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A B S T R A C T

Excessive fluoride in landfill leachate has been increasingly reported across Asia due to both geogenic and 
anthropogenic inputs, posing long-term risks to groundwater and public health. However, the barrier perfor
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 × 10− 10 to 
4.9 × 10− 11 m/s, and the effective diffusion coefficient decreased from 1.6 × 10− 10 to 7.6 × 10− 11 m2/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.

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 

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 
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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 × 10− 9 m/s) (U.S. Environmental 
Protection Agency, 1993; Rowe et al., 2004). Diffusion becomes domi
nant when the Darcy velocity falls below approximately 1 × 10− 11 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 × 10− 10, 2.1 ×
10− 9, and 6.8 × 10− 10 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 × 10− 10–7.0 × 10− 10 m2/s for kaolin and 4.8 × 10− 11–1.4 × 10− 10 

m2/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 

Nomenclature

A cross-sectional area of the compacted specimen
a cross-sectional area of the reservoir containing the influent 

liquid
Al2O3 aluminum oxide
Al3+ aluminum ion
C 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
C0 Initial fluoride concentration
C0, j Initial fluoride concentration in column diffusion tests
Ct F- concentration of sodium fluoride solution after t hours
D hydrodynamic diffusion coefficient
Dmd mechanical dispersion coefficient
D* effective diffusion coefficient
EC electrical conductivity
Fe2O3 ferric oxide
Fe3+ iron ion
FSI free swelling indices
F− fluoride ion
Gs Specific gravity
h1 initial head
h2 head after Δt
i hydraulic gradient
j number of specimens
Kd distribution coefficient of clay
k hydraulic conductivity
K2O 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
Nt 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
Qt cumulative mass per unit cross-sectional area
qe sorption amount of clay specimen at sorption equilibrium
Rd retardation factor of clay
SiO2 silicon dioxide
SF− sorption amount of F − on sample after t hours
Sr degree of saturation
t time
V0 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
ρdmax maximum dry density
Δmj incremental mass of testing liquid in the outflow over Δtd
Δtd diffusion time
Δtp permeation time
Δts sorption time
ΔVj incremental volume of the outflow over Δtd
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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 (Kd). 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 SiO2 and Al2O3, with limited Fe2O3, K2O, 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 

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 (wopt) and maximum dry density (ρdmax) 
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.

Fig. 1. Particle size distribution of Kasaoka clay and Kunigel V1 used in 
this study.

Table 1 
Properties of Kasaoka clay and Kunigel V1 used in the study.

Property Kasaoka 
clay

Kunigel 
V1

Reference
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 
content (%)

− 55a − Ruan et al., 
2022

Cation exchange 
capacity (meq/ 
100 g)

30.4 99.7 Japanese 
Geotechnical 
Society, 2009

−

Chemical 
composition

​ ​ ​ ​

SiO2 (%) 58.0b 71.7c − Akiyama et al., 
2023; 
Shigematsu 
et al., 2023

Al2O3 (%) 8.20b 17.8c

Fe2O3 (%) 4.50b 1.80c

K2O (%) 2.20b 0.38c

CaO (%) 0.48b 1.81c

MgO (%) 0.24b 2.77c

a 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;

c 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
linite–illite minerals, whereas Kunigel V1 exhibits characteristics of 
montmorillonite-rich bentonite, consistent with typical CEC ranges reported for 
these clay minerals (Mitchell and Soga, 2005).
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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℃ 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 

sodium fluoride solution, the bottle was placed in an oscillator at a room 
temperature of 21 ± 1℃. 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 V0 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. 

SF− =
C0⋅V − Ct⋅V

ms
(1) 

where SF− (mg/g) is the sorption amount of F− on sample after Δts hours; 
V (L) is the volume of sodium fluoride solution poured into the bottle 
(0.05 L for this study); C0 (mg/L) is the F− concentration of sodium 
fluoride solution, which is 10 mg/L in this study; Ct (mg/L) refers to the 
F− concentration of sodium fluoride solution after Δts hours; ms (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 (Kd) and 
retardation factor (Rd) 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 Kd and Rd 
were computed following Eq. (2)¡(3). (International Atomic Energy 
Agency, 2009; Schwarzenbach et al., 2010). 

qe = KdCe (2) 

Rd = 1+
ρd

n
Kd (3) 

where Kd (L/kg) and Rd are the distribution coefficient and retardation 
factor of clays, respectively, both of which were calculated using the 
three-point method; qe (mg/g) is the sorption amount of clay specimen 
at sorption equilibrium, while Ce (mg/L) refers to the concentration of 
F− at sorption equilibrium; ρd (g/cm3) 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.
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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 (Qt) can be 
computed as Eq. (4). Subsequently, the D* can be further calculated as 
Eq. (5). Although Rd can also be estimated from column diffusion tests 
through coupled transport-sorption fitting (Malusis et al., 2001), batch- 
derived Rd was adopted in this study because it directly represents 
equilibrium partitioning as an independent material property, whereas 
column-derived Rd 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 Rd. 

