg/L (Zhou et al., 2025), with re-
ported peak fluoride concentrations reaching approximately 34 mg/L.
Soil fluoride concentrations in affected regions of China have also been
reported in the range of several hundred to more than a thousand mg/kg
(e.g., 157.9-1076.8 mg/kg in southwestern China), often exceeding
typical background values and ecological safety thresholds for crop
production (Guo et al., 2023; Chen et al., 2025). These observations
highlight the potential contribution of landfill leachate to elevated
fluoride levels in soils and groundwater near disposal facilities, under-
scoring the need for effective containment strategies in Asian landfill
systems.

Compacted clay liners (CCLs) are widely used as engineered barriers

1. Introduction

Fluoride has emerged as a contaminant of increasing environmental
concern due to its high chemical activity and potential bio-toxicity
including skeletal and non-skeletal illness (Dun et al., 2026). Excessive
fluoride exposure has been linked to dental and skeletal fluorosis, renal
and hepatic impairment, and other systemic effects in humans and an-
imals (Ottappilakkil et al., 2025). Geogenic processes such as volcanic
activity and weathering of fluoride-bearing minerals, together with
anthropogenic input activities from phosphate fertilizers, aluminum
smelting, and various industrial sources, contribute to its widespread
occurrence in soil and groundwater worldwide (Huang et al., 2025a; Xu
et al., 2025). Most natural soils globally exhibit total fluoride concen-
trations in the range of approximately 20 to 500 mg/kg (Ahmad et al.,
2022), reflecting geological variation (e.g., mineralogy and parent ma-
terial) and soil formation processes.

In Asian contexts, elevated fluoride concentrations have been
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Nomenclature

A cross-sectional area of the compacted specimen

a cross-sectional area of the reservoir containing the influent
liquid

Al,O3 aluminum oxide

APP* aluminum ion

Cc concentration of contaminant at the distance of x at time t

CCLs compacted clay liners

CaO calcium oxide

Ce concentration of F~ at sorption equilibrium

CEC cation exchange capacity

CL lean clay

Co Initial fluoride concentration

Co, Initial fluoride concentration in column diffusion tests

Ct F" concentration of sodium fluoride solution after t hours

D hydrodynamic diffusion coefficient

Dq mechanical dispersion coefficient

D* effective diffusion coefficient

EC electrical conductivity

Fe,03 ferric oxide

Fe3* iron ion

FSI free swelling indices

F~ fluoride ion

Gs Specific gravity

hy initial head

hy head after At

i hydraulic gradient

j number of specimens

Kqa distribution coefficient of clay

k hydraulic conductivity

K20 potassium oxide

L height of compacted specimen

Lc thickness of CCLs

MATLAB Matrix Laboratory

MgO magnesium oxide

ms mass of dried clay

Na™ sodium ion

N, number of incremental samples j corresponding to the total
elapsed time

n porosity of the compacted clay specimen

PVF pore volumes of flow

pH potential of hydrogen

Qout/Qin  volumetric flow ratio

Q cumulative mass per unit cross-sectional area

Qe sorption amount of clay specimen at sorption equilibrium

R4 retardation factor of clay

SiO, silicon dioxide

Sk sorption amount of F — on sample after t hours

S; degree of saturation

t time

Vo volume of sodium fluoride solution poured into the 0.05 L
bottle

v seepage velocity

Va Darcy velocity

X distance from contaminant source to target position

Wopt optimum water content

Pdmax maximum dry density

Amy incremental mass of testing liquid in the outflow over Aty

Aty diffusion time

Aty permeation time

At sorption time

AV; incremental volume of the outflow over Aty

in municipal landfills because of their low permeability, material
availability, and compatibility with conventional construction
(Jayawardane et al., 2025; Qi et al., 2025). Although soil-bentonite
cutoff walls and geosynthetic clay liners provide excellent hydraulic
performance (Di Emidio et al., 2015; Zhuang et al., 2025), their appli-
cation is often limited by higher cost, construction complexity, and
restricted availability in many regions (Yang et al., 2018a). In contrast,
ordinary CCLs amended with moderate bentonite contents offers a
practical compromise by enhancing barrier performance while main-
taining economic feasibility and construction flexibility (Dhar et al.,
2023; Huang et al., 2025b; Malusis et al., 2021). Increasing bentonite
beyond moderate levels yields diminishing hydraulic benefits but
disproportionately increases cost and construction difficulty (Bi et al.,
2025), highlighting the need to identify an optimal amendment level.
However, clay minerals exhibit limited affinity for anions such as fluo-
ride due to electrostatic repulsion, particularly in smectite-rich systems
(Lai et al., 2025; Li et al., 2025; Lin et al., 2025; Shah et al., 2026). As a
result, fluoride advection, diffusion, and sorption in bentonite-amended
CCLs under landfill-relevant conditions remain insufficiently quantified.
A mechanistic understanding of fluoride transport is essential for
developing cost-effective liner design criteria, especially for Asian
landfills where ordinary clay remains dominant and fluoride-bearing
leachate is increasingly reported.

Previous studies have pointed out that the migration of contaminants
in CCLs is governed by diffusion, advection, and sorption (Rosanne et al.,
2003; Sharma and Reddy, 2004), whereas mechanical dispersion is
negligible under the low hydraulic conductivity conditions typically
required for engineered barriers (<1 x 107° m/s) (U.S. Environmental
Protection Agency, 1993; Rowe et al., 2004). Diffusion becomes domi-
nant when the Darcy velocity falls below approximately 1 x 107! m/s

(Rowe et al., 2004), making it a critical mechanism for solute transport
under realistic landfill conditions. In addition, sorption also plays an
important role in retarding reactive contaminants such as fluoride (Kau
et al,, 1999). Therefore, a holistic understanding of fluoride advec-
tion—diffusion-sorption behavior in bentonite-amended clays is essential
for predicting long-term migration in landfill liner systems.

Although numerous studies have investigated fluoride sorption by
clayey materials (e.g., Kato et al., 2021; Zhang, 2024; Han et al., 2025;
Liu et al., 2025), experimental quantification of fluoride diffusion and
hydraulic conductivity in CCLs remains limited. Hamdi and Srasra
(2013) reported hydraulic conductivity values of 8.5 x 1071, 2.1 x
107°, and 6.8 x 107!% m/s for palygorskitic, smectitic, and illito-
kaolinitic soils, respectively, under non-standard compaction and
exposure to industrial wastewater containing extremely high fluoride
(2360 mg/L) and phosphate concentrations (1500 mg/L). For diffusion
behavior, Kau et al. (1999) observed effective diffusion coefficients of
3.5 x 1071°-7.0 x 107'% m?%/s for kaolin and 4.8 x 107 "'-1.4 x 1071°
m?/s for bentonite using 100 mg/L fluoride (F~) solution, in which so-
dium fluoride was employed as the source. These studies primarily
focused on specialized clay minerals or high-fluoride industrial efflu-
ents, which differ substantially from municipal landfill environments
where fluoride concentrations are typically much lower.