Qt =
1
A

∑Nt

j=1
Δmj =

1
A

∑Nt

j=1
C0,jΔVj (4) 

D* =

(
ΔQt

Δtd

)(
L

nC0,j

)

(5) 

where D* (m2/s) and Rd are the effective diffusion coefficient and 
retardation factor of compacted clay specimen, respectively; Qt (mg/m2) 
is the cumulative mass per unit cross-sectional area; A (m2) is the cross- 
sectional area of the compacted specimen (A = 7.85 × 10− 3 m2 for this 
study); C0, j (mg/L) is the F− concentration of sodium fluoride solution, 
which is 33 mg/L here; Δmj (mg) means the incremental mass of testing 
liquid in the outflow over Δtd, while ΔVj refers to the incremental vol
ume of the outflow over Δtd; Nt 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; ΔQt /Δtd (mg/m2/d) denotes the slope 
which can be obtained by the best-fit linear regression of the steady-state 
data based on Qt-t curve.

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). 

k =
aL

AΔt
ln
(

h1

h2

)

(6) 

where k (m/s) is the hydraulic conductivity; a (m2) is the cross-sectional 
area of the reservoir containing the influent liquid; L (m) and A (m2) 
represent the thickness and cross-sectional area of the compacted 
specimen, respectively; h1 is the initial head, while h2 is the head after 
Δtp.

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: 

∂C
∂t

=
D
Rd

∂2C
∂x2 −

v
Rd

∂C
∂x

(7) 

v =
va

n
=

k⋅i
n

(8) 

D = D* +Dmd (9) 

where C (mg/L) is the concentration of contaminant at the distance of x 
at time t; D (m2/s) is the hydrodynamic diffusion coefficient; v (m/s) is 
the seepage velocity; Rd is the retardation factor obtained from batch 
sorption tests; va (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* (m2/s) means effective diffusion coefficient 
based on column diffusion test; Dmd is mechanical dispersion coefficient, 
whose value equals to 0 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 

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 C0. 

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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C
C0

=
1
2

[

erfc
(

LCRd − vt
2

̅̅̅̅̅̅̅̅̅̅
DtRd

√

)

+ exp
(

vLC

D

)

⋅erfc
(

LCRd + vt
2

̅̅̅̅̅̅̅̅̅̅
DtRd

√

)]

(10) 

where C0 is the initial fluoride concentration (33 mg/L for this study); LC 
(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/ 
cm3 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 0 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 

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 (Ce) and sorption 
amount (qe) 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 (Kd) for subsequent calculation of the retardation factor (Rd) and Fig. 3. Fluoride sorption capacity versus contact time of clay specimens with 

different bentonite contents.

Fig. 4. (a) Fluoride sorption capacity, (b) linear sorption isotherms, and (c) 
distribution coefficient and retardation factor of clay specimens with 
0–10% bentonite.
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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 Rd of 7.7, 
9.6, 10.1, 10.5 and 11.1, respectively.

3.3. Diffusion behavior

The Qt-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 (ΔQt/Δt) 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/m2/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 × 10− 10, 1.1 × 10− 10, 
8.6 × 10− 11, 7.7 × 10− 11 and 7.6 × 10− 11m2/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.

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 × 10− 10, 2.7 
× 10− 10, 2.1 × 10− 10, 1.0 × 10− 10, and 8.8 × 10− 11 m/s, respectively. 
The hydraulic conductivity of KK-0 and KK-1 specimens after reaching 
chemical equilibrium was 1.4 × 10− 10 and 8.8 × 10− 11 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 × 10− 11, 5.1 × 10− 11, and 4.9 × 10− 11 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 0 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 

Fig. 5. Variation of (a) Qt-t curve and (b) effective diffusion coefficient of 
compacted clay specimens with various bentonite contents. Solid symbols 
represent transient data, whereas open symbols denote steady-state data used 
for linear regression.
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(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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Fig. 6. Variation of (a) volumetric flow ratio (Qout/Qin) and (b) hydraulic conductivity, (c) 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.
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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 
Al2O3 content (17.8%) and lower Fe2O3 content (1.8%) compared with 
the base clay (8.2% Al2O3 and 4.5% Fe2O3) (See Table 1). The resulting 
increase in Al3+-associated hydroxyl sites, together with the relative 
reduction in Fe oxides, favors fluoride complexation via Al–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) 

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 

Fig. 6. (continued).
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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 Sr 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 

× 10− 9 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 ρdmax of 1.57 g/cm3, 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 Al2O3 content were significantly 
increased, while the Fe2O3 content decreased slightly, contributing to 
the slightly enhanced fluoride sorption capacity of the clay specimen. 
Results showed that the distribution coefficient (Kd) 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 Rd of 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 × 10− 10 and 8.8 × 10− 11 m/s, while the short-term hydraulic 
conductivities of specimens with 5.0, 7.5, and 10% bentonite were 5.3 ×
10− 11, 5.1 × 10− 11, and 4.9 × 10− 11 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 ΔQt/Δt 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 × 10− 10, 1.1 × 10− 10, 
8.6 × 10− 11, 7.7 × 10− 11 and 7.6 × 10− 11 m2/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 

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.
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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.

CRediT authorship contribution statement

Jia-Ming Wen: Writing – review & editing, Writing – original draft, 
Visualization, Software, Methodology, Investigation, Formal analysis, 
Conceptualization. Tomohiro Kato: Writing – review & editing, Writing 
– original draft, Software, Resources, Investigation, Formal analysis. 
Atsushi Takai: Writing – review & editing, Writing – original draft, 
Methodology, Funding acquisition, Formal analysis, Data curation, 
Conceptualization. Takeshi Katsumi: Writing – review & editing, 
Writing – original draft, Validation, Supervision, Resources, Project 
administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

The authors are grateful for the financial support provided by JSPS 
KAKENHI 21H01426 and 22H00227.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.wasman.2026.115480.

Data availability

Data will be made available on request.

References

Ahmad, S., Singh, R., Arfin, T., Neeti, K., 2022. Fluoride contamination, consequences 
and removal techniques in water: a review. Environ. Sci.: Adv. 1 (5), 620–661. 
https://doi.org/10.1039/D1VA00039J.

Akiyama, D., Duhamel, C., Kirishima, A., 2023. Immobilization of radioactive waste by 
an aluminum silicate matrix formed from fly ash or bentonite. J. Nucl. Mater. 574, 
154151. https://doi.org/10.1016/j.jnucmat.2022.154151.

ASTM, 2016. Standard test methods for measurement of hydraulic conductivity of 
saturated porous materials using a flexible wall permeameter (ASTM D5084). ASTM, 
West Conshohocken, PA. 

Astm, 2017. Standard test methods for liquid limit, plastic limit, and plasticity index of 
soils (ASTM D4318). ASTM, West Conshohocken, PA. 

ASTM, 2018. Standard practice for classification of soils for engineering purposes 
(unified soil classification system) (ASTM D2487). ASTM, West Conshohocken, PA. 

ASTM, 2019. Standard test method for swell index of clay mineral component of 
geosynthetic clay liners (ASTM D5890). ASTM, West Conshohocken, PA. 

Astm, 2020. Standard test method for hydraulic conductivity compatibility testing of 
soils with aqueous solutions (ASTM D7100). ASTM, West Conshohocken, PA. 

ASTM, 2021a. Standard test methods for laboratory compaction characteristics of soil 
using standard effort (12,400 ft-lbf/ft3 (600 kN-m/m3)) (ASTM D698). ASTM, West 
Conshohocken, PA. 

ASTM, 2021b. Standard test method for distribution coefficients of inorganic species by 
batch method (ASTM C1733). ASTM, West Conshohocken, PA. 

ASTM, 2023. Standard test methods for specific gravity of soil solids by the water 
displacement method (ASTM D854). ASTM, West Conshohocken, PA. 

ASTM, 2024. Standard test methods for measurement of hydraulic conductivity of 
saturated porous materials using a flexible wall permeameter (ASTM D5084). ASTM, 
West Conshohocken, PA. 

Atta, M., Yaacob, W.Z.W., Jaafar, O.B., 2015. The potential impact of leachate- 
contaminated groundwater of an ex-landfill site at Taman Beringin Kuala Lumpur, 
Malaysia. Environ. Earth Sci. 73 (7), 3913–3923. https://doi.org/10.1007/s12665- 
014-3675-x.

Benson, C.H., Chen, J.N., Edil, T.B., Likos, W.J., 2018. Hydraulic conductivity of 
compacted soil liners permeated with coal combustion product leachates. J. Geotech. 
Geoenviron. Eng. 144 (4), 04018011. https://doi.org/10.1061/(ASCE)GT.1943- 
5606.0001855.

Benson, C.H., Jo, H.Y., Musso, T., 2015. Hydraulic conductivity of organoclay and 
organoclay-sand mixtures to fuels and organic liquids. J. Geotech. Geoenviron. Eng. 
141 (2), 04014094. https://doi.org/10.1061/(ASCE)GT.1943-5606.0001855.

Bi, Y.Z., Sun, X.P., Chen, M., Ding, Z.H., Jiang, Z.Y., Che, C., Fu, X.L., 2025. Amended 
compacted clay liner for containment of copper-laden leachate in tailings reservoirs. 
Geomech. Geophys. Geo-Energy Geo-Resour. 11 (1), 22. https://doi.org/10.1007/ 
s40948-025-00943-5.

Bi, Y.Z., Sun, X.P., Zou, Q., Jiang, Z.Y., Fu, X.L., 2026. Contaminant migration in vadose 
zone beneath unregulated landfills with damaged geomembranes. Waste Manag. 
211, 115269. https://doi.org/10.1016/j.wasman.2025.115269.

California Code of Regulations, Title 27, § 20330, 1997. Liners – clay liner installation 
and relative compaction requirements. Retrieved from https://law.cornell.edu/ 
regulations/california/27-CCR-20330.

Che, C., Bi, Y.Z., Sun, X.P., Feng, Z., Ma, T.X., Jiang, Z.Y., Fu, X.L., 2025. Hydraulic 
performance of polymer-amended bentonite for containment of zinc-contaminated 
groundwater. Environ. Earth Sci. 84 (20), 565. https://doi.org/10.1007/s12665- 
025-12581-x.

Chen, Q., Wang, X., Li, Q., Chen, J., Zhu, L., Wang, L., Zhang, L., 2025. Soil fluoride 
enrichment process and the possible adaptation prevention principle in coal-burning 
fluorosis area in Southwest China. Sci. Rep. 15 (1), 971. https://doi.org/10.1038/ 
s41598-024-84381-5.