In contrast, the present study targets landfill-relevant conditions by
adopting a fluoride concentration of 33 mg/L, corresponding to the
upper range reported for landfill leachate and groundwater in Asia
(Choubisa et al., 2023), and employs ordinary compacted clay
commonly used in municipal landfills systematically amended with
0-10% bentonite, with the upper bound selected based on reported
bentonite contents in Japanese landfill liner systems (International
Geosynthetics Society Japan Chapter, 2000). Despite the practical
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importance of bentonite-amended CCLs, systematic evaluations of
fluoride transport behavior across controlled bentonite gradients under
landfill-relevant concentrations remain scarce. Although co-existing
ions may influence fluoride migration in CCLs (Sahoo et al., 2022; Yin
et al., 2015), this study intentionally focuses on single-anion transport to
establish baseline behavior of fluoride in bentonite-amended compacted
clay, thereby providing a reference framework for future investigations
involving more complex leachate chemistries.

The objective of this study is to quantify fluoride migration in
compacted clay amended with varying bentonite contents through in-
tegrated evaluation of its diffusion, permeability, and sorption charac-
teristics. Column diffusion tests, hydraulic conductivity tests and batch
sorption tests were performed to determine the key transport parameters
including permeability (k), effective diffusion coefficient (D*) and
sorption distribution coefficient (Kq). These experimental results were
incorporated into analytical modelling to predict long-term fluoride
breakthrough behavior in CCLs. Finally, the underlying mechanisms
governing fluoride migration and its interactions with bentonite-
amended clay were examined and discussed.

2. Materials and methods
2.1. Materials

The clay specimens used in this study were composed of a
commercially available Kasaoka clay and Na-montmorillonite bentonite
named Kunigel V1, which was prepared by mixing. The Kasaoka clay
with a plasticity index of 32.2 is characterized as fat clay (CH) as per
ASTM D2487 (ASTM, 2018). The primary components of Kasaoka clay
were SiO; and Al,Os3, with limited Fe;Os, K5O, and CaO, and trace
components of MgO (Shigematsu et al., 2023). The chemical composi-
tion was adopted from Shigematsu et al. (2023), where the same
Kasaoka clay was characterized prior to solidifier stabilization for
liquidized stabilized soil preparation. The Kunigel V1 bentonite classi-
fied as fat clay (CH) as per ASTM D2487 (ASTM, 2018a) possesses
specific gravity, liquid limit and plastic limit of 2.80, 485.5%, and
37.7%, respectively. The particle size distribution of Kasaoka clay and
Kunigel V1 bentonite is plotted in Fig. 1(Ruan et al., 2022; Zaw et al.,
2022). The detailed properties and principal components of Kasaoka
clay and Kunigel V1 bentonite are presented in Table 1.

Distilled water and sodium fluoride solutions with different con-
centrations were used as the testing liquid in this study. The powdered
sodium fluoride (chemical reagent grade) purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan) and distilled water
were used for sodium fluoride solution preparation. All reported con-
centrations (10, 33, and 50 mg/L) refer to fluoride ion (F~) rather than
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Fig. 1. Particle size distribution of Kasaoka clay and Kunigel V1 used in
this study.
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Table 1
Properties of Kasaoka clay and Kunigel V1 used in the study.
Property Kasaoka Kunigel Reference
clay A28 Standard Literature
Specific gravity 2.69 2.80 ASTM D854 ( -
ASTM 2023)
Plastic limit (%) 20.9 53.1 ASTM D4318 ( -
ASTM 2017)
Liquid limit (%) 53.1 485.5 ASTM D4318 ( —
ASTM 2017)
Plasticity index 32.2 37.7 ASTM D4318 ( —
ASTM 2017)
Montmorillonite - 557 - Ruan et al.,
content (%) 2022
Cation exchange 30.4 99.7 Japanese -
capacity (meq/ Geotechnical
100 g) Society, 2009
Chemical
composition
SiO2 (%) 58.0" 71.7¢ - Akiyama et al.,
AL,03 (%) 8.20" 17.8¢ 2023;
Fe,03 (%) 4.50" 1.80° Shigematsu
K0 (%) 2.20" 0.38° et al.,, 2023
Ca0 (%) 0.48" 1.81°¢
MgO (%) 0.24" 2.77¢

? The montmorillonite content of Kunigel V1 were adopted from Ruan et al.,
2022;

b The chemical composition of Kasaoka clay was adopted from Shigematsu
et al. (2023) for untreated clay prior to solidifier stabilization;

¢ The chemical composition of Kunigel V1 was reported by Akiyama et al.,
2023; Based on the measured cation exchange capacity (CEC) values (30.4 meq/
100 g for Kasaoka clay and 99.7 meq/100 g for Kunigel V1) together with the
Atterberg limits, Kasaoka clay is inferred to be dominated by low-activity kao-
liniteillite minerals, whereas Kunigel V1 exhibits characteristics of
montmorillonite-rich bentonite, consistent with typical CEC ranges reported for
these clay minerals (Mitchell and Soga, 2005).

sodium fluoride. The designed fluoride concentration for column diffu-
sion tests, hydraulic conductivity tests, and batch sorption tests was 33
mg/L, corresponding to the upper range of F~ concentrations detected in
groundwater near representative Asian municipal landfills (Choubisa
et al., 2023; Guo et al., 2022; Atta et al., 2015). In addition, F~ con-
centrations of 10 mg/L and 50 mg/L were adopted in batch sorption
tests to implement the three-point method. Lower concentrations (<5
mg/L) have been reported to yield unreliable sorption parameters due to
insufficient solute loading (Kau et al., 1997, 1998), whereas excessively
wide concentration intervals may introduce nonlinearity in distribution
coefficient and retardation factor estimation. Therefore, the selected
range (10-50 mg/L) provides an appropriate balance between experi-
mental robustness and relevance to landfill conditions. Corresponding
sodium fluoride concentrations are provided in Table S2. The pH,
electrical conductivity (EC), F~ concentration, and sodium (Na™) con-
centration of the testing liquid were measured using a compact pH meter
(LAQUAtwin-pH-22, Horiba), a compact conductivity meter (LAQUAt-
win-EC-33, Horiba), a fluoride selective electrode (6561S-10C, Horiba),
and a sodium meter (LAQUAtwin-Na-11, Horiba), respectively.