Chen, Y., Wang, Y., Xie, H., 2015. Breakthrough time-based design of landfill composite 
liners. Geotext. Geomembr. 43 (2), 196–206. https://doi.org/10.1016/j. 
geotexmem.2015.01.005.

Choubisa, S.L., Choubisa, D., Choubisa, A., 2023. Fluoride contamination of groundwater 
and its threat to health of villagers and their domestic animals and agriculture crops 
in rural Rajasthan, India. Environ. Geochem. Health 45 (3), 607–628. https://doi. 
org/10.1007/s10653-022-01267-z.

Dhar, A.K., Himu, H.A., Bhattacharjee, M., Mostufa, M.G., Parvin, F., 2023. Insights on 
applications of bentonite clays for the removal of dyes and heavy metals from 
wastewater: a review. Environ. Sci. Pollut. Res. 30 (3), 5440–5474. https://doi.org/ 
10.1007/s11356-022-24277-x.

Di Emidio, G., Mazzieri, F., Verastegui-Flores, R.D., Van Impe, W., Bezuijen, A., 2015. 
Polymer-treated bentonite clay for chemical-resistant geosynthetic clay liners. 
Geosynth. Int. 22 (1), 125–137. https://doi.org/10.1680/gein.14.00036.

Du, Y.J., Shen, S.Q., Tian, K., Yang, Y.L., 2021. Effect of polymer amendment on 
hydraulic conductivity of bentonite in calcium chloride solutions. J. Mater. Civ. Eng. 
33 (2), 04020452. https://doi.org/10.1061/(ASCE)MT.1943-5533.0003518.

Dun, Y., Wang, Q., Zhu, M., Dong, X., Wei, S., Liao, J., Zhang, P., 2026. Unraveling the 
synergistic effect between KF and MgO for effective transesterification of sunflower 
oil to produce biodiesel. Fuel 405, 136761. https://doi.org/10.1016/j. 
fuel.2025.136761.

Fritz, S.J., 1986. Ideality of clay membranes in osmotic processes: a review. Clay Clay 
Miner. 34 (2), 214–223. https://doi.org/10.1346/CCMN.1986.0340212.

Fritz, C.J., Scalia IV, J., Shackelford, C.D., 2025. Limiting membrane behavior of 
compacted sand–bentonite mixture. J. Rock Mech. Geotech. Eng. 17 (4), 2433–2444. 
https://doi.org/10.1016/j.jrmge.2024.12.002.

J.-M. Wen et al.                                                                                                                                                                                                                                 Waste Management 217 (2026) 115480 

12 

https://doi.org/10.1016/j.wasman.2026.115480
https://doi.org/10.1016/j.wasman.2026.115480
https://doi.org/10.1039/D1VA00039J
https://doi.org/10.1016/j.jnucmat.2022.154151
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0015
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0015
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0015
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0020
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0020
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0025
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0025
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0035
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0035
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0040
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0040
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0045
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0045
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0045
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0050
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0050
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0055
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0055
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0060
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0060
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0060
https://doi.org/10.1007/s12665-014-3675-x
https://doi.org/10.1007/s12665-014-3675-x
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001855
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001855
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001855
https://doi.org/10.1007/s40948-025-00943-5
https://doi.org/10.1007/s40948-025-00943-5
https://doi.org/10.1016/j.wasman.2025.115269
https://doi.org/10.1007/s12665-025-12581-x
https://doi.org/10.1007/s12665-025-12581-x
https://doi.org/10.1038/s41598-024-84381-5
https://doi.org/10.1038/s41598-024-84381-5
https://doi.org/10.1016/j.geotexmem.2015.01.005
https://doi.org/10.1016/j.geotexmem.2015.01.005
https://doi.org/10.1007/s10653-022-01267-z
https://doi.org/10.1007/s10653-022-01267-z
https://doi.org/10.1007/s11356-022-24277-x
https://doi.org/10.1007/s11356-022-24277-x
https://doi.org/10.1680/gein.14.00036
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003518
https://doi.org/10.1016/j.fuel.2025.136761
https://doi.org/10.1016/j.fuel.2025.136761
https://doi.org/10.1346/CCMN.1986.0340212
https://doi.org/10.1016/j.jrmge.2024.12.002


Fu, X.L., Jiang, Z.Y., Wang, M., Ni, H., Du, Y.J., 2025. Enhancing containment 
performance of geosynthetic clay liner to bauxite liquor via composite polymer 
amendment. Eng. Geol. 108189. https://doi.org/10.1016/j.enggeo.2025.108189.

Guo, Y., Li, P., He, X., Wang, L., 2022. Groundwater quality in and around a landfill in 
northwest China: characteristic pollutant identification, health risk assessment, and 
controlling factor analysis. Exposure Health 14 (4), 885–901. https://doi.org/ 
10.1007/s12403-022-00464-6.

Guo, Z., Wang, M., Dai, H., Pan, S., 2023. Contamination status and ecological security 
thresholds of fluoride in farmland around a phosphorus chemical plant in a karst 
area of southwestern China. Toxics 11 (7), 587. https://doi.org/10.3390/ 
toxics11070587.

Hamdi, N., Srasra, E., 2013. Hydraulic conductivity study of compacted clay soils used as 
landfill liners for an acidic waste. Waste Manag. 33 (1), 60–66. https://doi.org/ 
10.1016/j.wasman.2012.08.012.

Han, L., Wang, Y., Lu, H., Wang, X., Liu, J., Wu, S., Guo, F., 2025. Structural engineering 
of natural clay for superior adsorption efficiency of fluoride. J. Water Process Eng. 
70, 107055. https://doi.org/10.1016/j.jwpe.2025.107055.

Huang, X., Gao, H., Chen, K., Wang, C., Gao, P., 2025a. Land-use change from wheat 
fields to kiwifruit orchards increases fluoride accumulation and associated 
environmental risks. J. Hazard. Mater. 139520. https://doi.org/10.1016/j. 
jhazmat.2025.139520.

Huang, X., Zhu, W., Yang, R., Meng, D., Zhang, X., Wang, Z., Hu, W., 2025b. Mechanical 
activation induces attapulgite microstructure to boost Pb (II) and Cd (II) adsorption. 
Sep. Purif. Technol. 135822. https://doi.org/10.1016/j.seppur.2025.135822.

International Atomic Energy Agency, 2009. Models used in performance assessment for 
radioactive waste disposal: Selected examples (IAEA-TECDOC-1633). IAEA.

International Geosynthetics Society Japan Chapter, Geomembrane Technical Committee, 
2000. Design and construction handbook for waste landfill – Liner system 
technology [in Japanese]. Ohmusha.

Jayawardane, V., Widjaja, E.S., Anggraini, V., Mirzababaei, M., 2025. Impact of elevated 
temperature from water cooling system on contaminant transport in clay liners: a 
laboratory and numerical investigation. J. Contam. Hydrol. 272, 104572. https:// 
doi.org/10.1016/j.jconhyd.2025.104572.

Japanese Ministry of Health and Welfare, 2001. Guidelines for the performance of MSW 
landfills (S9005-01). Japanese Ministry of Health and Welfare, Tokyo. 

Japanese Geotechnical Society, 2009. JGS 0261-2009: determination of cation exchange 
capacity. Japanese Geotechnical Society, Tokyo. 

Karak, T., Bhattacharyya, P., Das, T., Paul, R.K., Bezbaruah, R., 2013. Non-segregated 
municipal solid waste in an open dumping ground: a potential contaminant in 
relation to environmental health. Int. J. Environ. Sci. Technol. 10 (3), 503–518. 
https://doi.org/10.1007/s13762-013-0184-5.

Kato, T., Gathuka, L.W., Okada, T., Takai, A., Katsumi, T., Imoto, Y., Morimoto, K., 
Nishikata, M., Yasutaka, T., 2021. Sorption-desorption column tests to evaluate the 
attenuation layer using soil amended with a stabilising agent. Soils Found. 61 (4), 
1112–1122. https://doi.org/10.1016/j.sandf.2021.05.004.

Kau, P.M.H., Smith, D.W., Binning, P., 1997. Fluoride retention by kaolin clay. 
J. Contam. Hydrol. 28 (3), 267–288. https://doi.org/10.1016/S0169-7722(96) 
00081-2.

Kau, P.M.H., Smith, D.W., Binning, P., 1998. Experimental sorption of fluoride by 
kaolinite and bentonite. Geoderma 84 (1–3), 89–108. https://doi.org/10.1016/ 
S0016-7061(97)00122-5.

Kau, P.M.H., Binning, P.J., Hitchcock, P.W., Smith, D.W., 1999. Experimental analysis of 
fluoride diffusion and sorption in clays. J. Contam. Hydrol. 36 (1–2), 131–151. 
https://doi.org/10.1016/S0169-7722(98)00140-5.

Kumar, R.S., Warr, L.N., Thombare, B.R., Manzel, T., Grathoff, G.H., 2026. Hematite 
neocrystallisation derived from the experimental alteration of montmorillonite in 
NaCl solution. Appl. Clay Sci. 279, 108008. https://doi.org/10.1016/j. 
clay.2025.108008.

Lai, H., Xu, A., Zhai, J., Zong, Y., Deng, W., Guo, H., Wang, Z., 2025. A systematic review 
of montmorillonite-asphalt composite materials: Green clay mineral-reinforced 
asphalt for sustainable pavement solutions. Appl. Clay Sci. 278, 108007. https://doi. 
org/10.1016/j.clay.2025.108007.

Lee, D., Kim, K., Lee, H., Lim, J., Lee, I.M., Choi, H., 2016. Measurement of hydraulic 
properties of bentonite cake formation deposited on base soil medium. Appl. Clay 
Sci. 123, 187–201. https://doi.org/10.1016/j.clay.2016.01.037.

Li, N., Fan, Y., Dong, X., Ma, X., Chen, R., Chang, M., Xu, G., 2025. Synthesis 
optimization of a hydrophobic cationic flocculant and its mechanism study in clay 
suspension: experiment and simulation. J. Environ. Chem. Eng. 13 (2), 115486. 
https://doi.org/10.1016/j.jece.2025.115486.

Lin, H., Lin, W.S., Lin, X.Y., Sun, X.P., Bi, Y.Z., Wang, M., Fu, X.L., 2025. Novel polymer 
and slag amended soil–cement–bentonite backfill in cutoff walls for acid mine 
drainage containment. Geomech. Geophys. Geo-Energy Geo-Resour. 11 (1), 1–20. 
https://doi.org/10.1007/s40948-025-01048-9.