2.2. Specimen preparation

The optimum water content (Wopy) and maximum dry density (pdmax)
of clay specimens with various bentonite contents were determined by
the standard proctor compaction tests as per ASTM D698 (ASTM,
2021a), prior to the compacted clay specimen preparation. Considering
the reported bentonite content of compacted mixed soil as barrier layer
in landfills in Japan to reduce hydraulic conductivity as approximately
10% (International Geosynthetics Society Japan Chapter, 2000), these
specimens were prepared with various bentonite-to-clay ratios, namely
0, 2.5, 5.0, 7.5, and 10% (dry weight basis), termed as KK-0, KK-1, KK-2,
KK-3, and KK-4, respectively.
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The compacted clay specimens with various bentonite contents were
prepared as per the following steps. For all experiments, the Kasaoka
clay and Kunigel V1 bentonite were oven-dried at 105°C for 24 h, passed
through a 0.075 mm aperture sieve, dried-mixed with the designed
bentonite-to-clay ratio, and then stored in plastic bags. Before subjected
to diffusion tests and hydraulic conductivity tests, the well-blended clays
were firstly moistened with distilled water to achieve the optimum
water content obtained in the standard proctor compaction tests. The
clays were homogenously blended using a small electric mixer during
moistening and then sealed in plastic bags to reach equilibrium for at
least 24 h. To verify moisture uniformity, additional three-point mois-
ture measurements were conducted. The results showed that moisture
variation among three random locations after 24 h was less than 0.5%,
indicating that internal moisture equilibrium was adequately achieved
prior to specimen preparation (see Supplementary Material). After
equilibrium, the specimens were manually compacted in cylindrical
rigid molds (60 mm in diameter and 25 mm in height for hydraulic
conductivity tests, and 100 mm in diameter and 15 mm in height for
diffusion tests) using a metal extruder. The details of molds and metal
extruder are provided in Supplementary Material. This procedure
resulted in a compacted clay specimen with the degree of compaction of
90%, consistent with the compaction conditions reported by Benson
et al. (2015) and Bi et al. (2025). A degree of compaction of 90% of
maximum dry density was selected to represent typical field construc-
tion practice for compacted clay liners, as engineering regulations
commonly specify minimum compaction levels of approximately 90% to
ensure low hydraulic conductivity and adequate mechanical stability
(California Code of Regulations, Title 27, §20330; Michigan Adminis-
trative Code R.299.4913). Therefore, the adopted compaction condition
provides a practical balance between permeability control and con-
structability in landfill liner applications. It is noted that a 100 mm
diameter and 15 mm height mold is used for the diffusion test (Tang
et al., 2015; Takai et al., 2017), while ASTM D5084 (ASTM, 2016)
specifies the setup for hydraulic conductivity testing. The diffusion
specimen geometry (D/H ~ 6.7) satisfies commonly accepted criteria for
approximating one-dimensional transport by minimizing lateral diffu-
sion effects (Shackelford & Daniel, 1991; Rowe et al., 2004). These
specimens were then utilized for subsequent permeability and diffusion
tests.

2.3. Material properties measurement

The clay specimens composed of Kasaoka clay and 0% to 10%
Kunigel V1 bentonite were used for material properties measurement,
including specific gravity, free swelling indices, Atterberg limits, and
cation exchange capacity. The specific gravity tests were conducted on
clays following ASTM D854 (ASTM, 2023). Based on the ASTM D854
(ASTM, 2023), approximately 40 g of soil specimen and a 250 mL
calibrated pycnometer were used in specific gravity tests. It is noted that
the vacuum pump was used in the de-airing process of the water-soil
mixture. The free swelling indices (FSI) of clay specimens with various
bentonite contents were measured in accordance with ASTM D5890
(ASTM, 2019), which is denoted as the sediment volume after undis-
turbed swelling of 24 h in a 100 mL cylinder. The Atterberg tests were
performed according to ASTM D4318 (ASTM, 2017). The cation ex-
change capacity (CEC) of clays for further analysis and evaluation was
measured as per Japanese Geotechnical Society (2009).

2.4. Batch sorption tests

The batch sorption tests were conducted on clay specimens with 0 to
10% bentonite to evaluate their sorption behavior as per ASTM C1733
(ASTM, 2021b). First, batch sorption kinetic tests were performed on
clays with various contact times to determine the time dependence of
fluoride sorption. After adding 2 g of dried clay specimen with designed
bentonite content into a 100-mL Polyethylene bottle containing 50 mL
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sodium fluoride solution, the bottle was placed in an oscillator at a room
temperature of 21 + 1°C. The F~ concentration of sodium fluoride so-
lution was 10 mg/L, and the contact time was set as 6, 12, 24, 48, 72, 96,
120, and 144 h in batch sorption kinetic tests. The sorption amount of F~
after different contact times is denoted as Eq. (1). For each bentonite
content and contact time, three parallel specimens were prepared and
analyzed independently, and solution sampling was conducted only
once at the designated contact time for each bottle. Therefore, no in-
termediate sampling was performed and the solution volume remained
constant, allowing Vj to be treated as a fixed value in Eq. (1) and volume
loss during testing was considered negligible. As presented by Kau et al.
(1997), the required time for reaching the minimum of 95 + 2% of the
F~ equilibrium concentration was determined as the contact time in the
following batch sorption tests.

G V-GV
=

Sp- (€]
where Sp_ (mg/g) is the sorption amount of F~ on sample after At hours;
V (L) is the volume of sodium fluoride solution poured into the bottle
(0.05 L for this study); Cp (mg/L) is the F~ concentration of sodium
fluoride solution, which is 10 mg/L in this study; C; (img/L) refers to the
F~ concentration of sodium fluoride solution after Ats hours; mg (g) is the
mass of dried clay specimen, which is 2 g in this study.

Afterward, batch sorption tests were conducted at three initial
fluoride concentrations (10, 33, and 50 mg/L), and the resulting equi-
librium data were used to determine the distribution coefficient (Ky) and
retardation factor (Rq) using the three-point method. The testing pro-
cedure including temperature, mass of clay specimen, solution volume,
and polyethylene bottles was identical to that of the kinetic tests,
whereas the contact time of 48 h was selected based on the kinetic re-
sults. The F~ concentration in the batch sorption tests were quantified
using a fluoride selective electrode (6561S-10C, Horiba). The K4 and Ryq
were computed following Eq. (2)—(3). (International Atomic Energy
Agency, 2009; Schwarzenbach et al., 2010).

de = KqCe 2)
Ri=1 +‘%Kd ©)

where K4 (L/kg) and Ry are the distribution coefficient and retardation
factor of clays, respectively, both of which were calculated using the
three-point method; q. (mg/g) is the sorption amount of clay specimen
at sorption equilibrium, while C. (ng/L) refers to the concentration of
F~ at sorption equilibrium; pq (g/cm?) is the dry density of compacted
specimen; n is the porosity of the compacted clay specimen.

2.5. Column diffusion tests

Fig. S3 presents the column diffusion test apparatus used in this
study. To minimize the possible advection during the diffusion behavior
testing time, the water heads of the top solution and the bottom solution
were identical in this study, compared to previous studies (Tang et al.,
2014, 2015; Takai et al., 2017). A flow circulation system and a rigid-
wall cell constituted the column diffusion test apparatus. The flow cir-
culation system was composed of two variable-flow peristaltic pumps
(13-876-4, Fisher Scientific, Tokyo, Japan). It is noted that the flow rate
of the variable flow peristaltic pumps was set as approximately 0.025
mL/min throughout the tests, following the methodology of Malusis
et al. (2001, 2002), to ensure diffusion-dominated transport conditions
and minimize effluent dilution during effective diffusion coefficient
determination. Structurally, a top cap, two porous stones, a rigid ring
with 100 mm inner diameter, and a base pedestal constituted the rigid-
wall cell, connected by tubes and a flow circulation system. The com-
pacted clay specimen was tightly fixed inside the rigid ring by the top
cap and base pedestal.


astm:D5084
astm:D854
astm:D854
astm:D5890
astm:D4318
astm:C1733

J.-M. Wen et al.

The column diffusion tests were conducted as follows: assembly,
saturation and diffusion, similar to previous studies (Fritz et al., 2025;
Fu et al., 2025; Ni et al., 2022; Tang et al., 2015; Takai et al., 2017).
First, as introduced in Section 2.2, the clays were directly placed in the
rigid ring and compacted in three layers to prepare the compacted
specimen with a 100 mm diameter and 15 mm height. To mitigate the
side-wall leakage, seal grease for high vacuum (HIVAC-G, Shin-Etsu
Chemical Co., Ltd., Tokyo, Japan) was applied between the inner wall
of the rigid ring and the specimen. Afterward, all the specimens were
immersed in distilled water and then put into a vacuum chamber. The
vacuum pressure and saturation time in this study were — 85 kPa and 72
h, respectively. Considering the results of previous studies, a saturation
period of 72 h was adopted. Additional measurements confirmed that
the degree of saturation of all specimens exceeded 90% after 72 h (see
Supplementary Material), which is consistent with the typical initial
saturation level reported for well-compacted clay liners under field
conditions (Rowe et al., 2004). Accordingly, the diffusion duration was
set to 18 days, which was sufficient to achieve steady-state diffusion
based on preliminary tests and previous studies (Malusis et al., 2001;
Fritz et al., 2025). Preliminary column diffusion tests were conducted on
specimens with 0% and 10% bentonite over a total period of 30 days
using the same experimental protocol. For both mixtures, steady-state
conditions were reached within approximately 8 days, as indicated by
sustained linearity of cumulative diffusive flux with time. To ensure
adequate stabilization across all bentonite contents, an additional buffer
period of approximately 10 days after the onset of steady state was
adopted, resulting in a total diffusion duration of 18 days. The details of
preliminary column diffusion tests are provided in Supplementary
material. Steady-state was identified by sustained linearity of cumula-
tive diffusive flux with time, with variations in the fitted slope over the
final testing period remaining within 5%, exceeding typical measure-
ment uncertainty.

The steady-state method (Malusis et al., 2001) based on Fick’s law
was applied in this study to calculate the effective diffusion coefficient
(D*). The cumulative mass per unit cross-sectional area (Qp) can be
computed as Eq. (4). Subsequently, the D* can be further calculated as
Eq. (5). Although Ry can also be estimated from column diffusion tests
through coupled transport-sorption fitting (Malusis et al., 2001), batch-
derived Rq was adopted in this study because it directly represents
equilibrium partitioning as an independent material property, whereas
column-derived Rq is model-dependent. This approach is commonly
used in analytical solute transport modeling (Ogata and Banks, 1961;
Rowe and Booker, 1984; Sharma and Reddy, 2004). In addition, fluoride
exhibited relatively weak sorption in the tested clays, suggesting limited
discrepancy between batch- and column-derived Rg.

1 & 1 &
Qt:ZZAmj:KZCOJAVj (4)
j=1 j=1

. (AQN [ L
b= <E> (nco) ®

where D* (m?/s) and R4 are the effective diffusion coefficient and
retardation factor of compacted clay specimen, respectively; Q; (mg/m?)
is the cumulative mass per unit cross-sectional area; A (m?) is the cross-
sectional area of the compacted specimen (A = 7.85 X 10~% m? for this
study); Co, j (mg/L) is the F~concentration of sodium fluoride solution,
which is 33 mg/L here; Am; (mg) means the incremental mass of testing
liquid in the outflow over Atq, while AVj refers to the incremental vol-
ume of the outflow over Atg; N¢ is the number of incremental samples j
corresponding to the total elapsed time; n represents the porosity of
compacted specimen; L (mm) is the height of compacted specimen,
which is 15 mm in this study; AQ; /Atg (mg/mz/d) denotes the slope
which can be obtained by the best-fit linear regression of the steady-state
data based on Q-t curve.
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2.6. Hydraulic conductivity tests

Hydraulic conductivity tests were conducted on compacted clay
specimens with a diameter of 60 mm and a height of 25 mm in flexible-
wall permeameters following the falling headwater — constant tailwater
method outlined in ASTM D5084 (ASTM, 2024) and ASTM D7100
(ASTM, 2020). Based on ASTM D5084 (ASTM, 2024) and Benson et al.
(2018), the hydraulic gradient and confining pressure were designed as
approximately 30 and 28 kPa. The specimens were prepared as per the
procedures described in Section 2.2. All specimens were submerged in
distilled water and then placed in a vacuum chamber for 72 h to satisfy
the saturation requirements in ASTM D5084 (ASTM, 2024).

Hydraulic conductivity tests were performed on each compacted clay
specimen with sodium fluoride solution as permeant liquid. The com-
pacted clay specimens with 0% to 10% bentonite were permeated with
sodium fluoride solution to evaluate their hydraulic conductivity under
F~ solution, until the termination criteria in ASTM D7100 (ASTM,
2020). The F~ concentration of the sodium fluoride solution is 33 mg/L.
The outflow of each specimen was collected by a 15-mL Polypropylene
centrifuge tube, and then pH, EC, and F~ concentration of the effluent
were measured using a compact pH meter (LAQUAtwin-pH-22, Horiba),
a compact conductivity meter (LAQUAtwin-EC-33, Horiba), and a
fluoride selective electrode (6561S-10C, Horiba), respectively. Based on
Darcy’s law, the obtained hydraulic conductivity, k values were calcu-
lated at different pore volumes of flow (PVF) following Eq. (6).