Liu, H., Sun, L., Niu, J., Luo, Y., Zhi, M., Yao, C., Feng, P., 2025a. A Novel tubular 
halloysite/nanoporous gamma alumina composite for superior fluoride removal 
from water. J. Environ. Chem. Eng. 117083. https://doi.org/10.1016/j. 
jece.2025.117083.

Liu, R., Song, J., Zhang, Z., Ji, L., Yang, W., Zhao, J., Ma, J., 2025b. Needle-like PVP@ 
Ce/Zr-MOFs for the highly efficient selective of fluoride and phosphate from aqueous 
solution. Sep. Purif. Technol. 133267. https://doi.org/10.1016/j. 
seppur.2025.133267.

Malusis, M.A., Shackelford, C.D., Olsen, H.W., 2001. A laboratory apparatus to measure 
chemico-osmotic efficiency coefficients for clay soils. Geotech. Test. J. 24 (3), 
229–242. https://doi.org/10.1520/GTJ11343J.

Malusis, M.A., Shackelford, C.D., 2002. Chemico-osmotic efficiency of a geosynthetic 
clay liner. J. Geotech. Geoenviron. Eng. 128 (2), 97–106. https://doi.org/10.1061/ 
(ASCE)1090-0241(2002)128:2(97).

Malusis, M., Dominijanni, A., Scalia, J., Guarena, N., Sample-Lord, K., Bohnhoff, G., 
Manassero, M., 2021. Assessing the influence of chemico-osmosis on solute transport 
in bentonite membranes based on combined phenomenological and physical 
modeling. Japanese Geotech. Soc. Special Pub. 9 (2), 37–44. https://doi.org/ 
10.3208/jgssp.v09.cpeg023.

Michigan Administrative Code R. 299.4913, 2025. Landfill construction; compacted soil 
liners and final covers. .

Mitchell, J.K., Soga, K., 2005. Fundamentals of soil behavior. John Wiley & Sons.
Ni, H., Shen, S.Q., Fu, X.L., Wang, C.M., Du, Y.J., 2022. Assessment of membrane and 

diffusion behavior of soil-bentonite slurry trench wall backfill consisted of sand and 
Xanthan gum amended bentonite. J. Clean. Prod. 365, 132779. https://doi.org/ 
10.1016/j.jclepro.2022.132779.

Ogata, A., Banks, R.B., 1961. A solution of the differential equation of longitudinal 
dispersion in porous media: Fluid movement in earth materials (Professional Paper 
No. 411-A). US Government Printing Office.

Ottappilakkil, H., Yesudas, G.H., Sreedharan, T., Perumal, E., 2025. Fisetin modulates 
fluoride induced osteochondral toxicity in zebrafish larvae. Comp. Biochem. Physiol. 
C: Toxicol. Pharmacol. 110351. https://doi.org/10.1016/j.cbpc.2025.110351.

Qi, Y., Zhang, W., Cao, B., Wang, F., 2025. Spatiotemporal dynamics of leachate 
transport in compacted clay liners: coupled effects of dynamic slip and microbial 
succession mediated by multiphase interfaces. Environ. Pollut. 126951. https://doi. 
org/10.1016/j.envpol.2025.126951.

Rosanne, R., Paszkuta, M., Tevissen, E., Adler, P.M., 2003. Thermodiffusion in compact 
clays. J. Colloid Interface Sci. 267 (1), 194–203. https://doi.org/10.1016/S0021- 
9797(03)00670-2.

Rowe, R.K., Booker, J.R., 1984. The analysis of pollutant migration in a non- 
homogeneous soil. Geotechnique 34 (4), 601–612. https://doi.org/10.1680/ 
geot.1984.34.4.601.

Rowe, R.K., Quigley, R.M., Brachman, R., Booker, J.R., 2004. Barrier systems for waste 
disposal facilities. CRC Press.

Ruan, K., Komine, H., Ito, D., Miyoshi, K., Gotoh, T., 2022. Hydraulic conductivity and X- 
ray diffraction tests of unsaturated bentonites with a multi-ring and their predictions 
by pores distributions. Eng. Geol. 306, 106738. https://doi.org/10.1016/j. 
enggeo.2022.106738.

Sahoo, S.K., Panigrahi, G.K., Dhal, J.P., Sahoo, J.K., Behera, A.K., Panda, P.C., Panda, L., 
2022. Co-axial electrospun hollow MgO nanofibers for efficient removal of fluoride 
ions from water. Colloids Surf A Physicochem Eng Asp 652, 129877. https://doi.org/ 
10.1016/j.colsurfa.2022.129877.

Schwarzenbach, R.P., Gschwend, P.M., Imboden, D.M., 2010. Environmental organic 
chemistry, (3rd ed.). John Wiley & Sons.

Shah, K.H., Rashid, M.I., Zubair, J., Zafar, S., Amir, A., Iqbal, A., Ali, A.M., 2026. 
Magnetic bentonite for efficient phosphate removal from wastewater: a sustainable 
strategy to combat eutrophication. Water Air Soil Pollut. 237 (2), 103. https://doi. 
org/10.1007/s11270-025-08668-7.