- aL h1
k= A_Atln (h_2> (6)

where k (m/s) is the hydraulic conductivity; a (m?) is the cross-sectional
area of the reservoir containing the influent liquid; L (m) and A (m?
represent the thickness and cross-sectional area of the compacted
specimen, respectively; h; is the initial head, while hy is the head after
Aty

2.7. Analytical prediction

To provide a scenario-based evaluation of long-term fluoride
migration in CCLs, a one-dimensional analytical solution was adopted
by integrating experimentally derived transport parameters with typical
landfill design conditions in Japan (Japanese Ministry of Health and
Welfare, 2001). The analytical modeling herein aims to provide a
comparative assessment of barrier performance under different
bentonite contents rather than site-specific prediction. It should be
noted that this analytical framework represents an idealized and con-
servative engineering scenario assuming saturated conditions, constant
source concentration, and homogeneous liner properties, and is inten-
ded to illustrate the relative influence of bentonite amendment on
fluoride breakthrough behavior. Therefore, the obtained breakthrough
times should be interpreted as indicative values for engineering com-
parison, rather than exact field-scale predictions. As summarized in
Section 1, the fluoride migration in CCLs consists of diffusion, advec-
tion, and sorption behaviors, which can be simplified and modelled
using a one-dimensional equation (Sharma and Reddy, 2004) as follows:

€_DJFC v iC @

0t_Rd 0x2 R4 Ox

yYa_ki ®)
n n

D=D"+Dyq 9

where C (mg/L) is the concentration of contaminant at the distance of x
at time t; D (m?/s) is the hydrodynamic diffusion coefficient; v (m/s) is
the seepage velocity; Ry is the retardation factor obtained from batch
sorption tests; v, (m/s) is the Darcy velocity; k (m/s) is the hydraulic
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conductivity obtained in hydraulic conductivity tests; i is hydraulic
gradient, which is set as 1 in analytical prediction, based on recom-
mended height of leachate and thickness of CCLs in Japanese guideline
(Japanese Ministry of Health and Welfare, 2001); n is the porosity of
compacted clay liner; D* (m?/s) means effective diffusion coefficient
based on column diffusion test; Dy,q is mechanical dispersion coefficient,
whose value equals to O here.

Based on the assumption of boundary conditions including initial
and constant source concentration, the analytical solution of Eq. (10)
was adopted as proposed by van Genuchten and Parker (1984). The
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analytical prediction of fluoride migration in CCLs using MATLAB
software in this study was conducted based on Eq. (10). Fig. S6 shows
the schematic diagram of fluoride migration scenario in analytical pre-
diction. As illustrated in Fig. S6, an underlying aquifer is assumed
beneath the CCLs. The parameter C represents the fluoride concentra-
tion in the groundwater, which is equivalent to the F~ concentration at
the bottom boundary of the CCLs. Accordingly, the breakthrough time
defined as the time required for the C to reach the World Health Orga-
nization drinking-water limit of 1.5 mg/L (Zhou et al., 2025), under the
condition that the fluoride concentration in the leachate is constant Cy.
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Fig. 2. (a) Compaction characteristics and material properties including (b) specific gravity, (c) Atterberg limits, (d) free swelling index, (e) CEC of clay specimens

used in this study.
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where Cj is the initial fluoride concentration (33 mg/L for this study); L¢
(cm) is the thickness of CCLs, which equals the minimum thickness of

the bottom barrier layer in landfill in Japan (Japanese Ministry of Health
and Welfare, 2001), namely 50 cm in this study.

3. Test results
3.1. Compaction characteristics and material properties

The compaction characteristics of clay specimens with various
bentonite contents are depicted in Fig. 2(a). The bentonite addition
contributed to the decreasing maximum dry density from 1.61 to 1.57 g/
cm® of the compacted clay specimen, whose optimal water content
slightly increased from 19.2 to 20.2%. It is noted that the mixing water
content of all specimens was consistent with their optimum water con-
tent in this study. Fig. 2(b)-2(e) present the basic material properties of
clay specimens with various bentonite contents used in this study
including specific gravity, Atterberg limits, free swelling index, and CEC.
It can be seen from Fig. 2(b) that the specific gravity of the KK-0, KK-1,
KK-2, KK-3, KK-4, and Kunigel V1 was 2.69, 2.69, 2.70, 2.70, 2.71 and
2.80, respectively. The liquid limit of the clay specimen significantly
increased from 53.1% to 64.4% after adding O to 10% bentonite, while
the plastic limit was roughly equal with increasing bentonite content.
From Fig. 2(d) and Fig. 2(e), the KK-4 specimen with 10% bentonite
exhibited a superior free swelling index and CEC value of 5.2 mL/2g and
36.5 meq/100g, respectively, attributing to the usage of sodium
bentonite with higher swelling ability and enhanced ion exchange ca-
pacity (Che et al., 2025; Kumar et al., 2026).

3.2. Sorption behavior

The fluoride sorption capacity versus contact time of clay specimen
with 0-10% bentonite is shown in Fig. 3. Although the relatively low F~
concentration and pH value in the batch sorption kinetic tests resulted in
insufficient sorption and reduced the fluoride sorbed on specimens (Kau
et al., 1998), the increasing bentonite content still enhanced the fluoride
sorption capacity of the clay specimen. Meanwhile, as shown in Fig. 3, a
minimum of 95 + 2% of the sorption equilibrium concentration has
been reached after 48 h, manifesting that the fluoride sorption was
adequate as recommended by Kau et al. (1997). Thus, the 48 h contact
time was adopted in all subsequent batch sorption tests.