Sharma, H.D., Reddy, K.R., 2004. Geoenvironmental engineering: site remediation, 
waste containment, and emerging waste management technologies. John Wiley & 
Sons.

Shackelford, C.D., Daniel, D.E., 1991. Diffusion in saturated soil: I. Background. Journal 
of Geotechnical Engineering, 117(3), 467–484. .

Shi, X., Benson, C.H., Edil, T.B., 2014. Membrane behavior of bentonite-amended 
compacted clay. Soils Found. 54, 329–344. https://doi.org/10.1016/j. 
sandf.2014.04.019.

Shigematsu, Y., Inazumi, S., Hashimoto, R., Yamauchi, H., 2023. Experimental study on 
properties of liquefied stabilized soil produced with different types of solidifiers and 
thickeners. Case Stud. Constr. Mater. 19, e02407. https://doi.org/10.1016/j. 
cscm.2023.e02407.

Takai, A., Katsumi, T., Inui, T., Kamon, M., 2017. Solute transport in soil-bentonite cutoff 
walls considering chemical diffusion. In: Proceedings of the 19th International 
Conference on Soil Mechanics and Geotechnical Engineering, pp. 3203-3206.

Tang, Q., Katsumi, T., Inui, T., Li, Z., 2014. Membrane behavior of bentonite-amended 
compacted clay. Soils Found. 54 (3), 329–344. https://doi.org/10.1016/j. 
sandf.2014.04.019.

Tang, Q., Katsumi, T., Inui, T., Li, Z., 2015. Influence of pH on the membrane behavior of 
bentonite amended Fukakusa clay. Sep. Purif. Technol. 141, 132–142. https://doi. 
org/10.1016/j.seppur.2014.11.035.

U.S. Environmental Protection Agency, 1993. Solid waste disposal facility criteria: 
Technical manual (EPA530-R-93-017). Washington, DC: U.S. Environmental 
Protection Agency.

Van Genuchten, M.T., Parker, J.C., 1984. Boundary conditions for displacement 
experiments through short laboratory soil columns. Soil Sci. Soc. Am. J. 48 (4), 
703–708. https://doi.org/10.2136/sssaj1984.03615995004800040002x.

Xu, J., Si, W., Wang, J., Chen, B., Liu, G., 2025. Fluoride sources, hydrogeochemical 
dynamics, and probabilistic risk evaluation in deep groundwater of the Bozhou 
Plain, Eastern China. Appl. Geochem. 106607. https://doi.org/10.1016/j. 
apgeochem.2025.106607.

Yang, Y.L., Reddy, K.R., Du, Y.J., Fan, R.D., 2018a. Sodium hexametaphosphate (SHMP)- 
amended calcium bentonite for slurry trench cutoff walls: workability and 
microstructure characteristics. Can. Geotech. J. 55 (4), 528–537. https://doi.org/ 
10.1139/cgj-2017-029.

Yang, Y.L., Reddy, K.R., Du, Y.J., Fan, R.D., 2018b. Short-term hydraulic conductivity 
and consolidation properties of soil-bentonite backfills exposed to CCR-impacted 
groundwater. J. Geotech. Geoenviron. Eng. 144 (6), 04018025. https://doi.org/ 
10.1061/(ASCE)GT.1943-5606.0001877.

J.-M. Wen et al.                                                                                                                                                                                                                                 Waste Management 217 (2026) 115480 