Fig. 4 depicts the fluoride sorption capacity, linear sorption iso-
therms, distribution coefficient, and retardation factor of the clay
specimens with 0-10% bentonite. As presented in Fig. 4(a), the fluoride
sorption capacity enhancement by adding bentonite became more
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Fig. 3. Fluoride sorption capacity versus contact time of clay specimens with
different bentonite contents.
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Fig. 4. (a) Fluoride sorption capacity, (b) linear sorption isotherms, and (c)
distribution coefficient and retardation factor of clay specimens with
0-10% bentonite.

pronounced at higher initial F~ concentration, which also contributed to
the F~ concentration increment at sorption equilibrium. Fig. 4(b) pre-
sents the linear sorption isotherms of fluoride on compacted clay with
varying bentonite contents based on equilibrium data obtained at initial
fluoride concentrations of 10, 33, and 50 mg/L. A near-linear relation-
ship between equilibrium fluoride concentration (C.) and sorption
amount (q.) is observed within the investigated concentration range,
indicating that fluoride sorption can be reasonably approximated by a
linear isotherm. This supports the use of a constant distribution coeffi-
cient (Ky) for subsequent calculation of the retardation factor (Rg) and
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transport analysis. It can be seen from Fig. 4(c) that the distribution
coefficient of the clay specimen with 0%, 2.5%, 5.0%, 7.5% and 10%
bentonite was 2.1, 2.8, 3.0, 3.2 and 3.4 L/kg, corresponding to Ry of 7.7,
9.6, 10.1, 10.5 and 11.1, respectively.

3.3. Diffusion behavior

The Qi-t curves of the 33 mg/L F~ liquid diffused through the com-
pacted clay specimen with various bentonite contents are drawn in Fig. 5
(a). As illustrated by Malusis et al. (2001), the linear section of the data
points corresponded to the steady-state phase in diffusion tests. After
reaching the steady-state diffusion, the slopes (AQi/At) of the fitted
linear section of compacted clay specimens with 0, 2.5, 5.0, 7.5 and 10%
bentonite were 13.6, 9.7, 7.8, 6.9 and 6.9 mg/mz/day.

Subsequently, considering the sensitivity of diffusion analysis and
experimental uncertainty (Takai et al., 2017), the effective diffusion
coefficient was reported using two significant digits, as shown in Fig. 5
(b). It can be seen from Fig. 5(b) that the diffusion coefficients of KK-0,
KK-1, KK-2, KK-3 and KK-4 specimens were 1.6 x 10719, 1.1 x 1071°,
8.6 x 10711, 7.7 x 107 and 7.6 x 10~ "'m?/s. Thus, the increasing
bentonite content was conducive to mitigating the F~ diffusion in
compacted clay specimens. The mechanism behind the improvement is
possibly related to sorption capacity, CEC, and flow pathways, which is
detailed in Section 4.
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3.4. Permeability

The variation of volumetric flow ratio, hydraulic conductivity, F~
concentration, pH, and EC from permeability test on compacted clay
specimen using sodium fluoride as permeant are shown in Fig. 6(a)-(f).
As outlined in ASTM D5084 (ASTM, 2024), the consecutive hydraulic
conductivity determinations were steady, and the volumetric flow ratio
(Qout/Qin) was within 0.75 and 1.25, all of the specimens met the
termination criteria as presented in Fig. 6(a). The hydraulic conductivity
of all specimens gradually decreased after 2 PVF in hydraulic conduc-
tivity tests. Moreover, ASTM D7100 (ASTM, 2020) proposed more
termination criteria when permeating with a chemical solution with
respect to ASTM D5084 (ASTM, 2024). It can be seen from Fig. 6(c)-(d)
that the EC and pH values of KK-0, and KK-1 specimens were within the
range of 0.9-1.1, while the KK-2, KK-3 and KK-4 were outside the range
of 0.9-1.1, which had not reached the chemical equilibrium at the end of
the permeability tests. As presented in Fig. 6(e), the F~ concentrations of
the outflows of all specimens were within the target range of 0.9-1.1,
satisfying the solute concentration requirement detailed in ASTM D7100
(ASTM, 2020).

The hydraulic conductivity of clay specimens permeated with so-
dium fluoride solution is plotted as a function of bentonite content in
Fig. 6(f). As shown in Fig. 6(f), the initial hydraulic conductivity of clay
specimens with 0, 2.5, 5.0, 7.5 and 10% bentonite was 5.5 x 10710 2.7
x1071% 2.1 x 10719, 1.0 x 1071°, and 8.8 x 107! m/s, respectively.
The hydraulic conductivity of KK-0 and KK-1 specimens after reaching
chemical equilibrium was 1.4 x 1071° and 8.8 x 107! m/s. For KK-2,
KK-3, and KK-4 specimens, chemical equilibrium was not achieved
within the available testing duration, as indicated by the EC and pH
criteria in Fig. 6(c)-(d). Therefore, the reported hydraulic conductivities
of 5.3 x 10_11, 5.1 x 10_11, and 4.9 x 107" m/s represent short-term
hydraulic conductivities measured at the end of the permeability tests,
consistent with the definition proposed by Yang et al. (2018b). Hy-
draulic conductivity may further decrease continued permeation until
full chemical equilibrium is reached.

3.5. Solute transport analysis

Fig. 7 presents the analytical prediction results, including the relative
concentration-time curves and depth-concentration profiles of fluoride
in CCLs with varying bentonite contents. The breakthrough time was
defined as the time required for the fluoride concentration at the bottom
boundary of the liner to reach the World Health Organization drinking-
water limit of 1.5 mg/L (Chen et al., 2015; Zhou et al., 2025). As shown
in Fig. 7(a), the predicted breakthrough times for specimens containing
0, 2.5, 5.0, 7.5, and 10% bentonite were approximately 45, 78, 118, 145,
and 150 years, respectively, under a constant influent fluoride concen-
tration of 33 mg/L and a hydraulic gradient of 1. These results
demonstrate a substantial enhancement in fluoride barrier performance
with increasing bentonite content, particularly from 0 to 5%.

The depth-concentration profiles after 100 years of transport (Fig. 7
(b)) further illustrate this trend. At a liner depth of 0.5 m, the predicted
fluoride concentrations decreased from 7.2 mg/L (0% bentonite) to 2.7
mg/L (2.5%), 0.9 mg/L (5.0%), 0.5 mg/L (7.5%), and 0.4 mg/L (10%),
indicating that a bentonite content of 5% is sufficient to reduce fluoride
concentrations below the drinking-water guideline within the liner over
the considered time horizon.

A comparative analysis of the experimental transport parameters
(hydraulic conductivity, effective diffusion coefficient, and sorption
distribution coefficient) together with the analytical prediction results
reveals a clear diminishing marginal improvement in barrier perfor-
mance beyond approximately 5% bentonite. While increasing bentonite
content from O to 5% resulted in pronounced reductions in hydraulic
conductivity and effective diffusion coefficient, accompanied by a
noticeable extension of breakthrough time (from 45 to 118 years),
further increases from 5 to 10% produced comparatively smaller gains
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Fig. 6. Variation of (a) volumetric flow ratio (Qou/Qin) and (b) hydraulic conductivity, (¢) pH, (d) EC, and (e) F~ concentration from hydraulic conductivity tests,
and (f) hydraulic conductivity of compacted clay specimen as a function of bentonite content. In (f), “final” hydraulic conductivity corresponds to KK-0 and KK-1
specimens that reached chemical equilibrium, while KK-2, KK-3, and KK-4 are short-term hydraulic conductivities measured at the end of testing prior to chemical

equilibrium.

(only ~ 32 years additional delay). This diminishing marginal
improvement arises from the coupled effects of permeability reduction,
increased diffusion tortuosity, and limited additional sorption
enhancement at higher bentonite contents.

Rather than being governed by a single parameter, the overall fluo-
ride barrier performance reflects the combined contributions of
permeability, diffusion, and sorption. From an engineering perspective,

this multi-parameter diminishing return indicates that further
increasing bentonite content beyond approximately 5% yields dispro-
portionately small improvements in long-term fluoride containment
relative to material input. Therefore, considering both transport per-
formance and practical constructability, approximately 5% bentonite
represents an effective and balanced amendment level for compacted
clay liners under the landfill-relevant fluoride concentrations examined
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in this study.

It is noted that the analytical prediction is based on idealized as-
sumptions, including one-dimensional transport, saturated conditions,
and constant source concentration, and does not explicitly account for
geomembrane effects. Consequently, the predicted breakthrough times
should be interpreted as indicative estimates rather than exact field-
scale values. Nevertheless, by integrating experimentally determined
hydraulic conductivity, effective diffusion coefficient, and sorption pa-
rameters, the analytical framework provides a consistent basis for
comparing liner performance across different bentonite contents and
supports the relative optimization of amendment levels.

4. Discussion
4.1. Migration of fluoride in compacted clay amended with bentonite

The enhancement in fluoride barrier performance of compacted clay
specimens after bentonite addition is governed by the combined effects
of sorption, permeability, and diffusion behaviors. Regarding sorption,
fluoride retention is controlled by both physical and chemical sorption
mechanisms. Under the experimental pH of approximately 6.72 (See
Fig. 3), partial protonation of clay mineral surfaces is expected to occur,
which reduces negative surface charge and promotes anion sorption
through ligand exchange with surface hydroxyl groups (Kau et al., 1997,
1998; Mitchell and Soga, 2005). The incorporation of bentonite sub-
stantially increases the specific surface area, thereby strengthening
physical sorption. In addition, bentonite exhibits a markedly higher
Al,03 content (17.8%) and lower FeoO3 content (1.8%) compared with
the base clay (8.2% Al;03 and 4.5% Fe303) (See Table 1). The resulting
increase in Al**-associated hydroxyl sites, together with the relative
reduction in Fe oxides, favors fluoride complexation via AI-OH surface
groups, which are known to exhibit stronger affinity for fluoride than Fe-
based sites under near-neutral pH conditions (Kau et al., 1997). These
combined mineralogical and surface-chemical effects account for the
observed, albeit moderate, enhancement in fluoride sorption capacity
with increasing bentonite content (See Figs. 3 and 4).

The addition of bentonite exerted a pronounced influence on the
hydraulic behavior of the compacted clay specimens. The reduction in
hydraulic conductivity with increasing bentonite content (See Fig. 6(f))
can primarily be attributed to pore filling by finer bentonite particles
and their subsequent swelling upon hydration (Zeng et al., 2025), which
collectively constrict pore spaces and increase flow-path tortuosity.
Migration and accumulation of fine bentonite particles can locally block
pore throats and form low-permeability layers, leading to further de-
creases in hydraulic conductivity (Lee et al., 2016; Du et al., 2021).
Moreover, the increased cation exchange capacity (Kumar et al., 2026)

10

associated with bentonite addition enhances physicochemical in-
teractions between pore fluid and clay minerals, which may further
modify pore structure and promote membrane behavior, thereby
reducing seepage (Shi et al., 2014). It should be noted that, for speci-
mens KK-2, KK-3, and KK-4, hydraulic conductivity values were ob-
tained prior to satisfying the chemical equilibrium criteria defined in
ASTM D7100 (ASTM, 2020) and thus represent short-term performance.
Given that continued bentonite hydration and physicochemical equili-
bration would be expected to further decrease hydraulic conductivity
with time, the values adopted in subsequent analyses are conservative
and consistent with the engineering practice of adopting unfavorable
hydraulic parameters for barrier performance assessment. In practical
landfill liner applications, such short-term laboratory values therefore
represent a conservative estimate of field performance, as continued
hydration and physicochemical equilibration are expected to further
reduce hydraulic conductivity over service time.

The addition of bentonite also significantly mitigates fluoride diffu-
sion in compacted clay specimens. The effective diffusion coefficient is
governed by both pore tortuosity and membrane behavior (Rowe and
Booker, 1984). Although the free diffusion coefficient of fluoride re-
mains unchanged, bentonite swelling (Zeng et al., 2025) increases tor-
tuosity by obstructing pore connectivity, thereby reducing effective
diffusivity. Moreover, bentonite addition enhances the cation exchange
capacity of the compacted clay, strengthening its semipermeable
membrane characteristics (Fritz, 1986; Malusis et al., 2001). The over-
lapping diffuse double layers between adjacent clay particles restrict
anion mobility and contribute to chemico-osmotic effects, which further
impede fluoride transport across the compacted matrix. Together with
the improved sorption capacity, these mechanisms collectively suppress
fluoride migration under diffusive conditions.

Overall, the coupled enhancement of sorption, reduction in hy-
draulic conductivity, and suppression of diffusion following bentonite
incorporation substantially improves the fluoride barrier performance of
compacted clay specimens.

4.2. Environmentally safe CCLs design against fluoride contamination

The experimental results provide quantitative guidance for the
design of compacted clay liners in landfills where fluoride-bearing
leachate may occur. Both laboratory measurements and analytical
modeling indicate that bentonite amendment markedly improves liner
performance by reducing hydraulic conductivity and effective diffusion
coefficient while slightly enhancing fluoride sorption. In particular, the
analytical predictions show that a CCL incorporating 5% bentonite can
delay fluoride breakthrough for more than 100 years, whereas further
increasing bentonite content to 10% yields only marginal additional
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Fig. 7. Analytical prediction of fluoride transport in compacted clay liners
amended with different bentonite contents: (a) relative concentration-time
curves at the liner base, where breakthrough is defined as reaching the WHO
drinking-water limit of 1.5 mg/L under a constant influent concentration of 33
mg/L and a hydraulic gradient of 1; (b) depth—concentration profiles after 100
years of transport, illustrating the comparative barrier performance of amended
and unamended liners.

improvement. This diminishing return is consistent with the measured
trends in k and D* (See Fig. 5(b) and 6(f)), suggesting that approximately
5% bentonite represents an engineering-optimal dosage that balances
barrier performance and material cost.