13 

https://doi.org/10.1016/j.enggeo.2025.108189
https://doi.org/10.1007/s12403-022-00464-6
https://doi.org/10.1007/s12403-022-00464-6
https://doi.org/10.3390/toxics11070587
https://doi.org/10.3390/toxics11070587
https://doi.org/10.1016/j.wasman.2012.08.012
https://doi.org/10.1016/j.wasman.2012.08.012
https://doi.org/10.1016/j.jwpe.2025.107055
https://doi.org/10.1016/j.jhazmat.2025.139520
https://doi.org/10.1016/j.jhazmat.2025.139520
https://doi.org/10.1016/j.seppur.2025.135822
https://doi.org/10.1016/j.jconhyd.2025.104572
https://doi.org/10.1016/j.jconhyd.2025.104572
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0195
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0195
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0200
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0200
https://doi.org/10.1007/s13762-013-0184-5
https://doi.org/10.1016/j.sandf.2021.05.004
https://doi.org/10.1016/S0169-7722(96)00081-2
https://doi.org/10.1016/S0169-7722(96)00081-2
https://doi.org/10.1016/S0016-7061(97)00122-5
https://doi.org/10.1016/S0016-7061(97)00122-5
https://doi.org/10.1016/S0169-7722(98)00140-5
https://doi.org/10.1016/j.clay.2025.108008
https://doi.org/10.1016/j.clay.2025.108008
https://doi.org/10.1016/j.clay.2025.108007
https://doi.org/10.1016/j.clay.2025.108007
https://doi.org/10.1016/j.clay.2016.01.037
https://doi.org/10.1016/j.jece.2025.115486
https://doi.org/10.1007/s40948-025-01048-9
https://doi.org/10.1016/j.jece.2025.117083
https://doi.org/10.1016/j.jece.2025.117083
https://doi.org/10.1016/j.seppur.2025.133267
https://doi.org/10.1016/j.seppur.2025.133267
https://doi.org/10.1520/GTJ11343J
https://doi.org/10.1061/(ASCE)1090-0241(2002)128:2(97)
https://doi.org/10.1061/(ASCE)1090-0241(2002)128:2(97)
https://doi.org/10.3208/jgssp.v09.cpeg023
https://doi.org/10.3208/jgssp.v09.cpeg023
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0285
https://doi.org/10.1016/j.jclepro.2022.132779
https://doi.org/10.1016/j.jclepro.2022.132779
https://doi.org/10.1016/j.cbpc.2025.110351
https://doi.org/10.1016/j.envpol.2025.126951
https://doi.org/10.1016/j.envpol.2025.126951
https://doi.org/10.1016/S0021-9797(03)00670-2
https://doi.org/10.1016/S0021-9797(03)00670-2
https://doi.org/10.1680/geot.1984.34.4.601
https://doi.org/10.1680/geot.1984.34.4.601
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0320
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0320
https://doi.org/10.1016/j.enggeo.2022.106738
https://doi.org/10.1016/j.enggeo.2022.106738
https://doi.org/10.1016/j.colsurfa.2022.129877
https://doi.org/10.1016/j.colsurfa.2022.129877
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0335
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0335
https://doi.org/10.1007/s11270-025-08668-7
https://doi.org/10.1007/s11270-025-08668-7
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0345
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0345
http://refhub.elsevier.com/S0956-053X(26)00150-9/h0345
https://doi.org/10.1016/j.sandf.2014.04.019
https://doi.org/10.1016/j.sandf.2014.04.019
https://doi.org/10.1016/j.cscm.2023.e02407
https://doi.org/10.1016/j.cscm.2023.e02407
https://doi.org/10.1016/j.sandf.2014.04.019
https://doi.org/10.1016/j.sandf.2014.04.019
https://doi.org/10.1016/j.seppur.2014.11.035
https://doi.org/10.1016/j.seppur.2014.11.035
https://doi.org/10.2136/sssaj1984.03615995004800040002x
https://doi.org/10.1016/j.apgeochem.2025.106607
https://doi.org/10.1016/j.apgeochem.2025.106607
https://doi.org/10.1139/cgj-2017-029
https://doi.org/10.1139/cgj-2017-029
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001877
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001877


Yin, H., Kong, M., Tang, W., 2015. Removal of fluoride from contaminated water using 
natural calcium-rich attapulgite as a low-cost adsorbent. Water, Air, & Soil Pollution 
226 (12), 425. https://doi.org/10.1007/s11270-015-2691-0.

Zaw, A.C.C., Gathuka, L.W., Takai, A., Katsumi, T., 2022. Effects of adding slags on 
strength and leaching properties of soft soil. J. Mater. Cycles Waste Manage. 24 (4), 
1423–1431. https://doi.org/10.1007/s10163-022-01442-5.

Zeng, H., Gonzalez-Blanco, L., Romero, E., 2025. Particle size evolution of granular 
bentonite in hydro-mechanical paths. Appl. Clay Sci. 277, 107975. https://doi.org/ 
10.1016/j.clay.2025.107975.

Zhang, M., 2024. Enhanced fluoride removal using montmorillonite clay modified with 
CoFe2O4 and metal-organic frameworks. Environ. Res. 258, 119389. https://doi. 
org/10.1016/j.envres.2024.119389.

Zhou, J., Zhu, S., Zhang, Y., Xie, F., Liu, B., Yuan, L., Wei, W., 2025. Low-dose fluoride 
exposure disrupts CD4+ T cell balance in humans and rats. Environ. Res. 122482. 
https://doi.org/10.1016/j.envres.2025.122482.

Zhuang, H., Fu, X.L., Ni, H., Du, Y.J., 2025. Prediction and interpretability analysis of 
hydraulic conductivity for polymer-amended soil-bentonite cutoff wall backfills 
using machine learning methods. Environ. Res. 122960. https://doi.org/10.1016/j. 
envres.2025.122960.

J.-M. Wen et al.                                                                                                                                                                                                                                 Waste Management 217 (2026) 115480 

14 

https://doi.org/10.1007/s11270-015-2691-0
https://doi.org/10.1007/s10163-022-01442-5
https://doi.org/10.1016/j.clay.2025.107975
https://doi.org/10.1016/j.clay.2025.107975
https://doi.org/10.1016/j.envres.2024.119389
https://doi.org/10.1016/j.envres.2024.119389
https://doi.org/10.1016/j.envres.2025.122482
https://doi.org/10.1016/j.envres.2025.122960
https://doi.org/10.1016/j.envres.2025.122960

	Barrier performance of compacted clay liner in landfills containing fluoride: Diffusion, permeation and sorption
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Specimen preparation
	2.3 Material properties measurement
	2.4 Batch sorption tests
	2.5 Column diffusion tests
	2.6 Hydraulic conductivity tests
	2.7 Analytical prediction

	3 Test results
	3.1 Compaction characteristics and material properties
	3.2 Sorption behavior
	3.3 Diffusion behavior
	3.4 Permeability
	3.5 Solute transport analysis

	4 Discussion
	4.1 Migration of fluoride in compacted clay amended with bentonite
	4.2 Environmentally safe CCLs design against fluoride contamination

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