Beyond bentonite content, the measured basic parameters provide
important insights for practical liner construction. The specimens in this
study were compacted to 90% of maximum dry density, which is
commonly achievable in engineering practice. Although higher
compaction degrees may further reduce hydraulic conductivity, they
also increase construction difficulty and cost. The present results indi-
cate that 90% compaction degree combined with modest bentonite
amendment is sufficient to meet low-fluoride containment re-
quirements. The achieved degree of saturation exceeded 90%, which is
representative of initial S, of well-compacted CCLs (Rowe et al., 2004).
Under such near-saturated conditions, effective diffusion coefficients are
substantially higher than in unsaturated states, whereas relatively low
degrees of saturation may lead to hydraulic conductivities exceeding 1
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x 107° m/s. These findings emphasize that liner performance is gov-
erned not only by bentonite content but also by strict control of
compaction quality, and saturation during construction.

It should also be noted that the hydraulic conductivities adopted for
specimens with higher bentonite contents were obtained prior to full
chemical equilibrium and therefore represent short-term values. As
continued bentonite hydration and physicochemical equilibration
would be expected to further reduce hydraulic conductivity, the
analytical predictions based on these parameters likely overestimate
fluoride migration rates, thereby providing conservative breakthrough
estimates consistent with unfavorable-condition design principles.
Although the present study focuses on a single contaminant, the quan-
tified diffusion-permeation-sorption framework offers a practical basis
for risk-informed liner design, optimization of bentonite dosage, and
long-term performance assessment. Future studies incorporating co-
existing ions and coupled transport processes will further enhance the
applicability of these recommendations.

5. Conclusions

This study conducted a series of experimental tests and analytical
predictions using MATLAB software on compacted clay specimens with
various bentonite contents to comprehensively evaluate their fluoride
barrier performance. The underlying improvement mechanisms of the
distribution coefficient, hydraulic coefficient and effective diffusion
coefficient were also illustrated. The main conclusions are summarized
as follows.

The increase in bentonite content leads to a decrease in maximum
dry density and increase in liquid limit, optimum water content, free
swelling index, and CEC value. The specimen with 10% bentonite
exhibited a minimum pgmax of 1.57 g/cm®, maximum liquid limit, op-
timum water content, free swelling index, and CEC value of 64.4%,
20.2%, 5.2 mL/2g, and 36.5 meq/100 g, respectively, reflecting the
influence of adding bentonite on material properties. After adding
bentonite, the specific surface area and Al,O3 content were significantly
increased, while the Fe,O3 content decreased slightly, contributing to
the slightly enhanced fluoride sorption capacity of the clay specimen.
Results showed that the distribution coefficient (Kq) of specimens with
0%, 2.5%, 5.0%, 7.5% and 10% bentonite was 2.1, 2.8, 3.0, 3.2, and 3.4
L/kg, corresponding to Rgof 8.5,10.1, 11.6, 12.8 and 13.4, respectively.

Finer bentonite particle with superior swelling property and CEC
value could fill in the inter-pores and flow pathways in compacted
specimens, resulting in a filter cake effect and decreased hydraulic
conductivity. Results indicated that the hydraulic conductivity of spec-
imens with 0 and 2.5% bentonite after reaching chemical equilibrium
was 1.4 x 1071% and 8.8 x 107! m/s, while the short-term hydraulic
conductivities of specimens with 5.0, 7.5, and 10% bentonite were 5.3 x
107 5.1 x 107!, and 4.9 x 10~ m/s. The use of short-term hy-
draulic conductivity for higher bentonite contents may lead to conser-
vative estimates of solute breakthrough, and long-term permeation
behavior warrants further investigation. Increasing tortuosity, mem-
brane property, and fluoride sorption capacity significantly mitigated
the diffusion behavior. The AQ;/At values of compacted clay-bentonite
mixture with 0, 2.5, 5.0, 7.5 and 10% bentonite was 13.6, 9.7, 7.8, 6.9
and 6.9 mg/ (m2~d), and the effective diffusion coefficients of specimens
with 0, 2.5, 5.0, 7.5 and 10% bentonite were 1.6 x 101, 1.1 x 1071°,
8.6 x 10711,7.7 x 107 and 7.6 x 107! m?/s, respectively. Analytical
modeling predicted the breakthrough time of the clay-bentonite mixture
with 0, 2.5, 5.0, 7.5, and 10% bentonite to be 45, 78, 118, 145, and 150
years, respectively, when the F~ concentration and hydraulic gradient
(i) were 33 mg/L and 1. Combining experimental results, affordability
and analytical predictions, adding approximately 5% bentonite is
economical and effective, and it is recommended for CCLs in landfills
containing low-fluoride leachate.

Nevertheless, several limitations of this study should be acknowl-
edged. First, for specimens with bentonite contents > 5%, hydraulic
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conductivity tests were terminated prior to full chemical equilibrium,
and the reported values therefore represent short-term performance.
Continued physicochemical equilibration and bentonite hydration may
further reduce hydraulic conductivity over time. Consequently, the
transport parameters adopted in the analytical prediction are likely
conservative, potentially leading to underestimated breakthrough times.
From an engineering perspective, such conservative estimates are
consistent with unfavorable-condition design principles. However,
future long-term permeation tests are required to quantify equilibrium
hydraulic conductivity and refine long-term performance predictions.

Second, only sodium fluoride solution was employed as the per-
meant, whereas real landfill leachate typically contains a complex
mixture of inorganic and organic constituents (Karak et al., 2013; Atta
et al., 2015; Guo et al., 2022; Choubisa et al., 2023; Bi et al., 2026).
Previous studies (Sahoo et al., 2022; Liu et al., 2025) have shown that
co-existing anions such as carbonate, sulfate, and phosphate may
compete with fluoride for sorption sites and alter transport behavior in
clay-based barriers. Although the present study intentionally focuses on
single-anion transport to establish baseline fluoride migration mecha-
nisms in bentonite-amended compacted clay, the obtained parameters
may differ under multi-ion conditions. Therefore, future investigations
should incorporate representative landfill leachate chemistries to eval-
uate competitive adsorption, coupled diffusion-permeation processes,
and their implications for liner performance under realistic field
environments.

Despite these limitations, the present work provides a systematic
experimental and analytical framework for assessing fluoride migration
in bentonite-amended CCLs under landfill-relevant concentrations, of-
fering a reference basis for subsequent studies involving more complex
geochemical systems.
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